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The photovoltaic (PV) market is an important and growing market, with a global cumulative installed PV capacity of 586 GW at the end of 2019, of which 24% is in Europe. By 2030, the projected end-oflife PV modules in Europe will amount to a quantity sufficient to allow an economically viable recycling process.

Sibelco has designed a mechanical-based PV recycling process. The crucial steps of this process, which consist of dimensional reduction, glass delamination and density separation, were tested at the pilotplant scale, and a proof of concept was established for each of these steps. Successful glass recovery was achieved with a specific comminution method, researched and designed by Sibelco, which confers a competitive advantage to Sibelco relative to other PV recyclers, who recover fine glass which is heavily contaminated. In addition this process avoids the dilution of valuable metals, opening the possibility for viable metal recovery.

The process designed focuses on the recovery of materials of high purity, such as cullet-grade glass, as well as valuable metals which are present in low concentrations in the PV panel, such as copper and silver. Obstacles regarding PV glass valorization as a secondary raw material have been studied, and ideas for upscaling of the designed PV recycling process to an industrial level are presented. Key words : photovoltaic, recycling, mechanical, delamination, recovery, WEEE 
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PART I : Introduction

The PV market has grown from a niche market in 1992 to a mainstream energy source nowadays attaining more than 600 GW of cumulative power in 2019 (IEA 2020). Due to EU incentives favoring renewable energies, and to the competitive costs of solar energy, PV panels are expected to be increasingly installed. By taking into account the cumulative PV panel quantities installed and the average lifetime of 30 years for a PV panel, an estimation of the end-of-life (EoL) PV panel quantities can be made. By 2030, the projected EoL PV modules will amount to almost 2 million tons. Economically viable PV recycling processes are expected to be possible from 2030 onwards.

As glass is the major constituent in weight of PV panels (60%), the recycled PV glass market is expected to grow to be the second largest glass recycling market in 2050, right after the container glass recycling market and ahead of the flat glass recycling market. The prospects of the recovery of high volumes of PV glass are an incentive for Sibelco to invest in PV recycling. Indeed, Sibelco is a global materials company, transforming raw and end-of life materials into industrial minerals. In fact, Sibelco is an established leader in glass recycling, each year transforming over one million tons of glass waste into high quality cullet.

Sibelco is a multinational business operating in 30 countries, with 163 production sites and 20 technical centers. North America and Europe are the regions which contribute the most to the revenue of Sibelco, which is annually of 3.3 billion euros. Within its sites, Sibelco employs more than 8 200 employees.

The Technology and Innovation (T&I) department is crucial to drive Sibelco's transformation from a leading industrial minerals supplier to a leading material solutions provider. In Maastricht (NL), Sibelco is developing an innovation hub, which regroups T&I members. A pilot plant and laboratory are available to host the evolution of T&I projects.

The PV recycling project was initiated in 2018, by a conclusive opportunity assessment done by Sibelco.

Research by the T&I department on the PV recycling project at the pilot plant scale lasted 8 months, starting in February 2020. This project was undertaken in Maastricht by a member of T&I throughout its whole temporal span, and by myself, during 6 months starting in April 2020. The project beneficiated of material and technical support as well as skilled labor from Sibelco Maastricht and Dessel throughout its course. Support was also given from global employees of Sibelco, through the sharing of pertinent knowledge, which was enabled by the international structure and efficiencydriven culture of Sibelco.

The aim of the PV recycling project is to propose a PV recycling process allowing the recovery of highquality secondary raw materials, through an economically viable process. This report includes the analysis of the PV market, followed by a literature review of current PV recycling process at the R&D and industrial scale. A PV recycling process was designed and the critical steps of this process were tested at the pilot-plant scale. The valorization of PV materials as secondary raw materials is studied and ideas for upscaling of the designed PV recycling process to an industrial level are proposed.

PART II : State of the art on Photovoltaic panel 1. PV panel composition

PV panel is a composite laminated structure, designed to maintain its integrity under outdoor atmospheric conditions (exposure to UV, precipitation, wind, temperature and humidity variations), during its entire lifetime (25 to 30 yrs). Recycling an EoL PV panel requires the separation of its constituents into different waste recovery streams.

There exists various types of PV panels, of which the market trends and composition has been studied (Annex A), indicating that the Crystalline-Silicon (c-Si) PV type has been dominant on the PV market (95% of the market share in 2019) and is expected to maintain its dominance in the next 20 years. Lessconventional panel types, Thin-films, which represent 4% of the market share, follow a similar laminated structure, and are composed at 95% in weight of identical materials found in c-Si panels. The findings of this study enables to focus the current research project on c-Si PV panels, of which the composition is described hereafter.

A PV panel is composed of solar cells, which are contain silicon wafers metallized with aluminium, copper, silver, lead and tin. The cells are encapsulated in two polymer sheets, usually Ethylene Vinyl Acetate (EVA) and protected on the front side with a glass layer and on the rear side with a backing material, usually a polymer. An aluminium frame is placed around the panel, and a junction box and cables are attached on the backing material (Figure 1)

Main messages

• PV panels contain glass at 80% in weight. Polymers, aluminium, silicon and other metals (Cu, Al, Ag, Pb, Sn) make up the rest of the panel • Most of the economic value in EoL PV comes from the silver and to a minor extend from the aluminium, copper and glass • The PV market is an important and growing market, with a global cumulative installed PV capacity of 586 GW at the end of 2019, of which 24% is in Europe. • By 2030, EoL PV panels quantities are expected to be sufficient enough to allow an economically viable recycling process • The addressable market for Sibelco (Western Europe and USA) is expected to increase from of 45 m€ in 2030 to 550 m€ in 2050 • The opportunity of supplying European-based PV producers with secondary raw materials unravels as circular economy is expected to be favored within the EU.

Figure 1 : Components of a c-Si PV panel (Strachala et al., 2017, modified) The components and the evolution of the composition of EoL PV panels has been analyzed (Annex B) in order to gain insight on the waste characterization as well as on the economics of treatment pathways. This research concludes that progress in material savings and panel efficiencies will drive a reduction in materials use per unit of power and the use of potentially hazardous substances [START_REF] Mcdonald | Producer Responsibility and Recycling Solar Photovoltaic Modules[END_REF][START_REF] Marini | A Prospective Mapping of Environmental Impacts of Large Scale Photovoltaic Ground Mounted Systems Based on the CdTe Technology at 2050 Time Horizon[END_REF]ITRPV 2020;IEA and IRENA 2016). General PV composition trends are described in the following paragraphs.

Cells PV cells are constituted of Silicon wafers, which account for 1.82%w 1 and are connected by copper busbars, representing 1.99%w. Aluminium and silver are used in cell metallization and represent 2.01%w and 0.12% w respectively [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF]. The silver content in PV panels has decreased to from more than 0.2% w before 2000 to less than 0.04% w in 2020 [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF], which is expected to be translated to the silver content of EoL PV, with a time lag of 25-30 years, corresponding to the lifespan of PV panels. Silver content is crucial regarding recycling possibilities, as it represents the majority of the panel's value. Other metals which can be found in busbar solders or coatings such as tin and lead are present at 0.053% w (Latunussa, Ardente, et al. 2016).

Polymer encapsulant

The polymer sheet encapsulating all the PV components is expected to be Ethyl Vinyl Acetate (EVA) in the majority of EoL PV panels [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF], representing an average of 4.52% wt . The size of one EVA layer in EoL panels is expected to be of 0.75mm on the top side and 0.3mm on the rear side of the panel [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF].

Glass cover

Glass is the most important materiel in mass in a PV panel, representing an average of 59.51%w. The majority of EoL PV panels are expected to have a thickness of 2.7 [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF]) to 3.2 mm [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF]. By 2030 the glass content of c-Si panels is predicted to increase to a total of 80% of the panel's weight because the share of other materials making up the PV are expected to diminish (IEA and IRENA 2016).

Backing material

The majority of EoL PV panels will have a 3-layer polymer foil backing material, containing fluorinated polymers such as Polyvinyl fluoride (PVF) or non-fluorinated polymers such as Polyethylene terephthalate (PET) [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF]. The backsheets have a thickness of about 0.3mm and weighs an average of 1.91% wt [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF] of the total weight of EoL panels. Glass as a backing material is expected to gain significant market shares in PV production after 2020 (IEA and IRENA 2016).

Frame

More than 95% of EoL PV are framed with aluminium, accounting for 14.7% wt. Steel elements, such as screws, weighing an average 8.65% wt, can also be used in the frame [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF].

Junction box and cables

The junction box and the cables are made of copper and polymer such as PVC, weighing around 1.9% wt and 2.85% wt respectively [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF]. Table 1 : End-of-life c-Si PV material composition [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF] 2. The PV market and EoL PV quantities

PV production and installed capacity

The PV sector is one of the most successful, with an exponential growth from a niche market in 1992 to a mainstream energy source nowadays. By the end of 2019, global cumulative installed PV capacity reached about 586 GW (IRENA 2020), and is expected to reach 4 500 GW by 2050 [START_REF] Sica | Management of End-of-Life Photovoltaic Panels as a Step towards a Circular Economy[END_REF].

China is the leading country in the PV market, with an installed PV capacity representing 35% of the global market in 2019-(IRENA 2020) and responsible for 70% of the global PV panel production (Jäger-Waldau 2019). Other Asian countries such as Japan, India and South Korea have an important installed capacity, and countries such as India, Malaysia, Thailand, the Philippines or Vietnam have been increasing their PV production since 2014 (BIO Intelligence service 2011).

Europe is the second largest PV market, with a cumulative photovoltaic capacity installed of 132 GW (25% of the global market) at the end of 2019. Germany has a robust PV market, and counts for 34% of the installed capacity in Europe. Italy follows with 15%. UK, Spain and France represent less than 10% (IRENA 2020). The Netherlands, Belgium, Poland, Hungary and Greece are building up their market (EurObserv'ER 2020). At the end of 2019, the cumulative installed capacity in the Netherlands was over 6.7 GW with about 2,2 GW installed in that year. In Belgium, PV systems with a capacity of 0,5 GW were installed in 2019 bringing the total installed PV power to 4.5 GW at the end of the year (IRENA 2020). ('Fully Recyclable Solar Modules on the Horizon' n.d.; Fraunhofer ISE 2020). The European PV market is expected to continue growing, as autonomy in the energy sector is requested, and Climate goals agreed upon the COP21 are to be met (EurObserv'ER 2020;Fraunhofer ISE 2020). In addition, as PV energy prices have seen a very significant price reduction2 , dropping below coal and nuclear power generation, PV energy is nowadays considered to be the source of sustainable energy with by far the highest growth potential in Europe [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF] Europe has lost its leadership position in PV production to China in 2006. However, with the increasingly strict national and European regulations for circularity and CO2 emission reduction, a new opportunity for European-manufactured PV arises. In addition, as technical advances such as fully automated production lines have been integrated in the PV sector, the overall cost distribution of PV production has shifted away from labor costs and towards materials and logistics. Therefore, local production in Europe will be an advantage (Fraunhofer ISE 2020). The potential European-based PV production opens up the opportunity for further circular economy, as a new market is expected to be created for the use of recovered PV materials as secondary raw materials in local PV-production. (IEA and IRENA 2016) Europe's EoL waste PV are projected to attain 2 to 3 million tons by 2030. Germany is projected to be the largest European producer of EOL PV, followed by other countries such as Italy and France (IEA and IRENA 2016). The EOL PV volumes produced by 2030 are expected to be sufficient enough to allow an economically viable PV recycling process (BIO Intelligence service 2011; [START_REF] Sica | Management of End-of-Life Photovoltaic Panels as a Step towards a Circular Economy[END_REF]. After 2030, PV waste volumes are certain to increase more rapidly (IEA and IRENA 2016). 

Waste PV modules projections worldwide and in the EU

Value of the EoL PV market

The economic value of an EoL PV panel is dependent on its composition and on the value of each component. Most economic value in EoL PV comes from the silver and to a minor extend from the aluminium, copper and glass (Figure , ).

Silver consumption reduction is expected to have an important impact on the value of an EoL panel. Indeed, as silver content has been reduced from 0.2% to 0.04% in 20 years, EoL panels are expected to see their value being reduced by 40%.

Metal and silicon price are to be taken into account, as the economic value of PV panels will also strongly depend on the evolution in metal prices. Recent metal price fluctuations do not allow to estimate finely the value of recovered PV materials. The WEEE Directive also sets minimum targets for collection, recovery and recycling. For 2018 and beyond, the revised WEEE Directive sets a target of 85% recovery and 80% prepared for reuse and recycled EOL PV by mass (IEA and IRENA 2016).

Minimum treatment requirements ensuring environment and human health protection are also set by the WEEE Directive. Specific PV treatment standards 5 have recently been developed by the European Committee for Electrotechnical Standardisation (CENELEC) to support a high-value recycling approach (IEA 2018)

The policy support for the current recycling and treatment activities regarding photovoltaic waste is limited. One of the barriers is that when the product is discarded -from a legal point of view -this is waste and thus falls under the scope of the waste legislation. The latter is quite regulated and requires a lot of administration. There is a lot of waste legislation related to the general waste management, the licensing of treatment plants, and the extended producer responsibility.

The WEEE Recycling industry considers a PV module as a classical WEEE-product being plastics and metals while in reality a PV module is a laminated glass product. Thus, to find today treatment solutions one needs the flat glass recycling industry, which does not have the appropriate waste codes in their permit to treat what is from an administrative point of view being categorized as WEEE.

For efficient processing, the very limited number of discarded PV modules which look for economically viable solutions and look for R&D-projects in which treatment and recycling is supported, often need to be shipped across country borders. This is hampered by the different opinions of the countries related to the classification of a discarded panel within the scope of the Waste Shipment Regulation (WSR) (1013/2006/EU) (CU-PV 2016)

Future WEEE Directive revisions might impose even further cost-effective, high-quality and high-yield recovery and recycling processes as these become available. They would minimise societal material losses that could occur through 'downcycling'. The term 'downcycling' refers to the deterioration of intrinsic material or energy value of a secondary raw material by using it for new purposes (IEA and IRENA 2016).

• Bulk recycling (downcycling), is currently the main recycling process. It allows to recover contaminated material/ low-end products, while high-value recycling (upcycling) relies on glass delamination to recover high-quality glass, as well as the recovery of metals (Si, Ag, Al, Cu). Sibelco aims to develop a high-value PV recycling process. • The key step in high-value recycling is delamination of glass, which allows its recovery with limited contamination. • R&D and industrial PV delamination encompass mechanical, thermo-mechanical, optical, thermal and chemical processes. • The mechanical delamination process, using a specific milling mechanism is selected by Sibelco for further research. It is expected to be the best compromise between throughput, cost and output quality. • The thermo-mechanical process developed by NPC Inc., called "hot-knife" is selected as an alternative to milling.

PART III : State of the art in Silicon-based PV recycling and process selected by Sibelco for pilot-plant research

Classification of PV recycling technologies

Since the beginning of research on PV module recycling, the recovered material targets and the technologies used have been modified according to changes in PV technology and the market trends.

In the 1990s, when R&D on c-Si PV module recycling was initiated, the objective was to recover Si cells without breakage, as they had the greatest impact on the PV material cost (IEA 2018). Therefore, thermal and chemical treatments were developed to eliminate EVA and recover clean cells.

In the 2000s, increasing the recovery rate (weight %) grew in importance, accelerated by the WEEE directive in Europe. Mechanical recycling, aimed at glass recovery was pushed forwards. Methods as such, focused on high-weigh material recovery, which inevitably compromise the quality of recovered products, can be classified as Bulk recycling (or downcycling). In the 2010s, Recovery of glass at lower costs was still a focus of technical innovations. On the other hand, the recovery of low-weight valuable components (e.g. Ag) was expected to become economically justified by research aimed at lowering the recovery costs. The recovery of hazardous (e.g. Pb) components was also starting to be research. In addition, improving the quality of recovered materials to improve their secondary use was an issue which was starting to be addressed.

Nowadays It is possible to classify PV module recycling technologies with regards to the quality of their outputs. Bulk recycling is focused on high-weight material recovery, while it compromises the quality of the outputs and does not allow low-weight material recovery. On the other hand, high-value recycling is aimed at high quality product recovery, as well as low-weight material recovery. The technologies which are used in each type of recycling are described in the following paragraphs.

Figure ? shows the process steps which are possible for bulk and high-value recycling, as well as the outputs of the processes. 

Main messages

Bulk recycling (or downcycling)

Bulk recycling, which is currently the most common approach in Europe as it provides a raw material recovery rate which is in line with the current EU WEEE Directive (80 %), is similar to existing laminated glass recycling technology and employs only mechanical processes. This recycling method allows the recovery of high mass fraction materials such as glass and aluminium, but not of hazardous (e.g. Pb) or valuable (e.g. Ag, solar-grade Si) materials in PV modules.

Multiple industries proceed in PV Bulk recycling, such as Roth International (DE), Reiling Glass GmbH (DE) and Veolia (FR). There also exists R&D projects such as Sapienza and Anconca (Resolved, Sense) focused on Bulk recycling. Bulk recycling consists of three main steps, eventually preceded by a pretreatment to remove the metal frame and junction box. The panel's size is reduced through the first size reduction step and the materials are separated from each other in one or more comminution processes. The third step consists of mechanical separation processes to recover the different materials separately (Figure).

Veolia designed the most advanced Bulk recycling process, with a material recovery rate of 95% and a throughput of 1 panel per 1 min to 1.5 min. The recycling plant of Veolia has been running since 2018, processing 1 800 tons that year.

The process starts with the automated removal of the junction box and aluminium frame. The panel then undergoes size-reduction to 100x100mm pieces through a press-shearer). The pieces are milled twice at high impact, first with an oscillating hammer mill, then with an impact mill with fixed hammers. The liberated materials are separated by mechanical means (vibrating screen, optical sorting and eddy current) (Figure). With this method, Al and Cu are recovered, as well as glass (80% recovery rate), while the cell materials and polymers are incinerated or landfilled [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF][START_REF] Mia | PV-Mo.Re.De. Photovoltaic Panels Mobile Recycling Device[END_REF]. In terms of mass recovery rate this treatment method allows to meet the current WEEE directive requirements, but results in low quality of secondary material retrieval (due to impurities). In addition, high-value or critical materials, such as Ag and Si are diluted, making their recovery not viable with regards to current raw material prices [START_REF] Sander | Perspectives on Management of End-of-Life Photovoltaic Modules[END_REF]. 

High-value recycling (or upcycling)

The second class of recycling technologies is high-value recycling, which is one of the new foundation principles of the WEEE directive. High-value recycling requires the removal of potentially harmful substances (e.g. Pb), the recovery of rare materials (e.g. Ag) and of materials with high embedded energy value (e.g. Si, glass) and considers the quality of recovered material (e.g. glass). High-value PV recycling is preceded by a pretreatment step, to disassemble the frame and junction box from the rest of the module. The recycling process consists of three steps. The first is the delamination of the glass from the laminate, which can be done in various ways. This is followed by material separation, to recover glass, and cell treatment, to recover metals and polymers (Figure). The research of an innovative high-value recycling process is to be pursued by Sibelco in order to comply with future evolutions of the WEEE, which will favor high-quality material recovery for circular economy.

Dismantling

PV dismantling, or the removal of the aluminum frame, junction box and cables is the first step for PV recycling. Automatic dismantling is a new technology, which has been recently developed by only a few companies such as Veolia (FR), Tialpi Srl (IT) and NPC Inc (JP). The removal of the junction box is done by scraping it off the panel surface with a blade. The removal of the frame is done using a semiautomated hydraulic system, which applies forces from the inside of the panel towards the outside, along all the perimeter of the panel (Del [START_REF] Pero | Innovative Device for Mechanical Treatment of End of Life Photovoltaic Panels: Technical and Environmental Analysis[END_REF]. Veolia uses a single equipment for both the removal of the junction box and the frame (Veolia 2018), while Tialpi Srl. and NPC Inc. propose two distinct machines [START_REF] Dosso | FRELP Full Recovery End of Life Photovoltaic[END_REF]NPC Inc. 2020) (Figure, Table(far away)).

The removal of the junction box and cables lead to the recovery of copper wires, while polymer can be thermally valorized. Aluminum and eventually steel screws are recovered from the removed frames (Veolia 2018). 

Module delamination

High-value recycling technologies can also grouped based on the type of process that they imply. Five types of processes are found in R&D and in industrial processes for PV delamination : mechanical, thermo-mechanical, optical, thermal and chemical.

• Mechanical comminution processes usually consist of 2 stages, the first being a size-reduction step, and the second being a comminution process which enables the delamination of the laminate pieces, such as milling in an impact mill, or in a specific regime . Mechanical scraping consists of scraping one or more layers of the laminate mechanically.

• Thermo-mechanical methods imply cleaving the PV laminate in layers, using a temperature difference to facilitate delamination.

• Optical delamination methods act on the integrity of the EVA adhesive.

• Thermal methods include pyrolysis and burning.

• Chemical processes rely on the dissolution of the EVA adhesive by using organic or inorganic solvents.

The following sections describe R&D and industrial PV delamination processes, classified by the delamination method type.

Mechanical delamination

Mechanical comminution by crushing or milling can be used for PV recycling in a similar way that it is used in mineralogy ; to reduce the size of the PV panel until reaching the release mesh, which is the size below which a particle is constituted of one material/mineral species. In PV recycling, the objective is to separate the module into glass, polymer (EVA and backsheet), silicon, metallic busbars (Cu) and metallic fines (Al, Ag, Pb).

Due to their intrinsic properties and the way in which they are arranged within the PV module, PV materials have different reactions when subjected to forces which occur during mechanical comminution.

• Polymers, which are ductile, are usually recovered in the coarse fraction. Indeed, due to their elastic behavior, polymers tend to flatten and are able to bend without breaking when subjected to compressive or impact forces. However, polymers do break when they are elongated until their ultimate tensile strength, when subjected to high shear force.

• Copper busbars, which are fairly ductile, break with high impact or shear forces, but do not break when subjected to compressive forces. They are broken into large pieces (of 10-30 mm long in the case of a triple crushing [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF])) which can also be recovered in the coarse fraction.

• PV glass, which is usually tempered, shatters instantly into pieces of diameter of 2 mm to 8 mm when subjected to a deformation during the PV collection, transport or dismantling. These glass pieces tend to shatter into smaller pieces when subjected to impact or compressive forces, forming intermediate or fine particles. Abrasion leads to glass chipping , forming fine particles. Glass is commonly found in the intermediate and fine fractions, as it is brittle, therefore it breaks relatively easily. However, glass particles could be separated from the rest of the PV by delamination rather than by breakage.

• Silicon, which is also very brittle, is found in the form of very thin wafers (180 µm (ITRPV 2020)) in PV modules. During mechanical comminution, the silicon wafer breaks transversally when subjected to impact or compressive forces, and accumulates in the fine fraction.

• Metals which are in the form of coatings in PV panels are pulverized during the mechanical comminution process. They accumulate in the finest fractions, according to the initial thickness of the coatings [START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF][START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF]). This behavior is expected to be most noticeable with precious metals, such as Ag, for which important efforts of material savings has been made, such as better coating techniques to reduce Ag coating thickness. Indeed, coatings containing Ag do not exceed the thickness of 20 µm [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF], therefore Ag is detached as extremely fine particles, and accumulates in the finest fraction (x<0.08mm after a three-step mechanical comminution [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF]). This behaviors was also noticed for precious metal (Cu) and hazardous metals used in thin-film PV technologies (Ti, Te, and Cd) [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF]. The concentration of precious metals in the finest fractions can be interesting in view of their recovery. No specific information was found for Pb, which is used in soldering. Metals with less value, such as Al, Zn and Fe, for which no material savings leading to thinner coating thickness are expected, are concentrated in the coarser part of the fine fraction after mechanical comminution (0.08mm<x<0.4mm after a three-step mechanical comminution [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF])).

a) Dimensional reduction (M1)

PV modules are usually rectangular, of 1m x 1.5m. It is commonly found in the literature that PV modules undergo some sort of comminution process, in order to obtain PV pieces of smaller size, more suitable for the next treatment step, as certain mills have inlets smaller than the initial panel width.

PV module comminution can be done by shearing or cutting, each comminution process leading to a different output. The following paragraphs retrace a few R&D and industrial PV size-reduction processes ; shredding, cutting and shear-press cleaving.

Shredding is the most used comminution technology to obtain small PV pieces(CU-PV 2016). The industrial PV recycling process designed by First Solar, as well as the one designed by Deutsche Solar include the processing of PV modules with a shredder (First Solar 2017;[START_REF] Pero | Innovative Device for Mechanical Treatment of End of Life Photovoltaic Panels: Technical and Environmental Analysis[END_REF]. R&D processes also include this step [START_REF] Berger | A Novel Approach for the Recycling of Thin Film Photovoltaic Modules[END_REF][START_REF] Azuermo | Photovoltaic Module Recycling, a Physical and a Chemical Recovery Process[END_REF]. The shredding process is energy intensive and the presence of glass in the panels can lead to damage to the crusher, thus higher operational costs [START_REF] Strachala | Methods for Recycling Photovoltaic Modules and Their Impact on Environment and Raw Material Extraction[END_REF]. Moreover, shredding causes undesirable reduction of glass into fines, potentially reducing the recyclability rate (Del [START_REF] Pero | Innovative Device for Mechanical Treatment of End of Life Photovoltaic Panels: Technical and Environmental Analysis[END_REF]. [START_REF] Azeumo | Photovoltaic Module Recycling, a Physical and a Chemical Recovery Process[END_REF] propose the cutting of de-framed PV modules by means of a circular saw, or a rock saw. They cut modules with a circular saw into 130 x130 mm pieces, which will serve as input for a mechanical delamination process, while they cut in strips 70 mm wide, using a rock saw for chemical processing. Both sawing methods do not generate significant glass fines.

The PV MOREDE project lead to the creation of the PV recycling process by Veolia (Veolia 2018; Del [START_REF] Pero | Innovative Device for Mechanical Treatment of End of Life Photovoltaic Panels: Technical and Environmental Analysis[END_REF]. In this process, PV modules are reduced to 100x100 mm pieces ( 

c) Mechanical delamination by high impact milling (M1.2)

The following mechanical comminution process will be described (Table ) in the next paragraphs : Pagnanelli et al. 2017 present a mechanical treatment which consist three successive crushings of cut PV panels of 40 cm side length. A two blade rotor crusher is used without a sieve. This experiment sheds light on the impact of additional crushing on the particle size distribution. Increasing the number of successive crushings presents the advantage of liberating glass from the laminate, thus increasing the glass recovery (recovered glass in the intermediate fraction (0.4<x<1mm) represents 17% after triple crushing, while <10% after single crushing). Conversely, due to increased glass breakage with successive crushings, there is a simultaneous increase of the fine fraction in which glass is lost due to contamination with silicon and metals (20% after triple crushing while 10% after single crushing). [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF] considered that a compromise between these antagonist effects was reached by three successive crushings, without the use of a controlling sieve, which reduces fine formation [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF]. The greatest disadvantage of these mechanical comminution processes is that glass is not fully liberated from the coarse fraction. This is visible by observing the coarse fraction, on which nondelaminated glass pieces can be seen (Figure). When the coarse fraction undergoes a thermal treatment, about 44%w is recovered, which is pure glass, as the polymer is eliminated by the thermal treatment, and the metals are sieved out into the fine fraction. The fact that most of the glass is recovered in the coarse fraction after further treatment, instead of being directly recovered in the intermediate fraction, proves that the proposed mechanical comminution processes lead to inefficient glass delamination.

Although the grinding apparatus is designed to limit fine formation, a non-negligible proportion of PV glass is shattered into fine particles of size similar to the one of pulverized silicon and metals. These materials are found as a mix in the fine fraction, in which glass fines are the major constituent and concentration of metals is low (<1 mg/g) [START_REF] Pagnanelli | Solvent versus Thermal Treatment for Glass Recovery from End of Life Photovoltaic Panels: Environmental and Economic Assessment[END_REF]. It is possible to valorize glass in the fine fraction as low-grade glass6 , by treating it chemically to leach out metals. This treatment allows to recover around 15%w of the initial panel as fine glass vaporizable for low-end applications. In a more efficient mechanical delamination process, this proportion of glass is not expected to be recovered as fines, but it is expected to be recovered unbroken in the intermediate fraction.

The mechanical comminution process proposed by [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF]2019 are unsuitable for glass delaminating as they prove to shatter glass into fines instead of delaminating it. In addition, they lead to the contamination of all glass fractions, including the directly recoverable glass in the intermediate fraction. This is stated by [START_REF] Pagnanelli | Solvent versus Thermal Treatment for Glass Recovery from End of Life Photovoltaic Panels: Environmental and Economic Assessment[END_REF], who notify that all glass recovered is valorized as low-grade glass.

Table : Weight recovery rate of glass from fractions recovered by one of two different types of mechanical treatments, eventually followed by chemical or thermal treatment [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF]2019) Weight % of the panel recovered as glass Nature of the treatment Fraction from which the glass is recovered (mm)

Triple crushing with a tworotor crusher without sieve [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF] Single crushing with a singleshaft shredder with a 20mm sieve (Pagnanelli et [START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF]. Mechanical comminution resulting in less glass and polymer breakage is expected to allow more efficient material separation based on size, and therefore higher glass recovery, without the need of further thermal treatment. In addition, the material is re-fed into the mill after the replacement of the control grid with a smaller one. This way, the size of the fragments fed into the mill is never much larger than the control grid. Grids of 2 cm, 1 cm and 0.4 cm were used chronologically. This milling process allows the liberation of glass and metals from the PV laminate. However, fine formation is not calculated and the particle size distribution of the milled material is not indicated [START_REF] Azuermo | Photovoltaic Module Recycling, a Physical and a Chemical Recovery Process[END_REF] which does not allow to evaluate the efficiency of the delamination process with regards to glass recovery.

Multiple R&D and industrial PV recycling processes use mechanical delamination as a separation step, enabling the detachment of the different PV materials (polymer, glass, wafer materials) from each other. For example, the process designed and used by First Solar includes a hammer mill to crush the PV pieces to a size of less than 5mm. Crushing to this size breaks the lamination bond between glass and EVA [START_REF] Giacchetta | Evaluation of the Environmental Benefits of New High Value Process for the Management of the End of Life of Thin Film Photovoltaic Modules[END_REF]. This process allows to liberate crushed glass pieces of less than 5mm. However, it causes glass fine formation and polymer breakage, leading to the recovery of a mixture of materials, which cannot be separated based on size (First Solar 2017).

d) Scraping (M2)

Several mechanical approaches have been investigated where either the cells are cut, or scraping of the glass or the non-glass is made. These approaches are oriented at recovering high quality PV glass, which can be re-used in PV module production, as well as recovering precious metals [START_REF] Dodd | Preparatory Study for Solar Photovoltaic Modules, Inverters and Systems -Task 4 Technical Analysis Including End-of-Life[END_REF].

In 2019, Loser Chemie GmbH (Germany) developed a high-end PV recycling process, based on an innovative water-jet cutting/brushing technique, allowing PV delamination. The backsheet polymer is scraped off, after which PV cells are cut off the glass with waterjet. Three distinct streams are recovered from this separation process : backsheet polymer, clean glass and PV laminate. High-purity metals (Ag, Si) can be recovered from the laminate via a chemical route.

Similarly, Toho Kasei (fluoropolymer producer) developed a two-step mechanical scraping process, which relies on the scraping of the backsheet followed by the scraping of PV cells. This process, which requires a considerable amount of time (IEA 2018), can be done with a NC router grinding machine.

Glass is recovered clean and unbroken by removing residual EVA with a solvent. EVA can be recycled as fuel or material, while the backsheet polymer is landfilled. The liberated Si and metals are then recovered [START_REF] Kawanishi | Method of Recycling Solar Cell Module[END_REF]. High-purity Si recovery is one of the goals of the project (IEA 2018).

Toshiba Environmental Solutions (Japan) designed a technology which scours off the backsheet and laminate from the glass with a fast-spinning steel brush. High-quality glass is recovered, and the rest of the panel is recovered in the form if a fine powder.

Mitsubishi Materials Corportion developed a method where after frame and Jbox removal, the glass is scraped off and broken (Figure). The equipment can process one module per minute. At present, the main target of the metal refining process is Ag because of its high value (IEA 2018). 

Thermo-mechanical delamination

These methods rely on heating or cooling of the EVA layer, which is expected to have an effect on its cross-linking behavior, followed by cleaving by inserting a blade in the EVA layer closest to glass. The thermal conductivity of EVA being low, the throughput of the process is expected to be closely linked to the efficiency with which the EVA is heated. The most rapid thermo-delamination process can delaminate 1 panel per minute.

a) Heated cleaving (TM1)

The FRELP (Full Recovery End Life Photovoltaic) project, developed by Sasil S.p.A., Stazione Sperimentale del Vetro and PV Cycle during 4 years (2013-2017) lead to the design of a PV recycling line with the throughput of 1 panel per minute by TILAPI Srl, which is expected to be built during 2020-2021 in Italy (Lodovico Ramon7 , personal communication, June 2020). After the automatic removal of the frame and junction box, the panel is inserted between rolls, and heated to 90°-120°C by an IR heater (short and medium wave). Three heating devices are used to apply a difference in temperature of 20-30°C between the glass side and the wafer side of the EVA. A vibrating/pulsating knife equipment is inserted in the EVA layer, between the glass and the cells (FRELP 2015) (Figure). Through this mechano-thermal process, glass is separated and recovered at 98%w. The rest of the panel is recovered for further treatment for metal recovery (Latunussa, Ardente, et al. 2016). If this technology is chosen for the industrial process, patent infringement should be verified. Silicon-based panels with broken glass can also be delaminated with this method, using another machine with a throughput of 1 panel per 90 seconds. The panel with broken glass is kept stable under a metal flat tool, whilst the heated knife separates the glass from the rest of the panel ( broken glass, the panel is held down by rolls, b) panels with broken glass are pressed down with a plate (NPC Inc. 2020).

The process of NPC Inc. has been selected by Sibelco as an alternative process to recover glass with high purity.

Duflou et al. propose a thermo-mechanical PV delamination process, which relies on the PV being opened by means of a chisel, clamped in a flexibly mounted support structure (Figure). The equipment was operated at elevated temperatures, which was shown to reduce the cleaving force and increase the removal rate for a given force level. The heated cleaving method proposed allows the recovery of the PV laminate, as well as glass containing limited EVA residue on its surface. The recovered glass was found to be of sufficient purity to be suitable for closed loop recycling [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF]. 

Thermal-based recycling processes

In the early 1990s, experiments on PV module recycling were based on thermal processes. Optimized thermal delamination enables the intact recuperation of the glass layer and of the Si wafer, which provides the highest value in recycling [START_REF] Kang | Experimental Investigations for Recycling of Silicon and Glass from Waste Photovoltaic Modules[END_REF]. Indeed, the degree of glass-EVA separation in recovered glass fractions is the main determinant of the value of the recovered glass. Glass completely clean of polymer can be used as cullets in soda-lime glass manufacturing of flat glass, whereas contaminated glass is only reused in glass fiber (reduced revenues). [START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF]). However, thermal delamination requires high energy consumption and the incineration of fluorinated backsheet materials needs adequate safety measures [START_REF] Dodd | Preparatory Study for Solar Photovoltaic Modules, Inverters and Systems -Task 4 Technical Analysis Including End-of-Life[END_REF]. Recently, only a few pilot plant projects, such as the FAIS/NEDO 11 from 2014 [START_REF] Komoto | PV Recycling in Japan[END_REF]) and ANTEC Solar [START_REF] Campo | Process for recycling CdTe/Cds thin film solar cell modules[END_REF] have made the use of thermal delamination. The industrial thermal-based process designed by Solar World was terminated in 2018.

a) Pyrolysis (T1)

It was observed that all polymeric fractions present in the PV module are pyrolyzed at 500 °C , during 1h under nitrogen atmosphere [START_REF] Giacchetta | Evaluation of the Environmental Benefits of New High Value Process for the Management of the End of Life of Thin Film Photovoltaic Modules[END_REF][START_REF] Wang | Pyrolysis-Based Separation Mechanism for Waste Crystalline Silicon Photovoltaic Modules by a Two-Stage Heating Treatment[END_REF]. Pyrolysis of EVA can also be achieved on pre-crushed module fragments, in an oxygen-containing atmosphere at a temperature of at least 300°C (ANTEC Solar GmbH) [START_REF] Tao | Review on Feasible Recycling Pathways and Technologies of Solar Photovoltaic Modules[END_REF] To avoid emissions of fluorine due to pyrolysis of a fluorinated backsheet, the latter can be detached form the panel before pyrolysis. This can be done by heating the panel at 150 °C for 5 min, which weakens and softens the EVA layer sufficiently to peel off the backsheet [START_REF] Wang | Pyrolysis-Based Separation Mechanism for Waste Crystalline Silicon Photovoltaic Modules by a Two-Stage Heating Treatment[END_REF]. The fluorinated backsheet (TPT) will be recovered undamaged, as it starts losing weight (burning) at 380 °C (for TPT) [START_REF] Fiandra | End-of-Life of Silicon PV Panels: A Sustainable Materials Recovery Process[END_REF]. The FRELP indicates that if the fluorinated backsheet is not removed, incineration is preferred to pyrolysis, to avoid emissions of fluorine with the fuels cracking (FRELP 2015).

b) EVA burning (T2)

The whole EoL PV, can be incinerated in a complex semiconductor-protecting process at 600 °C, in which plastic components are burnt (Solar World). The frame and backsheet can also be removed from the panel before EVA burning (NEDO pilot project). EVA burning can also be done on the coarse fraction resulting from a mechanical comminution process. With this process, high-quality glass can be recovered from the coarse fraction, a mixture of EVA and glass. [START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF][START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF] propose this thermal treatment (650° during 1h), preceded by a single crushing by a two blade rotor crusher for the first, and triple crushing by the same crusher for the latter.

Chemical-based recycling processes

Similarly to thermal treatments, PV recycling based on chemical processes have been studied since the early 1990s, usually to dissolve EVA in mixed glass-EVA fractions. Glass recovered with chemical treatment is of high purity and can be re-used for PV panel production [START_REF] Pagnanelli | Solvent versus Thermal Treatment for Glass Recovery from End of Life Photovoltaic Panels: Environmental and Economic Assessment[END_REF]. The environmental impact assessment (LCA) and economic analysis both denote the advantages of solvent treatment in recovering high-value glass versus thermal treatment [START_REF] Pagnanelli | Solvent versus Thermal Treatment for Glass Recovery from End of Life Photovoltaic Panels: Environmental and Economic Assessment[END_REF]). However, it is unlikely that the chemical treatment becomes a viable industrial process due to large amounts needed of chemicals [START_REF] Fiandra | End-of-Life of Silicon PV Panels: A Sustainable Materials Recovery Process[END_REF]).

a) Organic solvents (C1)

Numerous organic solvents have been used for the dissolution of EVA [START_REF] Deng | A Techno-Economic Review of Silicon Photovoltaic Module Recycling[END_REF]). Doi et al. reported successfully dissolution of EVA in trichloroethylene at 80 °C for 10 days [START_REF] Doi | Experimental Study on PV Module Recycling with Organic Solvent Method[END_REF]). The use of cyclohexane at 50 °C for 1 h was also found to allow full dissolution of EVA [START_REF] Pagnanelli | Solvent versus Thermal Treatment for Glass Recovery from End of Life Photovoltaic Panels: Environmental and Economic Assessment[END_REF]).

The chemical process can be accelerated with ultrasonic radiation. For example, [START_REF] Azeumo | Photovoltaic Module Recycling, a Physical and a Chemical Recovery Process[END_REF] reported complete dissolution of EVA in less than 60 minutes in toluene with the presence of ultrasonic radiation.

b) Inorganic solvents (C2)

The EVA layer can also be dissolved in inorganic solvents to delaminate the module. Successful dissolution of EVA has been observed by immersing the module in nitric acid for 24 hours (Latunussa, Ardente, et al. 2016).

Material sorting

PV materials can be separated based on their intrinsic properties, such as size, density, hydrophobicity, optical properties and magnetism. This will be developed in the following paragraphs.

Separation based on size can be done by using a vibrating screen. This type of machine is commonly used in cullet glass recycling, to separate glass from polymers or paper. Its use is also frequently mentioned in PV panel recycling R&D or industrial processes, to separate crushed/milled PV into different streams based on size. This type of separation is relatively efficient because PV crushing/milling leads to differentiated comminution, based on the material's properties (see section 3.2 mechanical delamination). Indeed, polymers are commonly found in the coarse fraction, while glass is usually recovered in the intermediate fraction. Metals, which are in the form of fine paste in PV panels, and Silicon, which is very brittle, are pulverized during the comminution process, and are found in the fine fraction.

The use of two different vibrating screens can allow a relatively good separation of crushed/milled PV material into polymer, glass and metals. On the top screen, polymers are retained while smaller glass pieces fall through the mesh of the sieve. On the second screen, glass is retained while fines fall through the screen [START_REF] Marchetti | Double Green Process: A Low Environmental Impact Method for Recycling of CdTe, a-Si and CIS/CIGS Thin-Film Photovoltaic Modules[END_REF]). The fine fractions can be further sieved into two sub-fractions, in which Fe, Al and Zn are mainly contained in the largest of the fine fraction (0.008mm<x<0.4mm), while precious and dangerous metals, such as Ag, Ti, Te, Cu and Cd are mainly present in finest of fine fractions (x<0.008mm) [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF].

However, separation based on size is not 100% efficient, because ground/milled PV materials are not fully separable based on size. Indeed, if glass delamination is not efficient during the mechanical comminution process, glass which still adheres on the polymer fraction is found in the coarse fraction.

In addition, some polymer is broken into pieces with similar size to large glass particles, creating a mix of glass and polymer in the intermediate fraction. Moreover, metallic contamination can be found in the coarse and intermediate fractions, as busbars are broken in pieces 1-3 cm long during crushing [START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF]. Furthermore, some glass is shattered into very small pieces and found in the fine fraction, in a mixture with silicon and metals (Figure). Therefore, the efficiency of size-based separation is dependent on the precedent delamination step, specifically on glass breakage and delamination, as well as polymer breakage. Density-separation processes include air-flow separation and heavy-medium separation. In glassrecycling companies, air-flow separation (zigzag or wind-sifter) is commonly used to separate lightweight contaminations such as paper and plastics from crushed cullet (ex. ORSE from KRSRecyclingSystems). This is a non-expensive dry process, which relies on density and shape of the object. On the other hand, heavy-medium separation is a wet process which relies on the density and to a certain extent on the size of the object. Heavy medium separation can be used to separate a stream of crushed/milled PV into a polymer fraction and a glass/metal fraction. The latter is then milled and screened, allowing the recovery of 76% of the glass and 100% of the metals [START_REF] Azuermo | Photovoltaic Module Recycling, a Physical and a Chemical Recovery Process[END_REF].

Material separation can be done with the froth flotation process, which relies on difference in hydrophobicity. Marchetti et al. use flotation to separate glass-metal mixture. Glass sinks while metals are collected by bubbles moving upwards and recovered on the surface [START_REF] Giacchetta | Evaluation of the Environmental Benefits of New High Value Process for the Management of the End of Life of Thin Film Photovoltaic Modules[END_REF][START_REF] Marchetti | Double Green Process: A Low Environmental Impact Method for Recycling of CdTe, a-Si and CIS/CIGS Thin-Film Photovoltaic Modules[END_REF]. This process can be used to obtain a pre-concentrate of semiconductor material or metals, which will further be purified and valorized for high-end applications [START_REF] Weimann | RESOLVED -Recovery of Solar Valuable Materials, Enrichment and Decontamination[END_REF]. The limitations of this process is that it is a wet process, which can only be used on fine particles (x<1mm).

Optical sorting is frequently used in glass recycling plants, to separate glass from impurities. This type of sorting is either based on the color (ex. SPEKTRUM from KRSRecyclingSystems) or on transparency (ex. LAG from KRSRecyclingSystems or REDWAVE C from Redwave). Optical sorting machines can treat material of size down to 1mm at low costs. Sorting smaller materials leads to an increase in cost.

Ferrous metals can be retrieved using a Magnet Separator. Coarse ferrous particles (1mm<x<140 mm) can be separated with a magnetic overbelt (ex. Magnet Separator from Steinert or Imal-pal), while finer ferric particles (x<1mm) are recovered using a magnetic drum separator (ex. Drum Magnet Separator from Urbamine). An Eddy current separator can be used either to separate non-ferrous metals from non-metals (ex. Eddy current from Imal-pal, optimal if we have a low Fe-contamination), or to separate a mix into three streams : ferrous metals, non-ferrous metals and non-metals (Figure). This type of separator could be useful in PV recycling to recover copper (non-ferrous metals) and steel bolts (ferrous metal) from non-metals (glass/plastic). There exists Eddy current separators suitable for sorting coarse particles ( 5 

Cell recycling

Following the PV delamination step, intact or broken PV cells are recovered with or without polymer contamination (EVA and backsheet). The cells can be thermally [START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF]FRELP 2015;[START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF] or chemically (Loser Chemie GmbH 2020) treated to remove polymer contamination. Non-contaminated cells or de-contaminated cell ashes can undergo a chemical treatment [START_REF] Kang | Experimental Investigations for Recycling of Silicon and Glass from Waste Photovoltaic Modules[END_REF][START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF]FRELP 2015;Loser Chemie GmbH 2020) or can be smelter-refined [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF] to recover precious and/or hazardous metals. These processes are detailed in the following paragraphs.

To eliminate polymer contamination, the recovered cells can undergo combustion. Combustion is preferred to pyrolysis, because the latter requires fume treatment, due to the presence of a microlayer of fluorinated plastic in around 50% of the backsheets. Combustion requires simpler fume treatment because it does not cause the liberation of fluorinated compounds in the fumes (FRELP 2015; Dosso 2018). Cells which are contaminated by a single EVA layer on the rear side can be treated with the process designed by Loser Chemie GmbH. This process relies on the dissolution of Al by using a fresh solution of aluminium chloride and water, which enables to separate EVA polymer from cells (Loser Chemie GmbH 2020) and simultaneously recover poly-aluminium-hydroxide-chloride [Aln(OH)mCI3n_m], which can be used in the paper industry but also for applications in waste water treatment. Poly-aluminium -chlorides are very valuable synthetic inorganic polymers for waste water treatment. They react with water to form insoluble aluminium hydroxides which precipitate in big volumetric flocs. The flocs absorb suspended pollutants in waste water (Palitzsch 2014).

Silicon and metals such as Ag, Pb, Cu and Al can be recovered via chemical route (selective etching) at sufficient purity to be used as secondary raw materials in PV production. Chemical recovery, for which a number of patent has been filed, enable the highest value recycling but come at the expense of considerable chemical use and treatment costs [START_REF] Dodd | Preparatory Study for Solar Photovoltaic Modules, Inverters and Systems -Task 4 Technical Analysis Including End-of-Life[END_REF]. Anti-reflective coating on the Silicon wafers can also be recovered chemically [START_REF] Wang | Pyrolysis-Based Separation Mechanism for Waste Crystalline Silicon Photovoltaic Modules by a Two-Stage Heating Treatment[END_REF]. The FRELP project lead to the design of a chemical route on cell ashes. This process allows the recovery of Ag and Cu, Pb and partial recovery of Al (FRELP 2015).

In the process designed by Duflou et al., the polymer-contaminated cells are expected to serve as input for an integrated precious metal smelter-refinery, in which the polymer content is thermally valorized. Umicore (BE) is expected to be able to proceed to such process, assuring the recovery of more than 95% of Ag and Cu, while Al would not be recovered, due to its low economical value. This process is selected by Sibelco to be further researched, as well as the potentiality of a partnership with Umicore for metal recovery.

Process selected by Sibelco and expected outputs

The PV recycling process proposed and researched by Sibelco is a mechanical, high-value recycling process. The choice of a mechanical process allows to avoid the use of chemicals or of fume treatment, which are required in chemical-or thermal-based recycling respectively. Another advantage of a mechanical process is its low cost and its low energy consumption. Indeed, mechanical PV recycling is expected to have similar operation costs and investment costs to cullet glass recycling, as it requires similar equipment. The choice of a high-value recycling process has been taken in order to comply with possible future evolutions of the WEEE legislation, as well as to recover materials of high-quality, and to recover valuable materials which are present in low concentrations in the panel.

The process relies on mechanical delamination of glass by a specific mechanism. The delamination step is crucial, and will allow to recover a large fraction of non-contaminated glass. The design of an efficient delamination step by Sibelco is expected to represent a competitive advantage with regards to current PV recyclers, who recover glass which is contaminated with fine metals. Moreover, as minimal glass fines are expected to be produced, the dilution of valuable metals will be reduced, allowing the recovery of valuable metals through an economically viable process.

Glass recovered from the delamination step will be cleaned via mechanical and optical post-processing steps which are commonly used in the glass recycling industry, such as size-based separation, density separation with air-flow, optical sorting and eddy-current separation. In-house testing will be done on density separation via air-flow, in order to evaluate if glass can be recovered in one step, by removing simultaneously polymer pieces and fines through the air-flow. Indeed, the coarse and fine fractions are both expected to contain valuable metals (silver, copper), which could be recovered by metal refinery via a third party. Other separation processes to further clean the glass, such as optical sorting and eddy-current separation will not be researched at the pilot plant scale because they are currently done industrially in glass recycling plants. In addition, this is something Sibelco already has substantial knowledge on, because Sibelco is a leader in the glass recycling business.

The input for the delaminating process are PV panels which are cut in pieces. . Various cutting methods are to be explored.Prior to the cutting, the panel has to be disassembled. This step has not been evaluated as being technically complicated, therefore will not be further researched at the pilot plant scale.

PART IV : Pilot plant experiments 1. Cutting 1.1. Blade cutting trial -June and July 2020 -Maastricht

The blade must cut through the laminated layers, consisting of a polymer backsheet (0.3 mm), which is easy to cut and 2 EVA layers (0.45 mm and 0.75 mm thick), which require important force to be cut as EVA has high tensile strength. The blade must also break through solar cells (0.25 mm) which consist of a silicon wafer and Al/Ag coating, as well as Cu busbars. The blade will also inevitably run on tempered glass.

The blade material and the blade thickness have an impact on the cutting. To avoid the blade being blunt by cutting, the blade must be made of a material with higher toughness than the toughest material in the PV, being silicon and glass, meaning that the blade must have a hardness of more than 7 Mohs. Therefore, the blade must be made of either of tungsten (Mohs 7.5), hardened steel (Mohs 7-8) or preferably tungsten carbide (Mohs 8.5-9) or diamond-tipped (Mohs 10) (Table1). Three blade materials were tested (Figure 2) : stainless steel (Stanley blades), carbide-coated steel (Stanley blades), and tungsten carbide (Lutz blades). All blades allowed good cutting. With increasing hardness, an increasing resistance to blade blunting was observed, as well as an easier cutting, with less force needed to operate the cut.

The blade thickness is crucial for the cutting step. While a thick blade will not cut through the material but compress it, a thin blade is at risk of shattering, especially if it is made of a brittle material such as tungsten carbide. Indeed, compression instead of cutting was observed with a thick tungsten carbide glass scorer (120° sharp, 1mm thick), while blade shattering was observed for a thin tungsten carbide utility blade (0.584 mm thick).

For an optimized cutting of the PV panels, it is required to find a blade thin enough so that it cuts through the polymers, with high resistance to wear because it is run over glass and with high mechanical strength to sustain the compression force required to break the Si wafer. Waterjet cutting tests were done with a third party. There are 2 types of water treatments which are needed to be done successively :

1. Water must be treated by osmosis before being used in the machine. 2. Waste water must be treated. There are two possibilities which exist : a. Waste water can be treated with physical filters, sufficiently enough so that it is allowed to go to the exhausts. The water is not re-used in this case, and has to comply with legal wastewater b. Waste water can be collected in a tank, with added jets of water that keep the abrasive in motion, so as not to plug the bottom. The wastewater with the sludge is then sent to a big bag filter which collects the abrasive in a tank. The water is collected and filtered, chilled, filtered once more and treated with ozone for bacteria control15 , to be re-used for cutting. This is a closed circle for water. It might be needed for PV cutting due to lead contamination.

The abrasive is always considered as waste. There exists patented abrasive recovery systems, but the abrasive material being cheap (indicative cost of 300 eur/t), these systems are not very popular.

Ex : Ward Jet proposes a recovery system16 . However, not all the material is recovered, as part of the recovered abrasive which is finer than the original abrasive is sieved and not recovered.

In addition the lifetime of the sieve is only of 150 hrs, after which the sieve is partially destroyed, leading to the sieving being inefficient as abrasive coarse enough to be re-used is lost to the unrecovered fraction.

Shear-press cutting trials -August 2020 -Maastricht

Cutting tests with a shear-press method have been done with a specific machine, which consists of a metal wall which slides down at low speed to cut the sample. Glass fine formation was evaluated.

• Experiments were done to find a mill suitable for PV panel recycling 

Delamination mill

Delamination experiments with various mills and choice of mill -June 2020 -Maastricht

Various mills were tested. A mill which allowed glass delamination without glass or polymer breakage was selected for further tests.

Delamination experiments with chosen mill -June 2020 -Maastricht

Three output streams with distinct compositions and sizes can be identified after the sieving step : 1. The large fraction (8mm<x) consists of laminated polymer (Tedlar and EVA) containing most of the solar cell materials (Cu, Si, Ag, Al, Pb, Sn), and eventually non-liberated glass (Figure 3). 2. The intermediate fraction ( 1mm>x>8mm) is considered to be recoverable glass (Figure 4). It is contaminated by : -Polymer pieces from imperfect cutting during the manual cutting step (which is not expected to take place in an industrial process) or from polymer breakage during the milling step -Metal wires (Cu or Ag-coated Cu) -Silicon 3. The fine fraction (x<1mm) contains glass fines and pulverized metals (Si, Ag, Al, Pb) (Figure 5).

The fines lost in the vacuums during the milling and sieving steps are not taken into account as their quantity is expected to be insignificant and identical for each experiment.

An optimization of the rotational speed and the residence time of the mill allowed to recover 91% of the panel's initial glass in the intermediate fraction, as recoverable glass. This glass is to be further post-processed to be valorized as a secondary raw material. The fine formation is calculated relative to the input weight and relative to the delaminated material :

Main messages

𝐹𝑖𝑛𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑥 < 1𝑚𝑚 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝐹𝑖𝑛𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑑𝑒𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (%) = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑥 < 1𝑚𝑚 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 1𝑚𝑚 < 𝑥 < 8𝑚𝑚
17 The weight of glass represents 59.51% of the total panel weight, while the frame takes up for 23.35% and the junction box and cables take up 4.75% [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF]. As the input of our experiments is a de-framed panel from which the junction box and cables have been removed, it is calculated that the weight of glass represents 82.77% of the input panel. • Vibrating sieve with air sifting (air suction and air flow) allows the separation of the milled outlet in 2 streams : o glass o polymer and fines • Proof of concept giving important glass recovery • Optimization is needed to minimize glass loss while increasing polymer removal.

• Energy consumption is to be evaluated, but is not expected to impair the process 3 Density separation 3.1 Proof of concept for glass recovery and dedusting with a density separator -July 2020 -Maastricht

Density separation enables the separation of the milled output based on the density of the material. Not only does it allow to separate the fine fraction and the polymeric fraction from glass, similarly to size-based separation, but it also enables the separation of a stream which has identical size but different densities. This is particularly useful for the recirculation of non-fully delaminated polymer pieces in the mill, as density separation allows to separate polymer pieces (of size 8mm<x) in fullydelaminated polymer pieces, and non-fully delaminated polymer pieces, which contain glass, thus are heavier. In addition, density separation enables the removal of polymer pieces that are in the same size range as the glass fraction. These small polymer pieces, which are generated by manual cutting as well as by polymer shearing during milling, are expected to be less present at the industrial scale, where the cutting step will not cause their formation.

Another advantage of using density separation is a more efficient dedusting of the glass fraction. Indeed, when using a vibrating sieving to operate size-based separation, there is a constant release of material from the open edges as the polymer pieces rub on the sieve. This leads to the contamination of the smaller fractions, such as glass, by fines, therefore the dedusting of the glass fraction is not optimal when sieving it from the coarser fraction. This is not encountered in density separation, as the polymeric material does not suffer important friction.

A specific density air-density separation equipment was used with both suction and air blow in an attempt to recover the glass fraction in one step. This is compatible with the assumption that the metals to be recovered (Cu and Ag) are present in both the fine and coarse fractions, which indicates that density separation is a more straightforward separation of the metal and glass fractions than screening (Figure ).

The glass can be recovered clean of polymer and fines, but is still contaminated with copper wires, which can further be removed by Eddy current separation. The coarsest fines are not taken up by the air flow, and are recovered in the under-sieve. The rest of the fines, as well as the polymer pieces, are found in the exhaust of the air flow. In an industrial system, the air flow is to be fully dedusted to be re-used in a continuous manner. Dedusting of the air flow can be done with filters, which undergo inverted pression to be discharged. Very fine particles can be further removed of the air flow with air dedusting technologies used in incinerators, such as electrofilters (also known as electrostatic precipitators).

Main messages

Energy consumption needs to be evaluated in order to confirm the feasibility of the separation process. Although density separation is known for higher energy consumption, it is a standard process in industrial glass cullet recycling. As it is expected that the energetical cost of this process will not impair the cost of PV recycling, density separation with an air flow is to be further researched in the next phase of the project. 

The position of density separation in an industrial process

Metal analysis of the fine and coarse fractions will dictate the order of the separation steps following milling. Indeed, If the fine and coarse fraction both contain a similar proportion of recoverable metals, it is pertinent to recover the coarse and fine fraction in one step. The separation process will lead to the production of two streams ; the glass stream, from which glass will be recovered, and the coarse and fine fractions, which will be sent together for metal recovery. To achieve this, the milled output will first undergo a density separation, which will remove fines and fully delaminated polymer, to be sent for metal recovery. The rest will undergo a size-based separation, allowing the removal of glass (1mm<x<8mm) from non-fully delaminated polymer pieces (8mm<x), which will be recirculated in the milling (Figure A1.a).

If the metal analysis of the coarse and fine fractions indicate that these two streams contain different proportions of recoverable metals, these streams should be recovered separately, in order to be treated separately for metal recovery. This can be done by separating the milled output, first based on size, then based on density. For the size-based separation, two sieves will be used, in order to separate the coarse fraction (8mm<x) from the recoverable glass fraction (1mm<x<8mm) and from the fines (x<1mm). Following that step, the coarse fraction will be separated based on density, in order to recirculate non-fully delaminated pieces in the milling. This process allows to recover fines and polymer separately, as well as the glass fraction ( Figure A1 : Separation of the mill output by using : a) density separation followed by 1 sieve, valid if the 2 metal streams can be recovered jointly , b) 2 sieves followed by a density separation, valid if the 2 metal streams have to be recovered separately

Conclusion on pilot plant experiments

Sibelco proposes a mechanical high-value recycling process (Figure), which was designed and partially tested at the pilot plant scale.

The process begins with the disassembly of the panel, to remove the aluminium frame and the junction box. This step has not been researched at the pilot plant scale.

The second step is the dimensional reduction of the panel, which holds a significant difficulty, as some materials contained in the PV panel are of important hardness. Indeed, to cut the panel, it is needed to break silicon wafers, to cut through copper wires and to scrape against the glass. Various cutting methods have been explored at the pilot-plant scale, such as cutting with blades, with a waterjet and with a shear-press.

The most crucial step of the process is the mechanical delamination of glass in a mill. Pilot-plant tests were conducted to identify the type of mill which allowed glass delamination with limited glass and polymer breakage. An optimization of the rotational speed as well as the residence time was conducted at the pilot-plant scale, and lead to the recovery of 91 % of the initial's panel's glass. The outputs of the milling step will be separated by physical means, to allow their recovery in separate streams. A proof of concept was done at the pilot-plant scale for density separation. A sieve was used, combined with air suction and air blowing. The density separation allowed to recover glass in one step, as fines and polymers were evacuated in the air suction. This setup has to be improved to reduce contamination of glass by polymer.

The outputs of the process tested at the pilot plant scale, glass, polymer and fines, have been sent for metal analysis and glass tests, within Sibelco and to third parties. Results of these tests will indicate if the pilot-scale process allows to recover high-grade glass and valuable metals in an economically viable manner.

Figure : Flowsheet of the PV recycling process designed and partially tested at the pilot plant scale

Upscaling this pilot-scale process to the industrial level will require research and tests with industrial equipment, as well as compromising and making decisions. Indeed, for each step of the process, Sibelco will chose between designing its own equipment, or buying commercially available equipment. Ready-made equipment and providers have been proposed for the industrial scale.

PART V Conclusion

The photovoltaic (PV) market is an important and growing market, with a global cumulative installed PV capacity of 586 GW at the end of 2019, of which 24% is in Europe. End-of-life (EoL) PV panels are expected to boom by 2030, reaching sufficient quantities to allow an economically viable process. The addressable market for Sibelco (Western Europe and USA) is expected to be of 45 m€ in 2030 and to increase to 550 m€ in 2050.

PV panels are composite laminated structures. 95% of the PV market is dominated by silicon-based PV panels, which are made of glass (60% in weight), polymers, an aluminium frame, silicon and metals (Cu, Al, Ag, Pb). Most economic value in EoL PV comes from the silver and to a minor extend from the aluminium frame, copper and glass.

A panel is designed to maintain its integrity under outdoor atmospheric conditions during its entire lifetime (25 to 30 yrs). To accomplish this, the panel elements are laminated with an adhesive (Ethylene Vinyl Acetate). The laminated structure of panels are an obstacle to recycling, which requires the separation of the panel into its different constituents, in order to recover them into distinct secondary raw material streams.

Currently, PV panel recycling is done using "bulk recycling" (or downcycling) processes, which is similar to existing laminated glass recycling technology and employs only mechanical processes. This type of recycling method allows the recovery of high mass fraction materials such as glass and aluminium, providing a raw material recovery rate which is in line with the current EU WEEE Directive (80 %). However, hazardous (e.g. Pb) or valuable (e.g. Ag, solar-grade Si) materials are not recovered. Current PV glass recycling options, which are mostly low-end applications such as foam glass, are not only expected to be saturated by the high incoming recovered PV glass volumes, but are also not the preferred pathway towards a more sustainable and circular future.

Sibelco proposes a mechanical high-value recycling process, which relies on mechanical delamination of glass. Pilot-plant tests were done to identify the type of mill which allows to delaminate glass, with limited glass and polymer breakage. An optimization of milling parameters was achieved at the pilot plant scale, leading to the recovery of 91 % of the panel's initial glass in weight.

The glass delamination step researched at the pilot-plant scale by Sibelco allows to liberate glass without polymer or glass breakage. This step of the recycling process confers a substantial competitive advantage to Sibelco with regards to current PV recyclers, who mill PV panels with high impact, leading to glass breakage and its contamination by silicon and metal fines. Not only does the process proposed by Sibelco allows to recover a substantial amount of glass, but it also leads to minimal glass fines production, limiting the dilution of valuable metals n the fine fraction. This is expected to allow the recovery of valuable metals (Cu, Ag) in an economically viable process.

The metal composition of the coarse and of the fine fraction is to be evaluated by Sibelco and thirdparties.The PSD of fines will be analyzed to evaluate if high-value metals are more concentrated in a certain fraction.

The PV recycling process proposed by Sibelco has been designed and tested at the pilot-plant scale.

The next phase of the project is to upscale this process to do an industrial demonstration. This will require to test commercially available equipment and compare it with the design of specific equipment by Sibelco. To maintain the competitive advantage that Sibelco has identified and researched, the chosen mill should employ identical mechanism to the one used at the pilot-plant scale.

The elaboration of a PV recycling process also requires to identify market for the outputs of the process. The recovered aluminium frames will be sold as scrap metal, in a well-established market. The junction box contains copper and polymers. It can be sent for copper recovery, which is also a wellknown market, while the polymers are expected to be thermally valorized. Wafer materials are expected to be partially recovered in a metal refinery process, which will be done by a third-party. Through this process, valuable metals such as copper and silver are expected to be recovered. Less valuable materials, such as aluminium, lead and tin, are not expected to be recovery because the cost of their recovery in such a process is higher than their selling price. Silicon is not expected to be recovered either, as the cost of its refinery to high-grade silicon (to be used in PV production) is higher than the price of raw silicon.

Glass is the most important constituent in weight of a PV panel. PV glass being a low-iron, highly transparent glass, the possibility of recycling it as a high-quality glass is possible, if the post-processing steps allow to recover pure glass (not contaminated with copper wires, polymers, metals and silicon).

The purity of the recovered glass, post-processed with conventional glass sorting techniques (optical sorting, density separation, eddy current separator) is to be verified by Sibelco with trials in a glass melting furnace. If the purity of the glass is sufficient, recycling as PV glass, float glass or container glass is preferred, by order of preference. Recycling PV glass into low-value applications such as insulating material (foam glass) are not expected to allow a viable recycling process (Figure ). If the recovered glass contains silicon contamination, or another contamination which cannot be removed by conventional glass sorting techniques, other recycling routes will need to be pursued. Recycling techniques which avoid mixing glass with contaminants, such as the glass-scraping method, are to be researched. Recycling techniques as such are expected to be more expensive than a mechanical method, but will allow to recover higher quality outputs.

Recovered PV glass may have a lower value than expected, due to its content in antimony. Indeed, antimony, which is used in PV glass manufacturing to increase transparency is found in PV glass (primarily in the form of Sb2O3) at levels of 200 ppm. Antimony is hazardous and suspected to be carcinogenic, therefore closely regulated in the EU (by REACH and RoHS). In glass however, antimony is chemically bounded to the matrix, therefore not available for leaching under application conditions. PV glass recoverable by the PV recycling process proposed by Sibelco is expected to be of cullet-grade, as it is crucial that the EU legislative framework (REACH and RoHS) allows the recycling of this highquality recovered PV glass into high-end applications. Moreover, the important incoming quantities of recovered PV glass in Europe sheds light on an opportunity for relocating PV glass production in Europe, encompassing the use of recovered PV glass locally, as a secondary raw material in PV glass manufacturing.

PART VI Personal learning outcomes

The 6-month internship which I have done at Sibelco was a valuable learning experience, through which I was able to build knowledge on recycling issues, from a technical standpoint. I was also was able to participate in a complete research process, starting with the literature review, through performing pilot plant tests and participating in the discussion regarding the upscaling of the process to an industrial scale.

I also had the opportunity to do various related tasks, such exploring in depth the literature from the market side, by analyzing the trends in material composition and the possible markets for the outputs of the recycling process. I also interpreted laboratory analyses and researched the legislative issues regarding WEEE recycling and the issue of antimony in PV glass.

Through all these tasks, I was brought to interact closely with various people within Sibelco, such as technicians, engineers and researchers. I also had the opportunity to work with service providers, manufacturers, businesses and policy makers, which were outside the Sibelco organization.

During my internship, I beneficiated of close support from members of Technology & Innovation at Sibelco, who shared with me their ideas and knowledge. I was closely mentored by Aura Visan, who guided throughout my internship, from the early stage of the literature review until the reporting phase.

This internship has also allowed me to develop my soft skills, through meetings, presentations and through every day work life. I was able to work with people from various backgrounds and with different personalities, and developed my capacity of adaptation.

ANNEX A : PV trends in types

The current PV market consists of a range of technologies. Single-junction solar cells based on silicon wafers including (c-Si, also known as 1 st generation) has always, and currently still dominates the market with around 95% of market share (Figure A.1)(ITRPV 2020) and more than 90% of the Flemish market [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF]. They are expected to retain market dominance up to 2030 (IEA and IRENA 2016;[START_REF] Sica | Management of End-of-Life Photovoltaic Panels as a Step towards a Circular Economy[END_REF]. Multi-crystalline Silicon PV (multi c-Si) and Mono-crystalline Silicon PV (mono c-Si) have shared the c-Si market quite equally since 2000 (IEA and IRENA 2016). The c-Si market shifted significantly to mono-Si PV in the last few years (Figure A.2) (Fraunhofer ISE 2019).

Around 5% of the current market is represented by the thin film technology (also known as 2 nd generation) [START_REF] Bagnall | Photovoltaic Technologies[END_REF]ITRPV 2020). They consist of thin films (<10 µm) of either amorphous silicon (a-Si), cadmium telluride (CdTe) or copper indium gallium selenide (CIGS), deposited on a low-cost substrate, such as glass, stainless steel or plastic [START_REF] Bagnall | Photovoltaic Technologies[END_REF]. The thin-film technology did not break through the market like expected (BIO Intelligence service 2011; Fraunhofer ISE 2019) and their market share has been diminishing since 2010, to the profit of c-Si PV [START_REF] Sica | Management of End-of-Life Photovoltaic Panels as a Step towards a Circular Economy[END_REF]. CIGS and CdTe share equally the actual thin-film market (Figure). CIGS technology has potential for improving efficiencies and may gain market share, while CdTe is not expected to increase and has been reducing since 2009 (IEA and IRENA 2016;Fraunhofer ISE 2019). Because of low efficiency ratios, a-Si products have lost significant market share in recent years, and are expected to phase-out before 2030 (IEA and IRENA 2016;[START_REF] Sica | Management of End-of-Life Photovoltaic Panels as a Step towards a Circular Economy[END_REF]). Emerging technologies (also known as 3 rd generation) are for the most still at the pre-industrial stage [START_REF] Sica | Management of End-of-Life Photovoltaic Panels as a Step towards a Circular Economy[END_REF]) and represent around 1% of the world market share (IEA and IRENA 2016).

Most emerging technologies can be applied to thin-film modules or c-Si modules. They consist of elements such as hetero-junction cells21 , multi-junction cells 22 and concentrator photovoltaics 23These "advanced" c-Si are expected to take 25% of the PV market share by 2030 (IEA and IRENA 2016). Advanced thin-films, consist of CIGS alternatives (e.g. replacing indium and gallium with zinc and tin) or heavy metal cells including perovskite structures (BIO Intelligence service 2011). Other new technologies such as Dye-sensitive solar cells, which release electrons from, for example, titanium oxide covered in a light-absorbing pigment, or Organic cells, composed of biodegradable material such as organic polymers or small organic molecules are expected to gain market shares in the long term (IEA and IRENA 2016).

ANNEX B : PV composition and trends in composition

Each component of the PV panel has been described hereafter in terms of general composition and in terms of market trends in composition.

1. Silicon Silicon, the semiconductor responsible for the photovoltaic effect, is considered as critical raw material for the European economy (European Commission 2017). The relevant spectral range for common c-Si solar cell energy conversion covering 99% of current generation from the AM 1.5 spectrum is the range between 350 and 1100 nm. The spectral response of c-Si solar cells peaks between 850 and 950 nm, and the precise shape is influenced by cell process details, especially the anti-reflective coating [START_REF] Wirth | Chapter Three -Crystalline Silicon PV Module Technology[END_REF].

Reduction of the silicon volume (thickness) has been applied since early PV development (Fraunhofer ISE 2019) but seems to have reached a limit at around 170 µm thickness (ITRPV 2020). The prices of Silicon for PV use has recently dropped below 10 USD/kg (Bellini 2019).

Metallization in cells

Silicon wafers are coated on their rear surface with an aluminium paste, commonly with physical vapor deposition (PVD) by spluttering. Silver paste is printed on to the wafer's front and rear surface. The front contact consists of grid pattern containing fingers and busbars or small contact points to collect electrons in order to form a useful electric current [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF].

Copper and aluminium ribbons are used as electrical connectors between the cells (Latunussa, Ardente, et al. 2016). These bus bars are usually coated with silver [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF] or tin lead (Sn62Pb36Ag2). The individual cell strings are connected with string connection ribbons [START_REF] Dodd | Preparatory Study for Solar Photovoltaic Modules, Inverters and Systems -Task 4 Technical Analysis Including End-of-Life[END_REF], joined with lead-containing solders.

The use of silver has reduced significantly, from more than 0.2% in weight of panels manufactured in 2000 to less than 0.04% in 2020 (Table B.1 ;Figure B.1 ;[START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF]. Specific silver consumption is expected to be further decreased by replacements with copper or nickel/copper layers, and better metallization processes allowing a thinner silver coating layer (IEA and IRENA 2016;[START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF]ITRPV 2020).

Table B.1 : Silver content of c-Si PV panels in function of the time based on manufacture data [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF] Figure B.1 : Perspective evolution of the silver content of c-Si PV panels in function of their year of production [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF] Copper will remain the most widely used cell connection material. Cu-ribbons are dominating today's market. Cu-wires will increase their market share (ITRPV 2020). As copper is expected to gradually replace silver in silicon based PV panels, it can be assumed that the copper content of PV panels will increase [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF].

There is an expected reduction of lead, as Pb soldering alternatives, such as Pb-free solders and conductive adhesives are expected to increase their market shares (5% each in 2019 to 30% and 20% respectively in 2030). However, a trend towards an increasing number of thinner busbars is materializing, so as to improve electrical performance and reduce optical losses. This trend is expected to lead to slight increase of the solder use, and hence the Pb content of PV module, if a Pb-soldering technology is used. It is estimated that the change from 2 busbar cells to 5 busbar cells leads to about 5-10% increase in the volume of Pb per module [START_REF] Dodd | Preparatory Study for Solar Photovoltaic Modules, Inverters and Systems -Task 4 Technical Analysis Including End-of-Life[END_REF].

Encapsulant

The encapsulant is a polymer used for binding all the components of PV together and to protect the components of PV modules from foreign impurities, moisture and mechanical damage. It also plays a role as an electrical insulator between cells [START_REF] Latunussa | Analysis of Material Recovery from Silicon Photovoltaic Panels[END_REF].

Ethylene-vinyl acetate (EVA) has been and will stay the most widely used encapsulation material (90% in 2019 to 60% in 2030) (ITRPV 2020), not because it has the best combination of properties, but because it is an economical option with an established history of acceptable durability [START_REF] Kempe | Overview of Scientific Issues Involved in Selection of Polymers for PV Applications[END_REF]. EVA is a copolymer of ethylene and vinyl acetate. It has a diverse composition, depending on the weight percent of vinyl acetate (VAc), which varies from 10 to 40%. The composition of EVA can vary also in terms of crosslinking degree, which depends on crosslinker chemistry and concentration, processing conditions, as well as the exposition to UV light. Further crosslinking weakens the tensile strength of EVA. EVA is an elastomer; thus it is very flexible and can be stretched to over twice its original length with little or no permanent deformation. It has low-temperature toughness, stresscrack resistance and resistance to UV radiation. The adhesive strength of EVA containing 26 to 28% VAc is of more than 100 N/cm to glass, while it is of more than 80 N/cm to the back sheet. The tensile strength of this EVA is superior to 20 MPa (Targray commercial website). Before lamination, EVA is a thermoplastic, but after lamination, it becomes a thermoset.

Non-crosslinked Thermoplastic Polyolefins (TPO) are a possible alternative to EVA (5% in 2019 to 30% in 2030) (ITRPV 2020). TPO single layers presents the same ultraviolet cut off (340 nm) and similar transparency as EVA (93% and 85% respectively) [START_REF] López-Escalante | Polyolefin as PID-Resistant Encapsulant Material in PV Modules[END_REF]). In addition, TPO has lower light transmittance reduction than EVA, as well as slower discoloration, higher adhesion strength and is stable till a significantly higher temperature [START_REF] Adothu | Newly Developed Thermoplastic Polyolefin Encapsulant-A Potential Candidate for Crystalline Silicon Photovoltaic Modules Encapsulation[END_REF]). However, noncrosslinking TPO will suffer structural changes as well as creep effect with day to day temperatures fluctuation affecting its mechanical resistance and reliability. The temperature dependence might also have an impact on optical and dielectric properties [START_REF] Hidalgo | Polyolefin (PO) Encapsulants: To Crosslink or Not to Crosslink, That Is the Question[END_REF]. Crosslinked Polyolefins, labelled XPO (crosslinked polyolefin) or POE (polyolefin elastomer) are therefore more suitable as encapsulants [START_REF] Hidalgo | Polyolefin (PO) Encapsulants: To Crosslink or Not to Crosslink, That Is the Question[END_REF]. TPO are more suitable for modules with a glass backsheet than EVA. Indeed, EVA produces corrosive acetic acid, which can pass through polymer backsheets, but stays trapped with a glass backsheet, leading to corrosion. Polyolefin elastomer-based encapsulant films (POE), like those made with ENGAGE™ PV POE from Dow, do not produce corrosive elements like acetic acid [START_REF] Yen | POE-Based Encapsulant Films Help Enhance Glass/Glass PV Module Reliability[END_REF].

Front glass

Glass is used as the panel surface. The composition of PV glass is not identical for all manufacturers. Most PV glass have a low iron content, which guarantees long term physical protection and optimal light transmission, and low-Fe glass are expected to increase their market shares (Figure B.2 ;[START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF]. Some PV glass contains antimony in order to reduce the iron content [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF], at an average of 0.3% in weight [START_REF] Kumar | Issues Concerning Use of Antimony in Solar Glass and Develoepment of Antimony Free Low Iron Glass for Solar Applications[END_REF]. The use of antimony in Europe is regulated by REACH 24 . Antimony is considered as critical raw material 25 for the European economy (European Commission 2017). Therefore, the recovery of antimony from PV glass is an interesting recycling path.

Most PV glass are tempered, and the use of antireflective coating has become wide-spread [START_REF] Dodd | Preparatory Study for Solar Photovoltaic Modules, Inverters and Systems -Task 4 Technical Analysis Including End-of-Life[END_REF] and will remain dominant (ITRPV 2020).

Front glass is expected to undergo a reduction of thickness. In 2019, 90% front glass was thicker than 2 mm. A thickness below 2 mm is expected to appear in the market from 2022 onwards (representing 20% of the market, to 40 % in 2030) (ITRPV 2020).
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REACH (EC 1907(EC /2006) is a regulation of the European Union, adopted to improve the protection of human health and the environment through the better and earlier identification of the intrinsic properties of chemical substances. This is done by the four processes of REACH, namely the registration, evaluation, authorisation and restriction of chemicals (European Commission 2019). 25 Critical raw materials have a high economic importance and a high risk to their supply (CRM Alliance n.d.). Polyethylene terephthalate (PET) is a thermoplastic halogenated non-fluoropolymer, regularly used as a core layer in tri-layer backsheet laminates. It provides mechanical stability and electrical isolation however, it is highly susceptible to moisture and UV irradiance. Polyolefin (PO) can also be used as a core layer (ITRPV 2020;[START_REF] Omazic | Increased Reliability of Modified Polyolefin Backsheet over Commonly Used Polyester Backsheets for Crystalline PV Modules[END_REF]. On the basis of the material used in the outer layers, backsheets can be classified in two groups; fluoropolymers and non-fluoropolymers (Dodd and Espinosa 2018) :

Fluoropolymer tri-layer laminates are usually made with the core layer PET and with a fluoropolymer as outer layers. The tri-layer laminate TPT is made with an inner PET layer, and outer Polyvinyl fluoride (PVF, also known as Tedlar) layers. TPT (PVF-PET-PVF) has represented the largest share of the world market (ITRPV 2017), but has been losing its market position (25% in 2019 to 15% in 2030) [START_REF] Smith | Expanding the Photovoltaic Supply Chain in the United States: Opportunities and Challenges[END_REF]ITRPV 2020), allowing the penetration of new materials in the market (Saur Energy 2017), such as the tri-layer fluoropolymer KPK, which consists of a core PET, and outer layers in Polyvinylidene fluoride (PVDF, also known as Kynar). KPK (PVDF-PET-PVDF) is now expected to 26 Bifacial solar cells can harvest sunlight from both front and rear side . They have contacts/busbars on both the front and back sides of their cells. The back cover of Bifacial cells can be glass or a transparent polymer backsheet. Glass/glass modules have a higher potential outdoor energy yield [START_REF] Singh | Comparison of Glass/Glass and Glass/Backsheet PV Modules Using Bifacial Silicon Solar Cells[END_REF], making glass the most usual back cover for bifacials [START_REF] Singh | Comparison of Glass/Glass and Glass/Backsheet PV Modules Using Bifacial Silicon Solar Cells[END_REF]ITRPV 2020) decrease (ITRPV 2020). The share of fluoropolymer backsheet, those which comprise at least one layer of fluoride-based material, is estimated to account for 89% of the total market in 2018 (Markit, 2018). New materials are expected to appear, and backsheets that use polyolefin (PO) as a core layer instead of PET are expected to increase their market share to more than 20% in 2030 (ITRPV 2020). [START_REF] Peeters | Forecasting the Composition of Emerging Waste Streams with Sensitivity Analysis: A Case Study for Photovoltaic (PV) Panels in Flanders[END_REF] 6. Frame Aluminium frames clearly dominate the market (95% in 2019) and will stay mainstream. Frameless PV will increase to 20% in 2030. Plastics are considered as a niche application, with market shares of less than 2% (ITRPV 2020).

Junction box and cables

The junction box is attached to the backsheet of the PV panel. This box, and the cables are made of copper and of polymers such as PVC [START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF].

Annex C : Identification and talking obstacles regarding PV glass recycling

Use of antimony in PV glass and availability

Antimony is used in glass production as a decolorizing agent. It is used to support the oxidation of FeO in glass to Fe2O3, which implies an increase in optical transmission, as the ferric iron (Fe3+) has a weak yellow-green color, while the ferrous iron (Fe2+) has a strong blue-green color. Alternative oxidizing agents are sulfates (salt cake, Epsom, or gypsum) and/or nitrates. Antimony also plays the role of a fining agent in glass, as it helps to remove bubbles in glass. Other fining agents are Na2SO4, halides such as NaCl, or other redox refining agents such as arsenic oxide. Antimony can be added to glass in the form of antimony trioxide (Sb2O3), sodium antimonite (NaSbO3), and/or sodium pyroantimonate (Sb(Sb2O5)). In PV glass, antimony is mostly in the form of antimony trioxide, and it is incorporated in the glass matrix, unable to react chemically with another component.

Antimony was used in PV glass manufacturing in Europe until a few years ago, when its manufacturing ceased in Europe. Other glass productions in Europe which have been using antimony have gradually replaced its use by sulfates, although they are not as efficient in glass refining (Hans Van Limpt, Sibelco, personal communication, 11 September 2020). This significant reduction in use (~-20%) for glass manufacturing is due not only to its toxicity, but also to its decreasing availability. Indeed, the European Commission has identified Sb as a critical raw material for the EU. While there are no Sb mining activities in Europe, the current world reserves, which are mainly in China, allow only for 6-7 more years of production at the current speed of consumption (European Commission 2020b).

Main messages

• Antimony is used in PV glass to increase transparency (200 ppm, primarily in the form of Sb2O3) • Antimony is hazardous and suspected to be carcinogenic, therefore closely regulated in the EU (by REACH and RoHS). In glass however, antimony is chemically bounded to the matrix, therefore not available for leaching under application conditions. The presence of antimony in recovered glass is undesirable for technical reasons, as it is incompatible with certain float processes (e.g., tin bath) [START_REF] Thomsen | Solar cell using low iron high transmission glass and corresponding method[END_REF]).

In addition, volatilization of antimony compounds during glass re-melting is expected in glass recycling, as glass is melted at temperatures of 1470 ° C or higher [START_REF] Ralph | METHOD FOR PRODUCING CLEAR GLASS OR CLEAR DRAWN GLASS BY UTILIZING A SPECIAL REFINING PROCESS[END_REF], while Sb2O3 has a melting point of 656 °C, and a boiling point of 1425 °C [START_REF] Karlsson | Recovery of Antimony: A Laboratory Study on the Thermal Decomposition and Carbothermal Reduction of Sb(III), Bi(III), Zn(II) Oxides, and Antimony Compounds from Metal Oxide Varistors[END_REF]. In 1 to 5% oxygen atmosphere, antimony trioxide volatilizes at around 950 °C , while at higher oxygen concentrations, the antimony volatilization is hindered by the formation of non-volatile SbO2. Furthermore, in highly oxidizing atmospheres, volatilization of antimony is achieved with temperatures higher than 1150 °C where SbO2 becomes unstable and decomposes into SbO(g) and O2(g). [START_REF] Padilla | Kinetics of Stibnite (Sb2S3) Oxidation at Roasting Temperatures[END_REF]. The volatilization of antimony will lead to health and safety issues, which will have to be closely monitored and controlled through the use of special filters in order to respect the environmental emission controls. In addition, significant leaching of antimony can be expected if recovered PV glass is reduced to glass frits. A leaching experiment showed that 1 ton of PV glass powder can leach up to 1.5g of antimony 27 [START_REF] Kumar | Issues Concerning Use of Antimony in Solar Glass and Develoepment of Antimony Free Low Iron Glass for Solar Applications[END_REF]. The limit value for landfill for inert waste in the EU for antimony is of 0.01 mg/l (European Commission 2009). Issues regarding antimony in glass are only expected to be significant at the EoL stage of PV glass. Indeed, as PV glass is subjected to low wear during its lifetime, and as antimony trioxide has a low volatility and low water solubility, the European Risk assessment for antimony trioxide states that it is unlikely that volatilisation and/or leaching in use would be a major source of diantimony trioxide emissions into the environment (Swedish Chemicals Inspectorate 2008).

Due to the presence of antimony in PV glass, current recycling options are low end applications, such as recycling as glass foam. However, recycling as glass foam is not allowed in Belgium nor in the Netherlands, because the recovered glass does not pass the antimony leaching tests in those two countries (Eric Dirkx, PV Cycle, Manager Operations & Treatment, personal communication, 23 July 2020).

2. Overview of the legislative status of antimony and its impact on PV recycling

The REACH legislation relative to Antimony

The Regulation EC N° 1907/2006 on the Registration, Evaluation, Authorization and Restriction of Chemicals, is the European Union's regulatory framework on chemicals and their safe use. REACH makes the industry responsible for assessing and managing the risks posed by chemicals and for providing appropriate safety information to their users. In parallel, the EU can take additional measures on highly dangerous substances, where there is a need for complementary action at EU level Within the scope of REACH are included the following antimony substances : Antimony metal, and Antimony trioxide (Sb2O3) (ECHA 2020a; 2020b). Antimony trioxide is included in the Community Rolling Action Plan (CoRAP), meaning that it is currently evaluated by a Member State (which in this case is Germany). According to the Harmonised classification and labelling (CLP00) approved by the European Union, antimony metal is suspected to be carcinogenic. Antimony trioxide is considered to be carcinogen with a NOEL 28 threshold of 0.5 mg/m³. The OEL 29 levels of antimony metal in the Netherlands are of 0.5 mg/m³ and 0.006 mg/m³ respirable, while OHS 30 limits for antimony trioxide currently do not exist. In addition, antimony substances are hazardous and have the Hazard statement codes as follows (United Nations 2019):

-Antimony trioxide : H351 -Antimony compounds (excepted Sb2O4and Sb2O5) : H332, H302, H411.

Sibelco's obligations relative to REACH

Sibelco has two distinct roles which may be impacted by REACH : Sibelco is an importer of PV panels and a producer of recovered substances.

As an importer of EoL PV panels, Sibelco will have no obligations under REACH. Sibelco is expected to acquire the correct information about the safe use and the hazardous properties of the PV panels (such as the Safety Data Sheet) from their PV supplier.

By recovering a substance from PV panels, Sibelco will have to register as a waste processor 31 . This has no direct consequence, because the requirements of REACH do not apply to waste, and waste operations are not downstream uses under REACH. However, it will lead to Sibelco receiving the role of producer 32 under REACH, because of the recovery of materials. Indeed, by treating PV panels, the recovered glass cullet will have ceased to be considered as waste under national legislation, and will be considered as a recovered substance (Glass Alliance Europe 2018). The REACH requirements will apply to the recovered material in the same way as to any other substance, mixture or article manufactured, produced or imported in the EU. These obligations include : registration, downstream user obligations, evaluation obligations, as well as other obligations as a result of Authorization or Restrictions.

Recovered glass frits can be exempted for the registration obligation if this substance complies with the exemption requirements of Annex V.11 of REACH : -Glass frits do not meet the criteria for classification as dangerous according to Directive 67/548/EEC18, -They do not contain constituents meeting the criteria as dangerous in accordance with Directive 67/548/EEC present in concentrations above the lowest of the applicable concentration limits set out in Directive 1999/45/EC19 or concentration limit set out in Annex I to Directive 67/548/EEC -There is no conclusive scientific experimental data to show that these constituents are not available throughout the life-cycle of the substance (data having been ascertained to be adequate and reliable).

The preparation of the safety data sheet (SDS) will be required to be done by Sibelco if the glass cullet is considered as a hazardous substance 33 . If the glass cullet is not hazardous, or if the recovered glass is sold as an article instead of as a substance, the SDS is not required. None of the substances contained in PV glass are considered "Substances in the list of ECHA's Candidate List of substances of very high concern". Indeed, although substances included in the Candidate List are used to produce glass, these substances chemically bound to glass during the production process. The glass substance is subsequently processed into articles. In these cases, the substances are completely transformed and not present as such in the final glass article. Therefore, there is no obligation to notify the supply chain 34 nor to communicate down the supply chain 35 , as these obligations only apply to articles which contain Candidate List substances. "RoHS" stands for the "Directive on the restriction of the use of certain hazardous substances in electrical and electronic equipment (EEE)". To this date, photovoltaic panels are not covered by the RoHS, therefore only the use of recovered PV glass in EEE other than PV panels is subject to the RoHS. However, this could be modified in a future review of the RoHS.

Chemicals and substances are regularly reviewed for possible restriction of use in EEE, by being added to the Restricted substances listed in Annex II of the RoHS. This list includes heavy metals such as lead, which is restricted by RoHS to a maximum level by weight of 1000 ppm. Antimony and antimony trioxide are not restricted under RoHS, although antimony trioxide has been considered for restriction due to its use as flame-retardant synergist with brominated flame retardants and in soft PVC. The position of antimony trioxide is currently being assessed 36 .

EU Waste-related directives

There are four decisions relative to antimony which are included in the legislation on waste :

-The decision 2000/532/EC of 3 May 2000 stipulates that Antimony Trioxide shall be classified as "heavy metal" in the classification of hazardous waste. -The decision 2003/33/EC establishing criteria and procedures for the acceptance of waste at landfills, gives leaching limit values for Antimony from waste acceptable at landfills for inert waste. -The Directive 2000/76/EC on the incineration of waste, and the EU Directive 2010/75 on Industrial Emissions and its best available techniques associated emissions limit values (BAT-AELs), include maximum air emission limit values for Antimony as well as for other possible emissions. -In most EU countries, crystalline-silicon panels are usually not considered as hazardous waste, while thin-film panels are. However, some countries consider all EoL PV panels as hazardous waste, regardless of their type. The EU transport codes for crushed PV waste and for complete PV panels are 16.02.16 and 16.02.114 respectively.

34 REACH Article 7.2 35 REACH Article 33 36 "Study on the review of the list of restricted substances and to assess a new exemption request under RoHS 2 -Pack 15", to be published in 2020

Actors

International Antimony Association (i2a) 37 i2a represents producers, importers and distributors of 10 antimony compounds, including : Antimony Metal, (Di)antimony Trioxide, (Di)antimony Pentoxide. i2a's aim is the sustainable and responsible production, use and recycling of antimony.

i2a's collection of data and information is used by its Members to comply with the applicable environmental, health and safety legislation in both the EU (e.g. EU-REACH) and other jurisdictions, as well as to plan and implement proactive improvements in the production, handling, usage and supply of all Antimony substances. The regulatory horizon of antimony, presented by i2a, shows that the EU and non-EU regulations are subject to modifications in the short and long term (i2a 2019), but no insight is given from i2a regarding the outcomes of future legislative revisions.

Glass alliance Europe 38

Glass Alliance Europe is the European Alliance of Glass Industries, which is composed of 13 national glass associations and of the 5 main sectors of the glass industries: container glass (FEVE) 39 , flat glass (Glass for Europe), special glass, domestic glass and continuous filament glass fibers.

European Commission, DG ENVIRONMENT, Unit B3: Waste Management & Secondary Materials

A meeting with Enrique Garcia John (Policy Officer) and other members of the EU B3 unit allowed Sibelco to gain a clearer understanding of the current status of the EU legislation about antimony in glass and PV glass recycling (REACH, RoHS, WEEE). The recycling process developed by Sibelco was shortly explained to the EU B3 unit members, who stressed the issue of antimony volatilization. The fact that antimony-contaminated glass is widely imported was mentioned by Sibelco members, as well as the fact that antimony in glass is not leachable under application conditions. Members of the EU B3 unit were not able to give insight on future evolutions of the legislation regarding antimony in glass.

Conclusions and prospects

Antimony has been used in PV glass manufacturing to increase transparency. Antimony and its compounds are hazardous and suspected to be carcinogenic (European Commission 2019). In glass however, antimony is chemically bounded to the matrix, therefore PV glass will not lead to the release of antimony in the environment during its life stage (Swedish Chemicals Inspectorate 2008).

There is a significant decline (~-20%) in the use of Sb for glass manufacturing due to its decreasing availability, as well as to its toxic nature. To avoid the potential liberation of antimony in the environment, it is pertinent to limit imports in the EU of antimony-containing PV glass. It is expected that a limitation as such will not impair the market, as less hazardous alternatives to the use of antimony are available.

As PV panels have a 30 year lifetime and as antimony has been used and is still currently used in PV glass production in Asia, important quantities of antimony-containing PV glass are expected to be recovered until at least 2050 (5.2 million tons of recovered PV glass are expected by 2050 in Europe (IEA and IRENA 2016)). PV glass is of high transmittance, therefore it is crucial that the EU legislative framework (REACH and RoHS) allows the upcycling of this recovered PV glass into high-end applications 37 Contact information : Caroline Braibant (caroline.braibant@antimony.com) 38 Contact information : Véronique Favry (v.favry@glassallianceeurope.eu) 39 Contact information : Fabrice Rivet (f.rivet@feve.org ) such as PV glass, float or container glass. Downcycling this recovered glass into foam glass, or landfilling it is not sustainable because it would be a waste of raw materials, and a waste of an economic opportunity.

Furthermore, the important projections of recoverable PV glass in Europe sheds light on an opportunity for relocating PV glass production in Europe, encompassing the use of recovered PV glass as a secondary raw material in PV glass manufacture. The recycling process should be closely monitored in terms of emissions of antimony in fine dust, as well as antimony leaching in wastewater and antimony volatilization during glass production. An automated recycling process, with air and water recovery and treatment is expected to allow optimal health and safety conditions for employees.

During its life stage, the newly-produced PV glass will not lead to the release of antimony in the environment, as antimony is chemically bound in the glass matrix. This business model is expected to be pushed forwards by the EU, as EU legislations strive towards upcycling, circular economy and local renewable energy production (Fraunhofer ISE 2020).

Another opportunity that arises with the important quantities of antimony-containing PV glass, is the potential recovery of antimony from PV glass. Indeed, the European Commission has identified antimony as a critical raw material for Europe, for which the world reserves are expected to be depleted in 6-7 years' time (European Commission 2020b). Antimony-containing glass (0.02-0.8 wt%) could be considered in the future a secondary source for Sb. A path for antimony recovery could take advantage of the phenomenon of precipitation/accumulation of antimony at the electrode interface in glass melting with electrical resistance. Whether or not this is an opportunity for future recycling of Sb from glass, there may be a possibility that Sb containing glass becomes an asset and not a liability. 
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Résumé :

Le marché du photovoltaïque (PV) est un marché en croissance, avec une capacité installée cumulée mondiale de 586 GW à la fin de 2019, dont 24% en Europe. D'ici 2030, les quantités projetés de modules photovoltaïques en fin de vie en Europe sont estimées être suffisantes pour permettre un processus de recyclage économiquement viable.

Sibelco a conçu un procédé mécanique de recyclage de panneaux PV. Les étapes cruciales de ce procédé, qui consistent en la réduction dimensionnelle, la délamination du verre et la séparation densimétrique ont été testées à l'échelle de l'usine pilote. Une démonstration de faisabilité a été établie pour chacune de ces étapes. La récupération du verre en tant que matière première secondaire a été obtenue grâce à une méthode de broyage spécifique, recherchée et conçue par Sibelco, qui confère un avantage concurrentiel à l'entreprise par rapport aux autres recycleurs de panneaux PV, qui récupèrent du verre fin fortement contaminé. De plus, ce procédé évite la dilution de métaux valorisables, ouvrant la possibilité d'une récupération économiquement viable des métaux.

Le processus conçu se focalise sur la récupération de matériaux de haute pureté, tels que le verre de qualité calcin, ainsi que de métaux précieux qui sont présents en faibles concentrations dans le panneau PV, tels que le cuivre et l'argent. Les obstacles concernant la valorisation du verre PV en tant que matière première secondaire ont été étudiés. De plus, des propositions pour la mise à l'échelle industrielle du processus de recyclage PV sont présentées.
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  and innovation (department within Sibelco) WEEE : Waste of electrical and electronic equipment Zn : Zinc %w : The weight of the recovered fraction relative to the weight of the input EoL PV panel

Figure 2 :

 2 Figure 2 : Material composition of c-Si PV panels and average thickness of each layer (in mm)

Figure 3 :

 3 Figure 3: Cumulative installed PV capacity by region (GW ), from 2000 to 2019 (IRENA 2020).

  Current and future trends of EoL PV generation are calculated based on global PV growth rates and a time lag of 25-30 years, corresponding to the lifespan of PV panels. By 2030, the projected EoL PV modules will amount to almost 2 million tons and 60 million tons by 2050 (IEA and IRENA 2016).

Figure 4 :

 4 Figure 4 : Estimated cumulative global waste volumes of end-of-life PV panels (in million tons) and global cumulative installed capacity (in Giga Watt)(IEA and IRENA 2016) 

Figure 6 :

 6 Figure 6 : Predicted mass volumes for EOL silicon based PV panels for the example of the Flemish region of Belgium (a), potential economic value at 2017 material prices for assumed cost free recovery without quality losses (b) (Peeters et al. 2017) The addressable market for Sibelco (Western Europe and USA) is expected to increase from of 45 m€ in 2030 to 550 m€ in 2050 (Figure ).

Figure 7 :

 7 Figure 7 : Evaluation of the PV recycling market value in million euros, from 2015 to 2050, assuming a recycling rate and production yield of 70% (Stephane Leroux, Sibelco, May 2018, based on estimates ofIEA and IRENA, 2016) 

  Figure 8 : Lowand high-value PV recycling processes available in R&D or industrially. Process chosen for further research by Sibelco marked in blue.

Figure 9 :

 9 Figure 9 : Case study of the current most efficient Bulk PV recycling existing, designed and implemented by Veolia in 2018.

Figure 10 :

 10 Figure 10 : Junction box separator and Frame separator designed and commercialized by NPC Inc (NPC Inc. 2020)

  Figure 11 : a) Shear-press cleaving machine used for the panel size reduction into 100x100 mm squares. Component as described in EP3089825B1 (Reggi 2017) and b) output of the shear-press machine[START_REF] Pero | Innovative Device for Mechanical Treatment of End of Life Photovoltaic Panels: Technical and Environmental Analysis[END_REF] 

Figure

  Figure particle size distribution (in mm) for polycrystalline-Si panels after different cycles of crushing(crushing I: one crushing; crushing II: two successive crushing operations; crushing III: three successive crushing operations)[START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF] 

Figure :

 : Figure : Ground materials from the mechanical comminution treatment, separated into three fractions based on size a) coarse fraction 1mm<x, b) intermediate fraction 0.4mm<x<1mm and c) fine fraction x<0.4mm. This process shows similar results in terms of PSD for PV of three different technologies (polycrystalline-Si, amorphous-Si, CdTe).[START_REF] Pagnanelli | Solvent versus Thermal Treatment for Glass Recovery from End of Life Photovoltaic Panels: Environmental and Economic Assessment[END_REF] 

Figure :

 : Figure : Fractions obtained after crushing and hammer milling of a polycrystalline silicon module : a) d>8mm, b) 5<d<8mm, c) 1<d<5mm, d) 0.4<d<1mm, e) 0.08<d<0.4mm, f) d<0.08mm[START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF].

Figure :

 : Figure :Particle size distribution obtained after crushing and hammer milling of a polycrystalline silicon module with quantitative information regarding the size distribution of PV materials(Granata et al. 2014, modified) Azuermo et al. propose PV delamination by crushing in a knife mill with a control grid and feedback loop. This allows to mill fragments which have not attained the desired size multiple times, while evacuating fragments which have attained the desired size, to avoid over-milling and fine formation. In addition, the material is re-fed into the mill after the replacement of the control grid with a smaller one. This way, the size of the fragments fed into the mill is never much larger than the control grid. Grids of 2 cm, 1 cm and 0.4 cm were used chronologically. This milling process allows the liberation of glass and metals from the PV laminate. However, fine formation is not calculated and the particle size

Figure :

 : Figure : PV delamination process by glass-scraping (Mitsubishi Materials Corporation)

Figure :

 : Figure : Technical diagram of glass separation from the PV laminate with annotations (IT), FRELP project[START_REF] Ramon | PV Life Cycle Management & Recycling[END_REF] 

Figure

  Figure : « Hot-knife » process designed by NPC for PV recycling. The steel blade heated at 300°C runs through the EVA layer, separating the glass from the rest of the PV panel. a) For panels with non-

Figure :

 : Figure :Experimental, robot mountable, self-aligning cleaving head[START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF] 

  size distribution of different constituents of the panel after a) two-step mechanical comminution process[START_REF] Granata | Recycling of Photovoltaic Panels by Physical Operations[END_REF]), b) three-step mechanical comminution process[START_REF] Pagnanelli | Physical and Chemical Treatment of End of Life Panels: An Integrated Automatic Approach Viable for Different Photovoltaic Technologies[END_REF] There exists vibrating screening machines which are specialized for WEEE recycling. Specific linear vibrating screens are useful to treat material containing wires, such as copper wires in PV (ex. The linear vibrating screening machine from Urbamine can separate into 4 outputs). Other screens may have finger bars on the top deck which avoid clogging up of the screens due to electronic scraps and plastics (ex. The Recycling screen BIVITEC from Binder+Co). Some vibrating screens are designed to remove fines (ex. VSS oscillation screen from Vecopolan), while others include a separator to separate overlengths from the rest of the material, such as large chunks of PV frame if the whole PV is shredded (ex. Disc separator from Vecopolan)

  mm<x : EddyC® 5009 from Steinert or 25 mm<x : RedwaveM induction separator from Redwave) or fines (0,5mm<x<10 mm : EddyC® FINES from Steinert).

Figure

  Figure : diagram of an Eddy current separator which is able to sort a material mix into three streams : ferrous metals, non-ferrous metals and non-metals (IFE Aufbereitungstechnik GmbH 2020)

  Blades tested at the pilot plant scale a) carbide-coated steel utility blade (Stanley blades), b) stainless steel utility blade (Stanley blades) and holder, c) tungsten carbide glass cutter (Hornbach), d) tungsten carbide blades (Lutz blades) 1.2. Waterjet cutting trial -August 2020 -Third-party

Figure 3

 3 Figure 3 : a) Fully delaminated and b) Partially delaminated large fraction (8mm < x) resulting from milling. 1. Un-opened polymer pieces, 2. Opened polymer pieces exposing metals (Al/Ag/Si) , 3. Residual non-liberated glass.

Figure 5 :

 5 Figure 5 : The fine fraction (x<1mm) contains glass fines and pulverized metals(Si, Ag, Al, Pb, Sn) 

  Material recovered in each material outlet : a), b), c) = over-sieve outlets, d), e) = air suction (contamination by Aluminum Trihydrate form previous experiments is visible in these 2 outlets)

Figure

  

Figure :

 : Figure : Outputs of the milling process tested at the pilot plan scale, a) all materials, b) glass and fine fraction, c) coarse fraction

  outputs of an optimal PV glass recycling process for a disassembled panel a) fully delaminated polymer pieces, containing polymer, Si, metals (Cu, Al, Ag, Pb), b) fine fraction, containing minimal glass fines, Si, metals (Cu, Al, Ag, Pb), c) glass removed of polymer, Si and metal contamination by post-processing steps

  Figure A.1 : Annual PV production by technology, (a) worldwide, in GWp 20 ; (b) percentage of global annual production

Figure B. 2 :

 2 Figure B.2 : Forecast evolution of iron concentration of glass of EOL PV panels in Flanders (Peeters et al. 2017)5. BacksheetThe backsheet material of a PV is usually a polymer laminate foil (90% in 2019 to 65% in 2030), but glass is expected to gain a significant market share (30% in 2030) especially for bifacial 26 c-Si modules, of which the market share is expected to increase from 15% in 2019 to 70% in 2030(Figure B.3 ; ITRPV 2020).

Figure

  Figure .B3 : Different back cover material for modules (ITRPV 2020) Polymer backsheets typically follow a three-layer structure, consisting of a core layer and two protective layers (Figure B.4).

  Non-fluoropolymer backsheets (PET based laminates with non-fluoropolymer outer-layers), have been introduced in the market, and although they are said to lack weather durability (Ameduri and Sawada 2016), they constituted nearly 60% of the global backsheet PV market in 2014 (Global Market Insights, 2017) (Global Data 2014) and are anticipated to gain market shares (Figure B.5 ; ITRPV 2020).

Figure

  Figure B.4 : The different PV backsheet combinations available on the market today[START_REF] Dodd | Preparatory Study for Solar Photovoltaic Modules, Inverters and Systems -Task 4 Technical Analysis Including End-of-Life[END_REF] 

2. 3

 3 RoHS (Restriction of Hazardous Substances Directive 2002/95/EC)
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Table 2 :

 2 

	Glass	59.51%	60	36	2%
	Polymers	9.28%	0	0	0%
	Aluminum frame	14.70%	1000	147	10%
	Steel	8.65%	450	39	3%
	Silicon	1.82%	2000	36	3%
	Copper	3.89%	5000	195	13%
	Silver	0.12%	500000	600	41%
	Other metals (lead, aluminium) 2.01%	20000	402	28%
	Total			1455	

Relative importance of each component of a PV module to its content and economic value

[START_REF] Duflou | Demanufacturing Photovoltaic Panels: Comparison of End-of-Life Treatment Strategies for Improved Resource Recovery[END_REF] Stephane Leroux, Sibelco, May 2018) 

Content (%) Value (€/T) Value (€/ T/ panel) Value %

  4. EU EOL Legislation : Recent approaches for the end-of-life management of waste PV modules in EU In Europe, a drive towards responsible end-of-life management for PV modules has taken form in the Directive on Waste Electrical and Electronic Equipment (WEEE; Directive 2012/19/UE), according to which, since 2012, each EU member states is responsible for establishing a legal framework for PV panel collection, transport and treatment. PV Producers 3 have main liability for the costs of collection, handling and treatment of EOL PV (European Commission 2020a). They are therefore required to either operate their own take-back and recycling systems or join Producer Compliance Schemes (IEA 2018), such as PV Cycle. PV Cycle is a take-back and recycling program that was created by the European PV manufacturing industries in 2007. This non-profit organization operates a PV-focused Producer Compliance Scheme and provides full compliance services under WEEE Regulations. It organizes, administers and finances the collection, sorting and treatment of current and future PV waste, via a financial environmental contribution 4 (PV Cycle BE 2020). With a total of 15,042 tonnes processed between 2010 and 2018, PV Cycle retains its world-leading position in the collection and treatment of photovoltaic module waste.

While the company recorded a moderate increase in the traditionally high-volume waste markets of Germany, Italy and Spain, its operations rose by more than 60% in France and Belgium in 2016. At the same time, its membership increased to more than doubled

[START_REF] Sharma | Global Review of Policies & Guidelines for Recycling of Solar PV Modules[END_REF]

. PV Cycle collects all photovoltaic technologies, separating Si-based technologies from thin-film technologies (BIO Intelligence service 2011).

Table :

 : 

	crusher without sieve, which			
	produces particles of d70 8mm			
	4 Cutting to 13cm side with a	Crushing in a knife	No indication on fine	(Azuermo et
	circular saw	mill with multiple	formation and particle	al. 2019).
		control grids (20mm,	size distribution	
		10mm, 4mm) and a		
		feedback loop		
	5 Shredding	Hammer milling to	Excessive glass and	(First Solar
		5mm	polymer breakage.	2017).
			Recovered material	
			cannot be separated	
			based on size	
	# Mechanical dimensional	Mechanical	Conclusive remarks	Reference
	reduction process	comminution		
		delamination process		
	1 Cutting to 40cm side (method	Three successive	Not sufficient glass	(Pagnanelli
	not mentioned)	crushings with a two-	delamination,	et al. 2017)
		blade rotor crusher	excessive polymer	
			breakage.	
	2 Cutting to 40cm side (method	Single crushing with a	Not sufficient glass	(Pagnanelli
	not mentioned)	single-shaft shredder	delamination,	et al. 2019)
		with a 20mm	excessive polymer	
		undersieve	breakage.	
	3 Cutting to 2 kg sample	Hammer crusher with	Excessive glass fine	(Granata et
	(method not mentioned)	5mm sieve	production, polymer	al. 2014)
	followed by a two blade rotor		breakage.	

Summary of the mechanical comminution process chosen to be described to represent R&D and industrial technologies on delamination by high impact milling

  al. 2019) 

	Mechanical	0.4<x<1	17 %w	14 %w
	Mechanical followed	0.08<x<0.4	20 %w	14 %w
	by chemical			
	Mechanical followed	1<x<5	42 %w	46 %w
	by thermal			
	This double crushing allows the recovery of 71 %w of the panel as glass in the intermediate fraction
	(1mm<x<0,08mm), while non-delaminated glass and glass contaminated by polymers are lost in a
	coarse-intermediate fraction (1mm<x<5mm) and glass fines found in the fine fraction (x<0.08mm) are
	non-recoverable (Granata et al. 2014). It seems that Granata et al. favored glass liberation while
	allowing excessive glass and polymer breakage. To alleviate this, they propose the recovery of glass in
	the glass-polymer mixture (1mm<x<5mm) by thermal treatment to eliminate the polymer, which
	increases the amount of glass recovered to 80 %w (Figure), satisfying the EU target for WEEE recycling
	of matter (80%)			

Granata et al. 

proposes a two-step comminution process with the input of cut PV pieces (unknown piece size, weighing in total 2kg). The first crushing, with a two-blade rotor crusher without any controlling sieve, crushes the 70% of the sample to a d<8mm, but does not allow glass delamination, as the PV materials were still bound together by EVA. The second crushing, by a hammer mill with a 5 mm sieve, liberates the different PV components from each other by delamination and mostly by breakage. Partial material separation can then be achieved through a size-based separation process. In the coarse fraction (5mm<x) are found shredded polymers, containing cell materials. Most of the glass is found in the intermediate fraction (0.08<x<5mm), while the fine fraction (x<0.08mm) consists of glass, silicon and metals

(Figure)

.

Table 1 :

 1 Mohs hardness of materials in PV panels and of potential cutting materials[START_REF] Caruso | CFD Analysis and Risk Management Approach for the Long-Term Prediction of Marble Erosion by Particles Impingement[END_REF] American Federation of Mineralogical Societies, Inc 2020) 

	Material	Hardness (Mohs scale)
	Lead	1.5
	Aluminum	2 -2.9
	Copper	2.5 -3
	Silver	2.5-4
	Ordinary steel	4 -4.5
	Glass	4.5 -6.5
	Stainless steel	5 -6.5
	Tempered glass	6-7
	Silicon	7
	Tungsten	7.5
	Hardened steel	7 -8
	Tungsten carbide	8.5 -9
	Diamond	10

  The optimized parameters allowed to recover 91 % of the panel's initial glass • Reproducibility was be tested by conducting experiments on different PV panel brands

	• A mill which allowed glass delamination without glass or polymer breakage was
	selected for further tests
	• Three output streams are obtained after milling and sieving :
	o Coarse (8mm < x) : polymer with residual non-delaminated glass and
	metals Cu/Si/Pb/Al/Ag
	o Intermediate (1mm<x<8mm) : recoverable glass contaminated with
	metals Cu/Si and polymer
	o Fine (x < 1mm) : glass and metals Si/Pb/Al/Ag
	• The rotational speed (RS) and the residence time (RT) were optimized with regards to
	glass recovery
	•

  • Current PV glass recycling options, which are mostly low-end applications such as foam glass, are not only expected to be saturated by the high incoming recovered PV glass volumes, but are also not the preferred pathway towards a more sustainable and circular future • PV glass recoverable by the PV recycling process proposed by Sibelco is expected to be of cullet-grade. It is crucial that the EU legislative framework (REACH and RoHS) allows the upcycling of this high-quality recovered PV glass into high-end applications such as PV glass, float or container glass manufacturing • The high incoming recovered PV glass volumes in Europe sheds light on an opportunity for relocating PV glass production in Europe, encompassing the use of recovered PV glass as a secondary raw material in PV glass manufacturing. • Antimony-containing glass could be an asset and used for urban mining to recover antimony, which is a critical raw material for the EU. • EU legislation limiting the import of antimony-containing PV glass is pertinent to set up to reduce global EU contamination of antimony in glass, as well as being feasible, as technologies exist to replace the use of antimony.Although the use of antimony in glass manufacturing has been reduced, its use is still common in PV glass manufacturing in Asia. Most PV panels currently installed in Europe contain around 0.02% w (Sibelco) to 0.8%w(Sternbeck et al., 2002) of antimony trioxide. PV glass recovered in Europe at least until 2050 is expected to contain antimony trioxide.

Between the end of 2009 and 2019, the benchmark Levelized Cost of Electricity from PV system decreased by 80%[START_REF] Jäger-Waldau | PV Status Report 2019[END_REF] 

According to the WEEE regulation, there are several natural or legal persons who qualify as Producers of photovoltaic modules, such as : manufacturers, distributor or resellers in the EU, as well as importers and internet/distance resellers of PV modules manufactured in or outside of the EU (European Commission 2020a).

In Belgium, the environmental contribution is set at 2 EUR per panel (HTVA)[START_REF] Pv Cycle | PV CYCLE/Fotovoltaïshe Terugname-En Recyclingprogramma[END_REF] 

Collection, logistics & treatment requirements for WEEE (European Commission 2020a), developed by Cenelec, the European Committee for Electro-technical Standardisation :  EN 50625-2-4 :2017 Part 2-4: Treatment requirements for photovoltaic panels  CLC/TS 50625-3-5 :2017 Part 3-5: Technical specification for de-pollution for photovoltaic panels

Glass of low purity, which can be used in cement preparation[START_REF] Pagnanelli | Solvent versus Thermal Treatment for Glass Recovery from End of Life Photovoltaic Panels: Environmental and Economic Assessment[END_REF] 

Contact information : LodovicoRamon (l.ramon@sasil-life.com) 

https://henncowaterjet.com/collections/closed-loop-filtration-system

https://www.youtube.com/watch?v=Z7DkUR2wUi0

The watt peak (Wp) is a non-Si unit, used for measuring the electric power supplied by one photovoltaic panel in standard temperature and sunshine conditions.

Heterojunction solar cells combine two different materials[START_REF] Shah | Thin-Film Silicon Solar Cells[END_REF], such as a crystalline silicon cell sandwiched between two layers of amorphous "thin film" silicon.

Multi-junction cell designs consist of two (tandem) or more different bandgap semiconductor materials arranged in a stack

Concentrator photovoltaics (CPV) utilizes lenses to focus sunlight on solar cells. The cells are made from small amounts of highly efficient, but expensive, semi-conducting PV material.
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Figure 1 Components of a c-Si PV panel (Strachala et al., 2017, modified)