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Energy

PV modules
•Durability(quantitative)
•Carbon footprint
•Repairability (information)
•Recyclability (information)
•energy yield (information)

PV inverters
•Efficiency (quantitative)
•Durability (quantitative)
•Smart readiness (compulsory feature)
•Repairability(compulsory feature)
•Recyclability (information)

Requirements/labelling under preparation

Energy label
•PV modules

GROW

Initial product scope

• Modules

• Inverters 

• Systems

Market segments

• Residential

• Commercial 

• Utility



Energy

Research / policy question: can more be 
made, to regulate the recyclability of PV 
modules?

A recyclability index for photovoltaic 
modules!



Energy

How to proceed for a recyclability index? 

A ‘CONCEPTUAL SWITCH’

FROM:

‘Disassembly’: means a process whereby a product is separated into its
parts and/or components in such a way that it could subsequently be
reassembled and made operational (→ REPARABILITY SCORE)

[Definition from EU Regulation 2023/1669]

TO
‘Dismantling’: means a process whereby a product is separated into its
parts and/or components, in a way that could be irreversible, and with
the aim to scavenge materials/components (→ RECYCLABILITY INDEX)

[Draft definition]



Energy

Potential policy implications for a 
recyclability index:
- displayed/made available by manufacturers for 

each PV module model placed on the EU market, as 
an effect of Ecodesign and/or energy labelling 
measures;
- public procurement: public procurers could use 
the index as awarding criteria;
- a recyclability index could also be used to 
modulate fees under collective collection schemes 
(waste legislation)



Energy

How to create synergy btw the PV Regulations
with the study presented today?

Development of a recyclability index for
photovoltaic products

Depending on timing, incorporation of the
index, and related method, in the Regulation(s)
as information, or feeding standardization work

GROW
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1. Evaluation of Products at Design Phase for an Efficient Disassembly at End-of-Life

2. A Design for Disassembly Tool Oriented to Mechatronic Product Demanufacturing and Recycling

3. Manufacturing and Assembly for the Ease of Product Recycling: A Review

4. The Design Value for Recycling End-of-Life Photovoltaic Panels

5. The End of Life of PV Systems: Is Europe Ready for It?

6. A critical review of the circular economy for lithium-ion batteries and photovoltaic modules – status, challenges, and opportunities

7. Emerging waste streams – Challenges and opportunities 

8. PV module eco-design: new encapsulant for high sustainability and recyclability of photovoltaic value chain

9. Solar Photovoltaic Module Recycling: A Survey of U.S. Policies and Initiatives

10. Analysis of material recovery from photovoltaic panels 

11. Addressing uncertain antimony content in solar glass for recycling

12. Product design and recyclability: How statistical entropy can form a bridge between these concepts - Case study of a smartphone
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SCIENTIFIC LITERATURE ON SCORING RECYCLABILITY

Scope and Focus

Methodologies Used

Challenges Identified

Solutions Proposed

Regional Focus

Relevance to PV Circularity

Key Comparison Criteria

25



Paper Scope Methodology Challenges 

Identified

Proposed 

Solutions

Region Relevance to PV 

Circularity

1

Sabaghi et 

al. (2016)

Design for 

Disassembly

Hybrid DOE-

TOPSIS 

methodology

Significant parameters 

affecting disassembly 

(e.g., accessibility, 

connection types)

Systematic evaluation of 

disassemblability; 

categorized indices 

(easy, mild, difficult); 

Design for modularity

Cross-

industry

High: Provides a structured 

framework for evaluating PV 

recyclability based on 

disassembly parameters and 

indices

2

Favi et al. 

(2019)

Design for 

Disassembly, 

sustainability 

in EoL

management

LeanDfD Tool 

(CAD integration 

and Liaison 

Database)

Limitations in existing 

DfD tools; lack of 

accurate disassembly 

time calculation

LeanDfD: Quantitative 

assessment of 

disassembly time, 

criticality identification, 

integration with CAD 

systems

Cross-

industry 

(mechatron

ics, 

adaptable 

to PV)

High: The quantitative 

assessment of disassemblability

and recyclability can be adapted 

for PV systems, helping create a 

robust recyclability index for PV 

technologies

3

Shahhosei

ni et al. 

(2023)

Review 9 

papers 

(DFMA, EoL)

Limited integration of 

design for recycling 

and EoL in practice; 

Waste disposal costs 

often overlooked

Ease of Disassembly 

Metric (eDiM); Integration 

of DFMA with 

sustainability (e.g., 3D 

scanning for recyclability)

Global High: The review’s insights on 

disassembly, recyclability 

indices, and circular economy 

support provide a comprehensive 

basis for developing a PV 

recyclability index. Highlights the 

need to link design and EoL

processes, crucial for PV 

recycling
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Paper Scope Methodology Challenges 

Identified

Proposed 

Solutions

Region Relevance to PV 

Circularity

4

Calì et 

al. 

(2022)

Design 

strategies (DfR, 

DfD) optimizing 

recyclability and 

durability 

Material analysis, 

thermo-mechanical 

failure simulations 

(TMF), and 

parametric failure 

models

• Use of non-

reversible 

adhesives and 

encapsulants;

• Limited recyclability 

of some 

components, e.g. 

backsheet

Use of recyclable polymers, 

minimal encapsulants, 

optimized geometric 

parameters, and silicone 

rubber layers to enhance 

recyclability and durability

Global High: This paper directly 

addresses the optimization of DfR

and Dfd, providing valuable 

design insights for developing a 

PV recyclability index, particularly 

in terms of material selection and 

structural improvements

5

Bošnjak

ovíc et 

al. 

(2023)

Barriers to 

recycling PV 

modules and 

explores 

readiness for 

EoL manag.

Analysis of material 

and design 

complexities

Complexity and variety 

of materials and 

designs; multiple 

recycling techniques 

required to handle 

different materials

Design for Recycling (DfR) 

and Design for the 

Environment approaches to 

simplify recycling

Europe High: Highlights critical design 

and recycling challenges relevant 

to the PV recyclability index, 

particularly the necessity for DfR

and the awareness of recycling 

techniques among designers

6

Heath et 

al. 

(2022)

Explores 

circular 

economy 

pathways

Identification of key 

insights, gaps, and 

opportunities

-EVA requires high-

temperature recycling; 

alternatives 

-Hazardous waste 

-Materials traceability 

to improve recyclability

-High costs

- Non-adhesive release 

layers.

- Lead-free solder (e.g., 

tin-bismuth) but might 

lower durability.

- Digital technologies 

(RFIDs, material 

passport).

- Fluorine-free 

backsheets, but may 

reduce durability.

US
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Paper Scope Methodology Challenges 

Identified

Proposed 

Solutions

Region Relevance to PV 

Circularity

7

Oko 

Institute 

(2021)

Waste 

streams 

analysis

Analysis of 

valuable materials 

and recycling 

processes.

• Complex material 

separation 

(delamination, Si 

purification)

• Economic inefficiencies.

• Hazardous substances.

• Logistic challenges in 

access.

- Advanced recycling 

technologies for better 

recovery.

- Improved design to reduce 

hazardous materials.

- Streamlined disassembly 

processes (considering 

logistics).

Global - Emphasize technologies for 

recovering valuable materials.

- Incorporate design strategies 

that minimize hazards.

- Address logistics in 

disassembly for improved 

recyclability assessments.

8

Izzy, 

2023

New 

encapsulant 

materials

Comparative 

analysis of 

encapsulation 

materials (EVA, 

TPO, POE)

- Current EVA 

encapsulation hinders 

high-value recycling.

- Limited options for 

sustainable alternatives.

- Explore thermoplastics 

(TPO) and elastomers 

(POE) for encapsulation.

- Enhance physical and 

optical properties of new 

materials.

EU - Advocate for encapsulant 

innovations that facilitate 

recycling.

- Integrate material selection 

into the recyclability index to 

promote circularity.

9

Curtis et 

al. 

(2021)

Policy barriers 

in PV module 

recycling

Survey and SHs 

interviews

- Lack of information 

exchange among solar 

value chain actors.

- No mandates for 

manufacturers to disclose 

chemical composition.

- Variable EoL

management costs and 

documentation issues.

Enhance transparency by 

incentivizing labelling of PV 

module composition.

- Improve information 

exchange to lower costs and 

enhance stakeholder 

relationships.

US - Highlights the need for policies 

promoting information sharing to 

improve recyclability and reduce 

EoL costs.
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Paper Scope Methodology Challenges 

Identified

Proposed 

Solutions

Region Relevance to PV 

Circularity

10

JRC 

(2016)

Material 

recovery from 

silicon PV 

panels

Analysis of 

recycling 

treatments and 

composition testing

• Uncertainty in panel 

composition reduces 

treatment efficiency.

• Presence of hazardous 

substances complicates 

recycling methods.

• Lack of detailed 

composition information 

from manufacturers

- Encourage manufacturers 

to disclose detailed panel 

compositions.

- Prioritize recycling 

methods based on 

composition (e.g., avoiding 

halogenated plastics).

EU & 

Global

- Emphasizes the importance of 

material composition data for 

optimizing recycling processes, 

relevant for recyclability 

assessments.

11

ESIA 

(2023)

Antimony 

content in 

solar glass for 

recycling

Review of recycling 

processes for float 

glass and antimony 

impacts

- Recycling antimony-

containing glass is 

economically inefficient 

and complicates 

manufacturing 

processes.

- Lack of transparency in 

glass composition hinders 

recycling efforts.

- Mandate disclosure of 

solar glass composition and 

manufacturing processes in 

Ecodesign Regulation.

- Implement measures to 

improve recyclability of 

glass.

EU & 

Global

- Stresses the need for 

transparency in material 

composition for effective 

recycling, informing recyclability 

indices for PV modules.

12

Roithner

et al. 

(2022)

Statistical 

entropy as a 

measure of 

recyclability

Recyclability 

assessment 

method using 

entropy

- Existing product designs 

often fail to consider 

material distribution and 

recyclability potential.

- Use statistical entropy to 

evaluate recyclability during 

the design phase.

- Identify design 

weaknesses to improve 

recyclability.

EU & 

Global

- Introduces a novel metric for 

evaluating product design in 

terms of recyclability, applicable 

to PV module design 

considerations.
29



DECALOGUE TO 
DEVELOP 
SCORING 
RECYCLABILITY 
METHOD

• Integrate DfR Principles: Emphasize design for recycling to 
enhance end-of-life recovery.

• Optimize Material Selection: Use recyclable materials and 
minimize hazardous substances.

• Enhance Component Transparency: Ensure manufacturers 
label materials and provide detailed product compositions.

• Prioritize Recyclable Components: Focus on key materials like 
aluminum, glass, and critical metals (e.g., silver, indium).

• Facilitate Disassembly: Design products for easy disassembly, 
reducing costs and damage during recycling.

• Incorporate Digital Tools: Utilize technologies (e.g., RFID, QR 
codes) for tracking materials and components.

• Address Design Variability: Standardize designs to simplify 
recycling processes and reduce economic inefficiencies.

• Focus on Lifecycle Assessment: Use LCA methodologies to 
evaluate and optimize the environmental impact of materials.

• Engage Stakeholders: Foster collaboration between 
manufacturers, recyclers, and policymakers for better recycling 
strategies.

• Develop Scoring Metrics: Create clear scoring criteria that 
reflect the recyclability potential based on the insights gathered.
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#7.2 Removability of the encapsulant after heating process (mono-facial PV modules)

41

Preliminary test:

The adhesion difference decreases as 

test T increases, especially above 60°C.

Measure the reversibility of the encapsulant bond at conditions simulating a 

thermal-based recycling process (hot-knife) by a peel-off test applied to the

interface encapsulant-glass.

Load cell

Peel-off test at different temperatures (25ºC, 60ºC, 100ºC, 190ºC)​

Heater

Parameter: force decrease from Tamb to Tdissamble



#7.3 Removability of the encapsulant after heating process (bi-facial PV modules)

We propose a hot-wire technique (Peel-off test cannot be applied in glass-glass modules)

Heat up the panel and measure at which temperature and force the module can be dismantled 

by means of a metallic cord in standardised conditions / force measured by a load cell

42



#7.4 Removability of the frame (only applicable to PV modules with frame) 

43



•

•

•

44



•

•

•

45



•

•

•

•

•

•

46



47



48



1.    Mass Content Relevance

• Higher relevance assigned to abundant materials in PV modules and PV inverters.

2.    Environmental Relevance

• Using Life Cycle Assessment (LCA) and the Environmental Footprint 3.0 method.

• Ecoinvent database for background data.

• Materials' impacts normalized with established factors.

3.   Criticality and Strategic Relevance

• Based on EU CRM list (2023).

• Scale of 1 to 4 (1 = not critical, 4 = critical raw material).

4.   Economic / Demand Relevance

• Prioritizes high-value materials with strong market demand.

• Data from Trading Economics and Price Metal websites.

Key criteria for prioritization

49



Typical Si PV 
module 
Break-down
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Environmental Aspect & Material Prioritization in 
PV Modules
MASS CONTENT
Glass is the most relevant material

ENVIRONMENTAL IMPACT CALCULATION
1. Impact Calculation:

• Normalized impacts were calculated using Simapro and the 

Environmental Footprint method.

• Ag shows the highest cumulative environmental impacts in 

PV modules.

2. Impact Categories:

• Resource Use (minerals and metals) is the most 

significant category.

• Followed by Freshwater eutrophication and Ecotoxicity in 

freshwater.

CRITICALITY INSIGHTS
• Si: Critical and strategic; EU only produces 0.6% of global 

crystalline silicon cells.

• Al: Critical, but not strategic.

• Ag: Not classified, but heavily used in PV module production.

• Ge: Marginal impact on energy markets.

ECONOMIC VALUE
•Ag is the most valuable material in solar cells, with a price 

over €953/kg, more than 1500 times higher than other 

materials.51



Environmental Aspect & Material Prioritization in 
PV Modules

Priority parts for PV modules

Solar Cell (silver, silicon, tin, lead)

Glass

Frame (aluminium)

Cables (copper)

Junction box (copper)

52



Typical 
inverter 
Break-down

53

Material Concentration (%)

Aluminium (CRM) 19%

Copper (SRM) 28%

Nickel (SRM) 0,4%

Silicon 9%

Tin 0,4%

Gold 0,4%

Silver 1%

Lead 0,2%

Palladium 0,002%

Steel 21%

Cobalt 0,002%

Zinc 0,002%

Specific plastic polymers: 11%

FR-4, Glass-reinforced 

epoxy laminate material
1%

Ferrite 2%



Environmental Aspect & Material Prioritization in 
PV Inverters
MASS CONTENT
Al, Cu and steel are the most relevant materials

ENVIRONMENTAL IMPACT CALCULATION
1. Impact Calculation:

• Normalized impacts were calculated using Simapro and the 

Environmental Footprint method.

2. Impact Categories:

• Resource Use (minerals and metals) is the most 

significant category.

• Followed by Climate change and Resource use (fossils).

CRITICALITY INSIGHTS
• Si, Pd Critical and strategic; EU only produces 0.6% of global 

crystalline silicon cells.

• Al: Critical, but not strategic.

• Cu, Ni, : Not classified, but heavily used in PV inverters.

ECONOMIC VALUE
•Au and Pd are the most valuable material in solar cells, with a 

price ca €70k and €30k/kg respectively; more than 70000 

times higher than other materials.
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Environmental Aspect & Material Prioritization in 
PV Inverters

Priority parts for PV inverters

Printed Circuit Board (PCB) (gold, silver,

copper, tin, lead)

Heat sink (copper, aluminium)

Casing (aluminium)

Cables (copper)

DC link Capacitors (palladium, tantalum)
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N◦ Parameters Product 

specific 

parameters

Applicability Scoring Criteria Points

1 Technology 

identification

PV modules No technology identification available/accessible on 

the product itself.

1

Technology identification available/accessible on the 

product itself.

5 

2 Information on 

the presence (or 

absence) of 

substance of 

concern

PV modules and 

PV inverters

No information specifying the presence/absence of 

substances of concern on the product itself.

1  

Information specifying the presence/absence of 

substances of concern on the product itself.

5

3 Availability of 

dismantling 

instructions

PV modules and 

PV inverters

Dismantling instructions not freely available on a 

third-party database / website.

1 

Dismantling instructions freely available on a third-

party database / website.

5 
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σ𝒋=𝟏
𝟏𝟎 𝑺𝒋 ∙ 𝐖𝒋

ω σ𝑖=1
𝑁 𝑆5,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆6,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆,𝑖 ∙ 𝜔𝑖
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σ𝒋=𝟏
𝟏𝟎 𝑺𝒋 ∙ 𝐖𝒋

ω σ𝑖=1
𝑁 𝑆5,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆6,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆7,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆8,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆9,𝑖 ∙ 𝜔𝑖

ω σ𝑖=1
𝑁 𝑆10,𝑖 ∙ 𝜔𝑖
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The European Commission is not responsible for the content of questionnaires created using the EUSurvey service - it remains the sole responsibility of the

form creator and manager. The use of EUSurvey service does not imply a recommendation or endorsement, by the European Commission, of the views

expressed within them.

 Save a backup on your local computer (disable if you ar e using a public/shared computer)

Weighting of parameters for the recyclability index of PV modules
and inverters

Introduction

This questionnaire is part of the study commissioned by The European Climate, Infrastructure and Environment Executive Agency (CINEA), for the

development of recyclability indexes for photovoltaic products (PV modules and inverters).

In particular, the aim is to assess the importance of the weighting that the parameters that compose the index can have.

For further details about recycling parameters and definitions please check the Interim Report for Consultation at the pr oject website: https://www.pv-

recyclability-index.eu/documents/

Note: please be aware that all responses will be treated confidentially, no answer will be linked to any respondent.

General information

Company name

Country of operation

Type of organisation

Please specify here (other type of organisation)

Service-related parameters

Please prioritise the following parameters of the r ecyclability index, indicating their level of importance to a successful r ecycling

Use drag&drop or the up/down buttons to change the order or accept the initial order.

⠿ Technology Identification

⠿ Information on the presence (or absence) of substances of concern

⠿ Dismantling information and condition for access

⠿ Information on composition (including critical and strategic raw materials)

Do they have the same level of importance? i.e. 25% each, or do you consider that ther e is one that has higher relevance?

Provide here the level of importance in percentage, that the parameter should have (sum up to 100%)

Weighting (%)

Technology identification

Information on the presence/absence of substances of concern

Dismantling information and condition for access

Information on composition (including critical and strategic raw materials)

If we look at "Information on composition (including critical and strategic raw materials)", which sub parameter out of the following has a higher level of

importance to a successful recycling

Use drag&drop or the up/down buttons to change the order or accept the initial order.

⠿ Disclosure of material composition

⠿ Disclosure of presence and location of Critical, Strategic and Environmental Relevant materials

Dismantling-related parameters

Please prioritise the following parameters of the r ecyclability index, indicating their level of importance to a successful r ecycling

Use drag&drop or the up/down buttons to change the order or accept the initial order.

⠿ Number of steps for the dismantling of priority parts

(dismantling depth)

⠿ Types of tools to dismantle priority parts

⠿ Removability of fasteners to dismantle priority parts, r eversibility of sealants and encapsulants

Material-based parameters

Please prioritise the following parameters of the r ecyclability index, indicating their level of importance to a successful r ecycling

Use drag&drop or the up/down buttons to change the order or accept the initial order.

⠿ Level of concentration of hazardous substances and other substances affecting the recycling process

⠿ Selection of materials based on recyclability complexity

⠿ Combination of materials used / homogeneity
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1
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Note: please be aware that all responses will be treated confidentially, no answer will be linked to any respondent.

General information
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Technology identification

Information on the presence/absence of substances of concern

Dismantling information and condition for access

Information on composition (including critical and strategic raw materials)

If we look at "Information on composition (including critical and strategic raw materials)", which sub parameter out of the following has a higher level of

importance to a successful recycling

Use drag&drop or the up/down buttons to change the order or accept the initial order.

⠿ Disclosure of material composition

⠿ Disclosure of presence and location of Critical, Strategic and Environmental Relevant materials

Dismantling-related parameters
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⠿ Number of steps for the dismantling of priority parts
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⠿ Types of tools to dismantle priority parts
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Please prioritise the following parameters of the r ecyclability index, indicating their level of importance to a successful r ecycling

Use drag&drop or the up/down buttons to change the order or accept the initial order.

⠿ Level of concentration of hazardous substances and other substances affecting the recycling process

⠿ Selection of materials based on recyclability complexity
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Aluminium frame removal

TESTING

Load cell

Preliminary setup Other possible schemes



Peel-off test (@ different temperatures)

• Backsheet-encapsulant adhesion

• Encapsulant-glass adhesion

Relation with the TGA (thermogravimetric analysis) 

measurements of the different types of encapsulants

TESTING 
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We'll take note of the steps and tools needed for 

dismantle the PV modules

1. Remove the backsheet (easy to streep, good for 

pyrolysis)

2. Remove encapsulant + cells + encapsulant

We obtain the separation of the main components

TESTING

F

Delamination process 

(monofacial PV modules)
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Delamination process (bifacial PV modules) @ 190 ºC 

1. Hot-wire to separate both glasses

2. Remove encapsulant + cells + encapsulant (x2)

We obtain the separation of the main components

TESTING
Measurable parameters:

• Force

• Temperature

• Time

• Wire has broken?
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Inverters: (dismantling test)

We will separate the priority parts

• Printed Circuit Board (PCB)

• Heat sinks (copper, aluminium)

• Casing (aluminium)

• Cables (copper)

• DC link Capacitors (palladium, tantalum). 

We will take note of the number of steps, tools needed and the fasterners removed

TESTING
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PV modules (8 different types)

SELECTION OF THE SAMPLES

PV inverters (8 different types)

PV technology PERC TopCo

n

HJT IBC

Modules 2 3 1 2

PV configuration Monofacial Bifacial

Modules 4 4

PV recycling Conventional Easy-to-disassemble

Modules 8 2?

Inverter power 0-1 kW 1-10 kW 10-30 kW

Inverters 1 5 2

Inverter phase Single-phase Three-phase

Inverters 4 4

Micro-inverter With battery charger

Inverters 1 3

Out of the scope of Ecodesign measures 

on PV products 

Excluded:

• Central PV packed with transformers

• DC-to- DC converters

• DC optimisers
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info@pv-recyclability-index.eu

https://www.pv-recyclability-index.eu/documents/

https://www.pv-recyclability-index.eu/documents/

•

info@pv-recyclability-index.eu

•

•

•

•

•

•

mailto:info@pv-recyclability-index.eu
https://www.pv-recyclability-index.eu/documents/
https://www.pv-recyclability-index.eu/documents/
mailto:info@pv-recyclability-index.eu
https://www.pv-recyclability-index.eu/documents/
https://www.pv-recyclability-index.eu/documents/


• Please register not only for the meeting but also for 

receiving news / updates

• You will find slides and brief notes of this meeting 

at the project website
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http://www.um.es/gmar
http://www.cener.com/
mailto:fal@viegandmaagoe.dk
mailto:nieves.espinosa@um.es
mailto:jbapezteguia@cener.com
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