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Agenda
15.00 — 15.10 - Introduction - 10 min g
« Tom Rommens, VITO
* Naoko Tojo, Lund University
« Anse Smeets, VITO: Environmental assessment of PV and reducing the pollution
15.10 — 15.30 - Main presentations - 20 min
1. The circularity of solar PV - Tadas RadaviCius, SoliTek

2. Waste reduction: practical issues for the re-use of PV modules - Arvid van der Heide, Imec
3. The transition from a waste society to a circular society - Wolfram Palitzsch, LuxChemtech
4. Solar circular supply chain from service providers’ point of view — Lisa Wendzich, SunCrafter
15.30 — 16.00 - Panel discussion — 30 min

Moderator: Naoko Tojo, Lund University

16.00 — 16.10 — Final remarks

Tom Rommens, VITO
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Circularity in the solar
power industry: is
it worthwhile?

Anse Smeets, VITO
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Solar i1s booming!

_ Giga factory, Tesla, U.S.
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Solar i1s booming!

PV capacity, main and accelerated case, European Union, 1990-2025

‘Renewable electricity expanded at

fastest pace in two decades, with huge

additions of solar becoming the ‘new

normal’ going forward” =

SBSED PA1EIa|aDIE PUE UIEJ
.

“Larger projects dominate the solar PV market”

“Corporate procurement expands as PV
costs continue to decline” " H H
___ﬁnnﬂm

0 | |
2000 2005 2010 2015 2020 2025

(0 Maincase @ Accelerated case

Source: IEA, Renewable Energy Market Update
2021 Source: I[EA
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... and has a large ‘bollution reduction
potential

Avoided GHG emissions by solar PV, proxy for 2019
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Source: EEA Renewable energy impacts dashboard, 2020
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Global PV waste projections

ircusol

Cumulative PV panel waste (million t)
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What happens after decommissioning?
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Manufacturer

P

Is RECYCLING the only
option?

What about REPAIR and
REUSE?

Recycler End-User

B The most CIRCULAR paths
should be prioritized!
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Extend PV
module lifetime

via re-use,
repair, Co-create solar
Maintenance
repurpose L PSS value
Upgrade propositions with

-users
Manufacturer End User
(i
| oo
Product-Service
/ provider
Incentivize
“deSign for Recycler _
CirCUIarity” Remanufacture SR DemonStrate bUSIneSS
e viability for PSS providers

(and other actors)
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- More circular = less pollution?

Environmental impact versus module use life Pollution related impact |Impact reduction from

0,045 category reuse and repair?
=
rgz 0,030 lonising radiation \/
2
g o Photochemical ozone v
g 002 formation
2
Replace every 10 years Replace every 15 years Continuous use for 30 years V
v
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Tadas Radavicius, SoliTek
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Circular solar PV chain
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Circular solar PV chain: manufacturer
perspective

Maintenance
Repair
Upgrade

Manufacturer | Re-manufacturer B Re-furbisher Dealer End User

D @ ©® &

. Reuse
Recycler
Refurbish
Recycle

Circular PSS Model = Circular Product Management + Value-added Product-Service
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- Circular solar PV chain: changing'design of
the module

* Near-field communication (NFC) tags;

* Fluorine-free back sheet;
e Lead-free ribbons (bismuth as\ =

replacement):

- 90-95% of bismuth is by-product of lead
smelting.

““““
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Circular solar PV chain:
database to enhance EoL operations

* Database for solar modules.
 RFID tags for traceability and identification
for reusability, recyclability, etc.

QR codes, RFID tags, barcodes, etc.....
Which is the most fitting for solar
modules?
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Circular solar PV chain: opportunities
for manufacturer to produce a circular
product

* Design out toxic materials;

« Enable product to be circular (repairable, recyclable, trackable,
etc.).

Manufacturer must take into account further supply chain actors
when changing or creating product design.
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L W Waste reduction:
practical issues for re-use
of PV-modules

Arvid van der Heide, imec
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Where to find used PV modules?

Intact modules from large PV systems partly damaged by
extreme weather conditions

Defect (but repairable) modules that have been removed

Modules removed on repowering large PV plants
* Feed-in tariff: only after 20 y, modules (very) old

* No feed-in tariff: expected after ~10 y
Wieak quality
assurance
High risk of fallure in early years . Average
l". {Infant fallura) i
] Risk at the end of litetime 7 ;
1 (wear-out failure)
.E '_-." / Strong quality
= t , assurance
E x‘:‘ i . .
B tu P .
] % - -
“ \R e Low risk mid=-term (midiife fallure)
5 . . . -
. I - . » g
M == == mm—- — =

= 0 10-12 Ars
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Which issues in used modules? Repair.options?

Non-repairable issues (non-exhaustive list):

* Broken glass

* Visible burn marks (dark brown) at solder strip joints, on cells or back sheet
» Large delamination of encapsulant starting at module edges

» Back sheet material failure leading to back sheet cracking

Repairable issues:

» Defect or missing connector/cable (replacement)
« Damaged junction box (replacement)

» Defect bypass diode (replacement)
» Back sheet scratch (covering scratch)
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Where to re-use modules, Where to buy.& at which price?

Re-use for:

* Repair of feed-in tariff systems with identical module to keep subsidies (high module prices)
« Off-grid applications at low voltage

 Medium sized systems in Africa, Pakistan, Afghanistan

* Replacement of all modules in existing systems that are severely underperforming

But NOT expected for:

* Residential applications, BIPV

« New utility scale plants in Europe (re-use modules are around 50% cheaper than new ones, but modules
are only 30% of total investment, while performance and remaining lifetime of re-use modules are less)

In Europe ~ 5 German companies are trading in re-use modules, there are also ~ 10 Chinese ones
Re-used c-Si modules Re-used c-Si modules New c-Si modules New c-Si modules

(rare) (mainstream) (mainstream) (high efficiency)

Up to 5 €/W, 0.125 €/W, 0.25 €/W, 0.33 €/W,
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How about legislation and Standards? ~—

Outside Europe, modules are usually considered as general waste

In Europe, legislation for electronic waste (WEEE) is applicable

Important risk: dumping of non-functional modules, calling them modules for re-use

« To be no waste, an electronic device must be functional. However, not clear for an energy generating
device: which limit for remaining power, 60%, 70%, 80%?

« Concerning quality standards, for new modules they exist (from IEC), but not for re-use modules

« In Circusol, we propose to include certain (cost-effective) quality checks for re-use modules in
international standards, the IEC has been contacted and a project team is expected to start soon
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Important challenges for module re-use

 Used modules not much cheaper than new ones: not interesting for all applications
given their lower power output and remaining lifetime.

 Issue of functionality and quality of re-use modules: need for minimum power limit ar
international quality standards. Important for trust and to avoid dumping of module
Important challenge is to keep testing and sorting procedures cheap but effective.

« Many modules are now shipped to Africa and other regions without local recycling
facilities
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The transition from a
waste society to a
circular society

Wolfram Palitzsch, LuxChemtech
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Closed System Definition: A closed system is a type of thermodynamic system
where mass is conserved within the boundaries of the system, but energy is

allowed to freely enter or exit the system.
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Whether raw material or waste = everything consists of corresponding

elements:
1 ’ 2
H . He
—— Waste is a no longer Eu I N S N O
Li Be contemporary hame B C N O F Ne
N 12 for a mixture of elements! 13 NS N B B 18
Na Mg Al Si P S Cl Ar
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RAW MATERIALS o
REMAKE #
PRODUCT §
SELL
Problems can not be DELSILVER
solved with the same
mind set that created
N them. y
Wiithaa
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RECYCLING

RAW MATERIALS /

1 Tonne cullet saves
6 Tonnes mining and
25% energy

feldspar

glass cullet from PV module scrap

References:
https://sparklerockpop.com/collections/crystals/products/quartz-crystal-geode-11
https://www.pyramidtatvanepal.com/natural-stones/item/317-red-aventurine-new-raw
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https://sparklerockpop.com/collections/crystals/products/quartz-crystal-geode-11
https://www.pyramidtatvanepal.com/natural-stones/item/317-red-aventurine-new-raw

RECYCLING

RAW MATERIALS

References:
https://sparklerockpop.com/collections/crystals/products/quartz-crystal-geode-11
https://www.pyramidtatvanepal.com/natural-stones/item/317-red-aventurine-new-raw
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Go out of the linear mindset, to think circular.

Linear
Simple
Predictive

Competition

Chemtech

Circular
Complex
Adaptive

Cooperation
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Economic perspectives on
the reuse of PV modules

_isa Wendzich, SunCrafter
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Can 2nd life solar modules be competitive?

« Demand side

- Reuse modules are environmentally beneficial

- Reuse modules economically competitive to new

modules under conditions price p

1. Use Case\Application
2. Rehabilitation Cost

3. Financial Benchmark : >
quantity g

Figure 1: price point dependent on supply and demand (stock, 2020)
* Supply side

Figure 23 Preferred options for PV waste management

- Combination of waste management strategies 'reuse’
and 'recycling' to reach economic and ecologic
optimum

Reduce

Recycle

Figure 2: Waste Hierarchy (IRENA & IEA, 2016)
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Technical Use Cases

- 1. High-Voltage, grid connected, e.g. residential

- high quality standard required
- many damage types not usable, even when repaired

- requiring extensive testing and rehabilitation

- 2. Low-voltage, stand-alone, e.g. solar home system

- Lower quality standard acceptable
- Many damage types and repairs usable

- Requiring testing and refurbishment, but less extensive

ircusol

A

Figure 4: SunCrafter EasyPanel at Rio Negro, Brazil
(Own source, 2019)
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Proposed RehabilitationProcess

5. Simple Electrical

2. Visual Inspection Il 3. Cell Inspection 4. Flash Test
High Volt or Low Volt**** Power Output™** Inspection & Final Sorting
Prepare
modules
Measure
Voltage
L vwe ||
HV rehab LV rehab

e Replace by »
standard diodes|
Diodes ok? o
os

yes
REC
yes
o
Qutput >90% Quiput >60%,
X X

» Flash Tost I
» Flash Test I

-Dimer
Sort T
Power Output Sort for Power
ol Output +/- 5%
package and package and
label
HV capable LV capable

Figure 5: Decision tree for module rehabilitation in two categories (internal memo, 2020)

- > Different treatment paths allow to optimize cost efficiency and quality standards per module category

package and
label

.

HV capable
modules

package and
label

LV capable
modules

(use case) AND increase rehabilitation rate (increasing total share or successfully rehabilitated modules)

ircusol
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Point of Intervention (Pol)

*  Where will the modules be assessed and rehabilitated/refurbished?

1. At power plant itself with mobile equipment

2. At recycling facility with permanent setup

3. At external treatment plant either in EU or in partner country

Figure 7: Electroluminescence imaging
(Own source, 2013)
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Rehabilitation Cost S

HV rehabilitation

10 5.67

rehabilitation cost/module (€)
(=2} <]

£

[N}

0

®cVar cIndirect ™ cFix&Quasifix

Figure 8: Rehabilitation Cost for Pol
“Recycling plant” in EU - HV
rehabilitation

(internal memao, 2020)

ircusol

Economics of
rehabilitation depend
foremost on:

- Quality Requirements
(depending on Use Case)

- Wage Level
(depending on Pol)

- Rehabilitation Rate
(depending on Pol & Use
Case)

R " A &r 3 -
i
-
HV rehabilitation LV rehabilitation

10 10

rehabilitation cost/module (€)
(2]
rehabilitation cost/module (€)
()]

1.88

m cVar incl cost elasticity (€)

mcVar = cindirect  ® cFix&Quasifix indirect cost (€)
w fixcost per module (€)

Figure 9: Rehabilitation Cost for Pol Figure 10: Rehabilitation Cost for

“External treatment plant” Pol “External treatment plant”
in Ghana - LV rehabilitation in Ghana - HV rehabilitation
(internal memo, 2021) (internal memao, 2021)
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Financial Benchmark — Upfront Investment

 Renewable Energy Cost structure:

Investment expense > O&M & variable cost
€/kW - depend on module age

Less bankable populations benefit from lower upfront cost
* Impact on SDG 7 — access to energy

* New target group instead of cannabalization of market

ircusol

Hlt’,f‘ Low
carbon carbon
100% 1000
80% 800
o
60% 600 - Investment
o o S =FixO&M
40% 400
’ = Variable
20% 200 O CO2 (right axis)
O
0% <> <> O 0
NG e
(P,bé&;b $¢ (,)o \?/ (/(’
é é (/O

Figure 13: Cost structure of different electricity sources (Hirth, 2013)
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Financial Benchmark - LEOE parity

Module AGE is the determining factor as it ‘Maximum Viable Module Age
influences Intersection of rehab cost and new module LCOE

7.00

6.80

original power output of disused module

6.60

6.40

* remaining power output after degradation - 620
% 6.00
* relative power density compared to new © 580

modules and area dependent BOS cost oo

5.40

5.20

* remaining lifetime influencing generation and 500 @
5 6 7 9 12 13 14 15
WACC module age
——— 20€ rehab cost/kW —— 60€ rehab cost/kW ——— 100€ rehab cost/kW LCOE parity

Figure 11: Maximum viable module age derived from LCOE parity as financial benchmark
(internal memo, 2020)
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Conclusion & Discussionpoints

Conditions for economic viability are I
- a cost efficient and quality ensuring testing and rehabilitation process

- regulatory standards enabling module rehabilitation in countries where reuse is most likely to take place
- inclusion of low-voltage, off-grid applications into reuse scenario

- consideration of different financial benchmarks such as LCOE parity, NPV and upfront investment cost

Practical issues to inquire further

1

 How can all stakeholders — OEM, reverse logistics agents, plant owners, recyclers etc. be incentivized to
support reuse?

> « How can the rehabilitation process take place in country of reuse without risking illegal waste dumping?

- « How many modules are discarded within the first 8 to 12 years after installation (maximum viable module age
for financial benchmark 'LCOE parity') and for which reasons exactly (indicates their reusability)
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Thank you! Visit us at
... Www.circusol.eu
Twitter&LinkedIn:
=<  @circusol
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