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g Key Abbreviations

PV Photovoltaic

EolL End-of-Life

LCA Life Cycle Assessment

LCC Life Cycle Costing

MCDM Multi-criteria Decision Making
CE Circular Economy

C-Indicator | Circularity Indicator
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Sustainability

Circular

Economy

E Life cycle sustainability assessment

. LCSA = LCA + LCC + S-LCA

' (KI6pffer, 2008)

E Three-pillar interpretation of sustainability
(Brundtland, 1987)

I
I
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' An economic and industrial model that is
i restorative and regenerative by design
. (Ellen MacArthur Foundation, 2013)

' Counterbalances linear “take-make-waste”

' model (Saidani et al., 2017)
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1. Circular Economy (CE) =/= Sustainability. How do they relate?

Circularity is one of
the conditions for
sustainability

Circularity Circularity is in
enhances conflict with
sustainability sustainability
4=
o
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= : |
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: : -
O :
(Geissdoerfer et al., 2017)
2. Circular strategies should be simultaneously sustainable.
CE does not always lead to sustainability and v.v.
3. Results are not generalisable for all products. (Linder et al., 2020)

Case-by-case correlations. (Korhonen et al., 2018; Schaubroeck, 2020)



&Y

g context
MELBOURNE

Fastest-growing electronic waste (e-waste) in Australia —
0.8 million tonnes cumulative waste by 2047
(Mahmoudi et al., 2019).

Added to the annual priority product list of Product
Stewardship Act 2011 (repealed by Recycling and Waste
Reduction Act 2020) in 2016.

E-waste landfill ban in SA (2013), VIC (2019), WA (2024),
more to come.

Long-term consequences?
* Unauthorised stockpile
* |nterstate waste transfer to avoid fines

1.2. End-of-Life Photovoltaic Panel | Australia

SOLAR PV & BATTER STORAGE WASTE
MATERIAL VALUE 2019

Recovered value, 0.4 million AUD

Potential value of material, 5.2 million AUD

(Bontinck PA and Bricout J, 2022)



1.2. End-of-Life Photovoltaic Panel | Recycling

T

&2 Technologies

Based on separation method:

Based on material vield:

e Mechanical route
* Low recovery

o Recover bulk material * Thermal route

o Manual disassembly, glass recycling, * Chemical route
metal scrapping

* High recovery
o Recover trace constituents

[Aluminium frame]

o Commercial viability is still low =
< Glass .
Delamina-
< EVA Encapsulant ti
Q\’\ /‘/0 < Silicon solar cells lon
‘\‘ ’/‘ < EVA Encapsulant
< Tedlar Backsheet

<.<

<——[Junction box |

*Ethylene-vinyl acetate (EVA)
(Farrell, C. C. et al., 2020)



CIRCULAR ECONOMY
Fragmented individual assessment tools

circular initiatives sti1l in infancy

SUSTAINABILITY
No standardised method other than LCA

Case-by-case correlations

Solar Panel Waste
10% of total global e=waste by 2050

Private PV Stakeholders Lack of LCA data iIlVﬁIltOl'y

Extended producer responsibility ?

“hm
°¢'l'°,.: PV producers, recyclers, distributors " ?
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To propose a framework to evaluate sustainability and circular economy performance of EoL PV
panel in an integrated manner to promote usage within the private PV sector.
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2. Methods



@21 System Boundary

P 0% materia
& ol recovery

Simpl PV Glass,
. RS —»| Al frame,

1000 kg PV | : recycling B
panel waste Transportation

collected Full-recovery

Functional unit

EE;EEEGI Close to
o FRELFY 100%
Modified recovery

FRELP




THE UNIVERSITY OF

@i Proposed Framework Development

Sustainability Indicators

[ A cAMidpoint indicators
Literature Review $ Costs and Revenue

Environmental |
Material Efficiency
e EoL PV life cycle Integr.atiopltr:r - Industry Stakeholder 1
processing in di sustainability . 0.8
el studies analysis Perspectives :

0.6

+ 0.

. . . social | § Economic | Energy
Circularity Indicators [, Efficiency
B Sustainability  ® Circular Economy
A M Material Efficienc
Rl Y

Intt;‘:gralil?n @i Circularity and Circular economy
sustainability and | _]

. sustainability and its indicators
circular economy

E"j Energy Efficiency

$ S Circular Economy
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Material Manufacture Use | Disposal Transport

1. Materials
a) quantity
b) resource

. Energy
a) primary
b) resource

. Chemicals

4. Others \

o
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Material, Energy, Chemical and Others (Wenzel et al., 1997; Pommer, 2003)
e Semi-quantitative screening LCA modified by Suyanto et al. (2023)

* Simultaneous inventory and impact assessment

e Stepwise — one category, one life cycle phase at a time

Benefits

* Rely on material input output flows not arbitrary ranking
* Reduced subjectivity and reliance on expert judgment

* Limit effort for life cycle inventory
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55 C-Indicator Inventory

Screening criteria:

»  Micro level of
implementation

" Quantitative output
=  Simplicity, i.e., numerical

formula calculation 10

C-Indicators

»  Recycling-focused

= Suitable for PV
application including data
availability

" Quantitative input

Further literature review:

12

Reviewed
C-Indicators

Shortlisted items:

Recycling Rate (RR), Collection Rate (CR)

End-of-life recycling rate (EgL-RR}

Recyclability Benefit Rate (RBR) indicator

Circular Economy Performance Indicator (CEPI)

Product-Level Circularity Metric (PCM)

fCircuIar Economy Index (CEl) P

s e == e s e
|
T

\

: Circularity Index (CI)
\Material Circularity Indicator (MCI) )
Eco-cost/Value Ratio (EVR)

Resource Duration Indicator (RDI)

Added items:

Societal circularity metrics

Retained Environmental Value (REV)

-

~

Characterisation based on six facets:

Lifetime-
derived

Energy-
derived

Economic
based

Mass flow-
derived

Social impacts-
derived

Environmental impact-
derived

Original 55 C-Indicator taxonomy by Saidani et al. (2019)
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2.2, Circular Economy Front | Shortlisted
C-Indicators

Circular Economy Index (Di Maio and Rem, 2015)

CEI = Market value of recycled product materials ($)

Material value of EoL product entering recyclers gate ($)

Circularity Index (Cullen, 2017)

recovered EOL material (kg) ,3 . energy required to recover material (M])

total material demand(kg)’ energy required for primary production (M])

Material Circularity Indicator (Ellen MacArthur Foundation and Granta Design, 2016)

MCI = 1—LFI * F(X)

V+Ww 0.9
Linear Flow Index LFI = s WEWe ; Utility Factor F(X) = ——

2 LavUav



3. Results and Discussions
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Simplified LCA-LCC Results: Primary energy consumptions for 1000 kg processed PV waste (Suyanto et al., 2023)



Revenue Cost

Landfill

-$1,500  -$1,300  -$1,100 -$900 -$700 -$500 -$300 -$100 $100 $300 $500
Cost (AUD)

Transport Cost ™ Electricity & Fuel Cost ™ Landfill Cost ™ Labour Costs ® Revenue

Simplified life cycle costing results: Resource consumptions for 1000 kg processed PV waste (Suyanto et al., 2023)



FRELP Material Sales Revenue Proportion

Aluminium

A Trade-off

36%
Silver
. oge L) 47%
Generic Silicon-based PV Composition
PET Si Ag Sn Pb
EVA 1 5o 3.6%,0.1% 0.027% 0.027%
5.1% ~_Copper
CL:) N 3%
2.1% ilicon  Glass
11% 3%
Al Modified FRELP Material Sales Revenue
17.6%

Aluminium
29%

Glass
70% \ Copper
\_Glass

3%

Silicon
66%

(Suyanto et al., 2023)
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3.2. Circular Economy Front

Simple Recycling FRELP Modified FRELP
CEI 0.05 0.12 0.14
Market value of recycled product materials (AUD) 347.60 874.08 1080.64
Material value of EoL product entering recyclers gate (AUD) 7461.31 7461.31 7461.31

Simple Recycling FRELP Modified FRELP
CI 0.84 0.88 0.87
a 0.858 0.903 0.891
Recovered EoL material (kg) 858.11 902.90 890.56
Total material demand (kg) 1000.00 1000.00 1000.00
B 0.981 0.973 0.974
Energy required to recover material (MJ) 3255.20 4531.43 4321.87
Energy required for primary production (MJ) 167160.84 167160.84 167160.84

Simple Recycling FRELP Modified FRELP
MCI 0.50 0.52 0.51
Utility Fraction F(X) 0.9
Linear Flow Index LF] 0.555 0.537 0.542




@28 Combined Results

Burden

CEI

CI

Circularity

MCI

Profit ($)

Net GHG Emussion (kgCO2-¢eq)

Sustainability

Net Energy Impact (MJT)

-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00

® Modified FRELP ®FRELP wmSimplerecyeling = Landfill

Normalised indicators for 1000 kg Processed PV Waste



Combined Results

Sustainability Circularity
Environmental Financial Material Energy Value Retention
Social Weighting 25% 25% 50% 25% 25% 50%
Net Energy — Net GHG Profit MCI cl CEI
Impact Emission
Scenario Sustainability Score  Circularity Score Sug:;:;‘:;lty LE::::;:;F
Landfill 1§ .0.11 0.03 4 4
Simple recycling 0.20 0.36 3 3
FRELP 0.44 0.407 2 2
Modified FRELP 0.47 0.417 1 1

\
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4. Summary
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Environmental and
financial indicators’
comparative rankings are
in agreement with
selected circularity
indicators.

Valid for compared PV
waste scenarios (case-
specific).

iy

A simple tool valid for
initial comparative
analysis.

Not to be utilised to
replace conventional life
cycle assessment.

4.1. Conclusions and Limitations

——

Landfill is the least
beneficial disposal
avenue from
sustainability and circular
economy perspective.

Given that material
recovery benefits are
considered.

Modified FRELP is the most
sustainable and circular.

More profitable due to SoG-
Si recovery

Given that equal importance
is given to eco - S concerns.



giid  4.2. Future Works

* Private PV stakeholders survey for social perspective data
* Full-scale quantitative LCA and LCC
* Uncertainty and sensitivity analysis of aggregation method

* Interactive spreadsheet to demonstrate the proposed framework
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Thank you

M: esuyanto@student.unimelb.edu.au
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