‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

Evaluating the environmental
impacts of circularity scenarios
in power electronics using Life

Cycle Assessment

Contributions from: Pierre-Yves Pichon, Thomas Guillemet, Nicolas Degrenne

Briac Baudais

2025/6/24

MITSUBISHI ELECTRIC R&D CENTRE EUROPE

MFR2025-ARC-0270/ MFR2025-ECD-0216

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential



0 ‘ MITSUBISHI

Introduction AW ELECTRIC

Changes for the Better

Focus on methods (toolbox)

* 1/ How to consider repair and diagnostic in LCA?

« 2/ How to introduce circularity loops in LCA? (Example of recycling)

3/ Reality of recycling => towards a stronger thermodynamic basis of LCA?
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Changes for the Better

How to consider repair

1 and diagnostic in LCA?
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. ‘ MITSUBISHI
1 Project context &% ELECTRIC

Changes for the Better

* PhD thesis Briac Baudais (2024):

‘Ecoconception en électronique de puissance. Impact du dimensionnement, de la modularité et
de la diagnosticabilité

Direction: Stephane Lefebvre, Hamid Ben Ahmed, Gurvan Jodin, Nicolas Degrenne

" ¢ wmITsuBISHI
SAT‘ & % ELECTRIC

Changes for the Better

université e cnam &S

PARIS-SACLAY rennes
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. . ‘ MITSUBISHI
1 Step 1 : Linear economy perspective AW ELECTRIC

Changes for the Better

Baudais, B et al. Energies 2023
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1 Step 1 : Linear economy perspective

Hypothesis

Scope

Component: eV inverter
Nominal Power 150kW
Bus Voltage 450V

Liquid cooling

Usage => 15 ans

Impacts: PEF — EF 3.1 (16 impacts)

Component

Casing: housing
compartment lid

/ Laminated bus bar

Logic board (PCB)

\\
~

DC link capacitor

Casing: housing
compartment

Driver board (PCB)

- IGBT power module

Signal connector

Power cable glands

Casing: heatsink "
(high voltage connectors)

with channels for

liquid cooling Source : Chalmers
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. . ‘ MITSUBISHI
1 Step 1 : Linear economy perspective &% ELECTRIC

Changes for the Better

Method

) 1. Manufacturing &
Component Usage profile(WLTP) > Transport 0
- o 3. Usage O
' A 4. Endoflife O
e . Na ot LI
Scope a 4 %o S
O ="
| Source : Chalmers e =}
temps (s)
Power electronic subparts 2 Manufacturing Model-based LCI
? [ Power dice (IGBT, ] [ Ceramic substrate ] [ Baseplate ] [ Power modules ]
. < diode, MOSFET) 4 -
5 —
< s :
§ . Env. Impacts :
s :
v :
Inventory (LCI) :
Manufacturing Eva!uatlon
Manufacturing ° Brlghtway » .
> . .
:‘Ode's e Ecoinvent :
everse eng. .
 [CIA Manufacturing E

Chalmers. Uni
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1 Step 1 : Linear economy perspective
N | > E 120
ope N |5
Source : Chalmers = -
time '()s)
2] ¢
S S
gl g
2| S
2| =
S
=
v v
Inventory (LCI)
Manufacturing Eva!uatlon
HybridKit Drive * BFIghtWGy
. * Ecoinvent
everse eng. Transport . I_CIA
Chalmers. Uni PEF
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. . ‘ MITSUBISHI
1 Step 1 : Linear economy perspective &% ELECTRIC

Changes for the Better

Method
) 1. Manufacturing &
Component Usage profile(WLTF) : 2. Transport v
_ > . 3. Usage [
g, 4. End of Life O
S

Scope P
\

Source : Chalmers

1200

'foemﬁos: (s) ~

Manufacturing

g + Usage time
=l g

E)’ § 1 1 Usage .
<] S ! .
2| = >< — Physical model Env. Impacts :
S *  Loss model .
= .
\ 2 Energy Slope -
Inventory (LCI) Usage losses :
Manufacturing Usage . E‘\;a!uzt;on I
Hybrld Kit Drive Losses —l Erlg. Wat)./ .
. coinven .
Reverse eng. ransport -
Transport e [CIA :

Chalmers. Uni PEF
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1 Step 1 : Linear economy perspective
o > QL ‘o
Scope ﬁ::
L - o° =
‘ ‘E. .‘?0 S 4:
\ Source : Chalmers e % J
temps (s)
2] = Usage time
=l g
S| & 1 1 Usage
2 E Losses
§ = >< Physical model
= *  Loss model
vV v Energy
Inventory (LCI)
Manufacturing Usage Eva!uatlon
HybrIdKIt Drive Losses EOL > * Brlghtway »
. WeEE * Ecoinvent
everse eng. management
Transport * LCIA

Chalmers. Uni
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1 Step 1 :

Baudais, B et al. Energies 2023

Hotspots:

*  Manufacturing

Linear economy perspective:

*  Usage (global mix, efficiency=92%)

Legend:

GWP GlobalWwarmingotential FET Ecotoxicityfreshwater

OD Ozonedepletion WD Wateruse

FD Resource usdpssifuels FE  Eutrophication, freshwater
HT Humantoxicity cancer ME Eutrophication, marine
HTNC Human toxicity, necancer TAP Acidification

PM  Particulate matter TE  Eutrophication, terrestrial
IR lonizing radiation MRD MineraRessourc®epletion

Normalisation with global

impacts/person/year (PEF, EU

commission)

Impact category rating

1E

normalisation —
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1 Step 2: introducing replacement AT

Changes for the Better

Baudais, B et al. SGE 2023

AEI : AEI
}EOL .
: Usage E
- losses -
Transport : v : g
Manufacturing g t }Manufactur[ngi : £
50_0% Deterministic (_)&Q'
/,\> Lifetime /,\)
X X’
Method Method
1. Manufacturing 1. Manufacturing
2. Trahs@ort 2. Usage
3. Usage 3. Replacement
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1 Step 2: introducing reliability o TSy

Changes for the Better

Données d’entrée Method
Scope S OIIEEET Ve Tl 1. Manufacturing
|
P P =P 2. Usage 4
Usage tim 3. Replacement
Usage Replacement
v -
Losses a
X Loss model Reliability Power
? module :
S > Power module: Coffin- 0
S g Masson ... -
“§ S Thermal model Nr of cycles: Rainflow ...
S s
= a
Component lifetime =
Nr of Replacement ° < (probabilistic)
Usage
R l

losses
Inventaire (LCl)

- Evaluation ‘
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1 Step 2: introducing reliability o TSy

Changes for the Better

Données d’entrée Method
Scope S OIIEEET Ve Tl 1. Manufacturing
|
P P =P 2. Usage 4
Usage tim 3. Replacement
l Usage Replacement
\ 4 :
Losses .
X Loss model Reliability Power
? module :
S > Power module: Coffin- 0
S g Masson ... E
“§ S Thermal model Nr of cycles: Rainflow ...
S :
= .
Component lifetime = El
Nr of Replacement ° < (probabilistic)
l o
Usage
v L losses

Inventaire (LCl)

- Evaluation ‘
Manufacturing
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1 Step 2: introducing reliability

Baudais, B et al. SGE 2023

@ Number of replacements

AEl

-

}Manufactun’ng

\ Aa )

Deterministic Method

Lifetime % 1. Manufacturing
2. Usage
3. Replacement

G
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1 MERCE open-source approach: PELCA tool

Excel Input

r 1
Inventory
Manuf. + Use J
N
Fault parameters
Weibull
& ( ) J
( 1\
Curative Maint.
diagnosis
L (diag ) J
s )

Preventive Maint.
(schedule)

\
J

Economic impact
(cost / price)

Select input file:

Python-based

A

PELCA software architecture

Graphical user interface

Development version

Browse

LCA library

Database

. Ay
eceinvent ERITE

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

Output example (staircase curve)
S
AEl Probabilistic i . N
lifetime P & 8
| e | ' v\. Q
; L
] 60 0(\
< &
1
f@»
Deterministic 6\{\
lifetime W
&
C)

Software installation:

* GitHub repository - https://qgithub.com/merce-fra/PELCA

* < 1htoinstall and run example

©Mitsubishi Electric R&D Centre Europe
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PELCA v1.3 (v1.4 coming soon)
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https://github.com/merce-fra/PELCA

1 Case study: modularity and diagnostic AT

Changes for the Better

Modularity and

= diagnostic
= 5 Case study
=
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o . ‘ MITSUBISHI
1 Case study: 3 phase inverter power module + driver &% ELECTRIC

Changes for the Better

Integrated

J t ‘ * IGBT power module+ diode
Driver (V=750V; [=820A)
J t ‘ — Reference case, low modularity
RU2
RUT

Modularity & replacement units (RU)

Modu(ar (1)

« <& 'virtual’ cut integrated case
— Modularity & diagnosticability
— For result interpretation, not realistic

G JQ J[} * Discrete devices (TO247) (V=750V ; I=205A) UR LCA
o — Realistic case, high modularity JG
LJGIK? JF} JG discrete
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‘ MITSUBISHI

1 Failure and diagnostic - WORST/BEST &% ELECTRC

3 imposed failures
— Comparability

Changes for the Better

No diagnostic

A

With diagnostic

@

/1\
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1

Baudais, B et al. PCIM 2024

Failure and diagnostic - Life-cycle impacts

Integrated
Modular (1)
Modular (2)
Integrated
Modular (1)
Modular (2)

i
ntegrated

Modular (1)

5 12
Q ——
N
E ]
€ 104 ™
'
° L]
: L1
05 0.8 -
wd
92
)
8 06;
[)]
et
3 0.4-
2
o
g 0.2 -
£
=
0.0
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Time (years)

Conclusions

Worst solution :
Modular without diagnostic

Best solution :

Modular with diagnostic
[ ]

Export Control: NLR Non-Confidential

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

- I.

15%

Relative gain
T Reference case

-0 - 10%
-5%
- 0%
--5%

--10%

-15%

20% I'

HT
IR
POF
TAP
TE
FE
ME
FET
WD
MRD
FD
Ly

a N
2 O
(G]

HTNC
PMF

Modularity is relevant only if it is
combined with diagnostic
(otherwise it can A El)
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‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

How to introduce
circularity in LCA?
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2 ‘ MITSUBISHI

How to consider circularity loops in LCA ? &% ELECTRIC

Changes for the Better

* Impact on designer choices ?

* Focus on recycling ( but can be extended to repair)

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential 25



2 How to consider circularity loops in LCA ?

* Impact on designer choices ?

* Focus on recycling ( but can be extended to repair)

Lifecyle product A

- System boundaries (A) _ _ _ _ _ _ __ __ __ |
I
I
I
v s and Primary Product Product Waste |
inerals an roduct usage
. — material —» manufacturing ——» %€ —» managementI
ore extraction , (product A) |
production (product A) A I
I
I
I

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

26



2 How to consider recycling in LCA ?

» Some waste of Product A becomes resource from product B

Lifecyle product A

Where to put the boundary?

Lifecyle product B

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential
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| |
| |
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. — material —» manufacturing ——» 2 _F 2 o manufacturing ——» N management
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2 How to consider recycling in LCA ?

» Some waste of Product A becomes resource from product B

* Questions: How to share the environmental burdens/benefits between product A and product B?
* Mineral extraction and primary materials production

« Waste treatment / recycling

Lifecyl duct A Lifecyle product B
recyie PodHe Where to put the boundary?

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

r{— ____________________________ System boundaries (A) _ _ _ I —— 1 _f System boundaries (B) _ _ _ _ _ _ _ _
| |
I
I |
I
MWaste |
: v s and Primary Product Product I t| Product Product Waste
inerals an roduct usage mapagemen roduct usage
I : — material —» manufacturing ——» %€ —» _r < o manufacturing —» %€ management
| ore extraction ) (product A) A = material | (product B)
| production (product A) pro:duction B I (product B) B
| I
l |
| | |
o
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‘ MITSUBISHI

2 How to consider recycling in LCA ? &% ELECTRIC
Changes for the Better
» Some waste of Product A becomes resource from product B
* Questions: How to share the environmental burdens/benefits between product A and product B?
* Mineral extraction and primary materials production
« Waste treatment / recycling
* Hints (ISO 14044):
* Extend system boundaries
* Inputs/outputs allocation based on Physical relationships
Lifecyle product A Lifecyle product B
Where to put the boundary? A
A : -
_____________________________ §y;tgm_b_anga_rigs_(A_)____'____.=________|J._______________5151‘_9'22%”7_‘12’@5_@)________I
l |
I I :
. MWaste | I
. s and Primary Product Product Usa I t| Product Product Waste |
Inerals an uct u e mapagemen roauct usage
: — material —» manufacturing ——» %€ —» _r < o manufacturing —» acttsage management |
ore extraction ) (product A) A = material | (product B) |
production (product A) | , I (product B) B
proiduction B | :
l |
I I I
o S S
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2

How to consider recycling in LCA ?

Some waste of Product A becomes resource from product B

Questions: How to share the environmental burdens/benefits between product A and product B?
* Mineral extraction and primary materials production

« Waste treatment / recycling

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

15t law principles (energy/mass conservation)

* Hints (ISO 14044): Input 1 Zmass —o Output 1

RN —

« Extend system boundaries Input 2 Output 2

. . L energy = 0 — >

* Inputs/outputs allocation based on Physical relationships
Lifecyle product A Lifecyle product B
Where to put the boundary? A
A , .
_____________________________ System boundaries(A) _ _ _ | _ _ __—___1______________ Systemboundaries(B) _ _ _ _ _ _ _
. i
I

. MWaste | :
Minerals and Primary Product Product usage ma}wagementI Product Product usage Waste |
: — material —» manufacturing ——» — 1 o manufacturing —» %€ management |
ore extraction ) (product A) A = material | (product B) |

production (product A) | ) | (product B) B
proiduction B | |
I [ :
| I I
S
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2 How to consider recycling in LCA ?

« Extend system boundaries => let us try to ‘close the loop’!
— System boundaries are clearly defined, and the system is closed

» Only one recycling rate R need to be defined

System boundaries

rec

I
I
I
Primar (1-R) !
i [ _ - .
Minerals and 'y (1-R) Product Waste Disposal :
. —> material —2a ) —» Productusage —» ) —
ore extraction . manufacturing handling |
production I
E, I
(R) |
Recycling :
process |
|

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential
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2 . . . ‘ MITSUBISHI

How to consider recycling in LCA ? &% ELECTRIC

Changes for the Better

rec

« Extend system boundaries => let us try to ‘close the loop’! 4 )
mat — (1 R)Ev + RErec
— System boundaries are clearly defined, and the system is closed WP (CO2e)
: . MRD (Sbe)
« Only one recycling rate R need to be defined: 0 < R < 1 ..+ other impact indicators
E = electricity (energy)
» Mass/energy/impact balance equation at ‘point of substitution’ materials (mass)
chemicals (mass)
... + other input. output mat |
PN Y,
/// System boundaries
____——____——____——____——____——__//" ________________________________________ -
e |
T |
o |
Primar = a-R !
. _ - e N .
Minerals and 'y (1_R)- Product Waste Disposal :
. —> material _4k—_> ) —» Productusage —» ) —
ore extraction . manufacturing handling |
production |
E, |
(R) |
Recycling :
process p |
I
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2 How to consider recycling in LCA ?

* Extend system boundaries => let us try to ‘close the loop’!

— System boundaries are clearly defined, and the system is closed

* Only one recycling rate R need to be defined: 0 < R < 1

» Mass/energy/impact balance equation at point of substitution

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

mCu(kg) — (1 — R)mCu,v + R. Mcy,rec
GWP(COZB) = (1 — R)GWPv + R.GWP,,

« Example: Global Warming Potential of Copper Ecoinvent 3.9.1 cut-off (Cathode; 99,99%)

* Primary Cu (Electrorefining of copper, GLO):

* Recycled: (Treatment of copper scrap by electrolytic refining, RoW):

— Often beneficial to the designer to increase recyclability / recycled material mass share

Minerals and

—

ore extraction

©Mitsubishi Electric R&D Centre Europe

Primary (1-R)
material A
production

(R)

Product
manufacturing

GWP, = 8.24 kgCO2e/kgCu
GWP,.. = 241 kgCO2e/kgCu

—» Product usage

Recycling

Export Control: NLR

process

Waste
handling

ET'BC

Non-Confidential

System boundaries

Disposal
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2 How to consider recycling in LCA ?

« At which step to allocate the recycling impacts?

* End of Life

» Material production step

Minerals and
—

ore extraction

©Mitsubishi Electric R&D Centre Europe

Primary
material
production

Ey,

Waste
handling

(1-R) Product
—a > ) —» Product usage
manufacturing
(R)
Recycling
process

rec
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Emar = (1 - R)Ev + RE, ¢

Materials/energy Materials/energy
and Impact share  and Impact share
of primary metal of secondary metal

~

)

System boundaries

Disposal
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2 How to consider recycling in LCA ?

« At which step to allocate the recycling impacts?

 End of Life

» Material production step

Minerals and
—

ore extraction

©Mitsubishi Electric R&D Centre Europe

Primary
material
production

Ey,

Waste
handling

(1-R) Product
—a > ) —» Product usage
manufacturing
(R)
Recycling
process p
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Emar = (1 - R)Ev + RE, ¢

Materials/energy Materials/energy
and Impact share  and Impact share
of primary metal of secondary metal

~

)

System boundaries

Disposal
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2 How to consider recycling in LCA ?

« At which step to allocate the recycling impacts?
» End of Life
= Benefit will be given to the EolL
= Actual impact reduction will occur in the future (15...25 year?)

» Material production step

Primary (1-R)

—_—

Minerals and ) Product Waste
. —> material —a > ) —» Productusage —» ) —
ore extraction . manufacturing handling
production
Ey,
(R)
Recycling
process

rec

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential

Question: effect on design?

(1-R)

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

Emar = (1 - R)Ev + RE,¢.

Materials/energy Materials/energy
and Impact share  and Impact share
of primary metal of secondary metal

~

)

System boundaries

Disposal
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2 How to consider recycling in LCA ?

« At which step to allocate the recycling impacts?
» End of Life
= Benefit will be given to the EolL
= Actual impact reduction will occur in the future (15...25 year?)
= Product designer will make easily recyclable product

» Material production step

Primar
.y (1-R) Product
— material 2 > —» Productusage —»

A .
manufacturing

Minerals and

ore extraction )
production

Ey,
(R)

Recycling

Waste
handling

—_—

rocess
p ETeC
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2 How to consider recycling in LCA ?

« At which step to allocate the recycling impacts?
» End of Life
* Material production step:
— Benefit will be given to the material manufacturing

= Impact reduction will occur in a short timeframe

Question: effect on design?

) Primary (1-R)
Minerals and ) Product Waste
) — > material —2a ) —» Productusage —» ) —
ore extraction . manufacturing handling
production
Ey
(R)
Recycling
process

rec
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2 How to consider recycling in LCA ?

« At which step to allocate the recycling impacts?

* End of Life

* Material production step:

— Benefit will be given to the material manufacturing

= Impact reduction will occur in a short timeframe

— Designer with include materials with high recycled share

Minerals and
—

ore extraction

©Mitsubishi Electric R&D Centre Europe
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production
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Waste
handling

(1-R) Product
Y Y . ——» Productusage —*
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(R)
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rec
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2 How to consider recycling in LCA ?

« At which step to allocate the recycling impacts?

* End of Life

» Material production step

* Important:

* do not count recycling twice

» check databases processes assumptions

Minerals and
—

ore extraction

©Mitsubishi Electric R&D Centre Europe
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2 How to consider recycling in LCA ?

 Reality of recycling:

» Complex material streams, difficult to track materials => modelled by secondary material market, outside system boundaries

. !’rimary
Minerals and ) Product
S material ,
ore extraction . manufacturing
production
| E,
I
I
I
I
I
Recycling
Secondary
process — >

_ Material market
(mat. input)  Erecyciea
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2 How to consider recycling in LCA ?

 Reality of recycling:

» Complex material streams, difficult to track materials => modelled by secondary material market, outside system boundaries

* Quality differences: @, (primary); Qg;, (input recycled stream) ;

. !’rimary
Minerals and .
S material
ore extraction )
production
|
|
|
|
|
|
e
Recycling
Qsin
process — >

Product
manufacturing

Secondary

Material market

(mat. input) Erecycled
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2 How to consider recycling in LCA ?

 Reality of recycling:

» Complex material streams, difficult to track materials => modelled by secondary material market, outside system boundaries

* Quality differences: @, (primary); Qg;, (input recycled stream) ;

* Allocations problems are back ! How to solve this?

. !’rimary
Minerals and .
S material
ore extraction )
production
|
|
|
|
|
|
e
Recycling
Qsin
process — >

Product
manufacturing

Secondary

Material market

(mat. input) Erecycled
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2 ‘ MITSUBISHI

How to consider recycling in LCA ? &% ELECTRIC

Changes for the Better

CFF :Circular Footprint Formula (JRC/EU commission) used in Product Environmental Footprint method (PEF;
EN15804)

* Option 1: burden/credit given to the user of material

» For the manufacturing phase => to the product

* For the Eol phase => to the recycler Emar = (1= R1)Ey + RiErecyciea

= Purchasing department will choose materials suppliers with high recycled share
= Impact reduction will occur in a short time (during product manufacturing)

 Also called ‘cut-off" approach

| System boundaries

I
I
' 1-7) ' |
Mi Is and "rimary Product Wast > Plispesz] I
inerals an roduc aste
S material . —> Productusage —* , |
ore extraction ) manufacturing handling I
production I
I Ey, |
I I
I I
I I
I I
I I
- I
Recyclin .
yeng Qsin Secondary Recycling P
process ial k rocess (Eol) )
(Mat. ipu)  Eyecyerea Material market p ErecyclingEoL
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2 ‘ MITSUBISHI

How to consider recycling in LCA ? &% ELECTRIC

Changes for the Better

CFF :Circular Footprint Formula (JRC/EU commission) used in Product Environmental Footprint method (PEF;
EN15804)

* Option 2: burden/credit given to the producer of material

« For the manufacturing phase => to the recycler -
» For the EolL phase => to the product Eng = (1 —R)E, + <ErecyclingEoL
= product designer will make easily recyclable product

= Impact reduction will occur in the future (15...25 year?)

\_/)

.
Also called ‘avoided burden’ or ‘substitutional’ approach

| System boundaries

1-17)

I
I
I
Mi Is and "rimary Product Wast > Plispesz] :
inerals an roduc aste
S material . —> Productusage —* , |
ore extraction ) manufacturing handling I
production I
I Ey, |
I I
I I
I I
I I
I I
- I
Recyclin .
yeng Qsin Secondary Recycling P
process ial k rocess (Eol) )
(Mat. ipu)  Eyecyerea Material market p ErecyclingEoL
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2 How to consider recycling in LCA ?

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

CFF :Circular Footprint Formula (JRC/EU commission) used in Product Environmental Footprint method (PEF;

EN15804)

* Option 2: burden/credit given to the producer of material

« For the manufacturing phase => to the recycler - <
* For the EolL phase => to the product —(1— Usin _ oot
P P Emat - (1 Rl)Ev + RlEv Q + ErecyclingEoL Ev Q
. . . P P
» For loss of primary material entering the secondary k Y } \ Y
material market => to the product (modulo a quality Qsin . . . .
R.E, o E,,Q—: quality and material losses of primary material
. P P
derating factor) N /
- systemboundaries |
I (1-1.) I
Mi Is and "rimary Product Wast > Plispesz] :
n n roauc
nerass a‘ —>  Inaterial . —— Product usage —* as'e |
ore extraction , manufacturing handling I
production I
I E, I
I I
I I
I I
I I
I I
- I
Recycling )
Qsin Secondary Recycling
process i rocess (Eol) ‘E
(Mat. ipu)  Eyecyerea Material market p recyclingEoL
46
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2 ‘ MITSUBISHI

How to consider recycling in LCA ? &% ELECTRIC

Changes for the Better

CFF :Circular Footprint Formula (JRC/EU commission) used in Product Environmental Footprint method (PEF;
EN15804) /
E =

« Mixed approach: allocation factor A (0<A<1): , '
(1= R)Ey, + Ry Erecycled material production burdens
* Low offer and high demand of recyclable materials => 0
— _ _ Sin . L.
A will be low (0.2) to push designer to design (1—-A)R, (Erecycled E, or ) burden and benefits related to secondary material input
recyclable products +(1 — AR, (ErecyclingEoL - E, %) burden and benefits related to secondary material output
P
« High offer and low demand of recycled materials => A 1 A-value B 0 pocie
. . . voide
will be high (0.8) to push designer to source recycled Cut-off ]l burden
materials Accounting for only recycled 0.2 Accounting only for
content on input side at recovered materials credit
k beginning of life on output side at end-of-life

Also called ‘economic allocation’ approach System boundaries

System boundaries

I
|
I 1-7) :
Mi Is and "rimary Product Wast > Plispesz] I
inerals an roduc aste
S material . —> Productusage —* , |
ore extraction ) manufacturing handling I
production I
I E, I
I I
I I
I I
I I
I I
I S S |
Recyclin .
yeng Qsin Secondary Recycling P
process — ' «— <
Material market process (EoL)  E,.cyciingroL

(mat. input) Erecycled
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2 ‘ MITSUBISHI

Limitations of the CFF method 1/2 & W ELECTRIC

Changes for the Better

Examples of some R1, R2 and A factors provided by JRC for PE-

- Allocation factor A provided by EU commission: related products and materials
https://eplca.jrc.ec.europa.eu/permalink/Annex C V2.1 May2020.xlsx

« Automotive, PV panels, metals: A=0.2

Category Material Application Parameters
d . h d t d . 'I I bl A R1 Recycling rate (= R2).
EU” : Europe =]
d t [post consumer)
Metals Steel MATERIAL 0.2 [} 0.85
appliances - sheet 0.2 0.18 0.90
photovoltaic panel - not specified 0.2 0.37 o
photovoltaic panel - mounting structure; electric installation 0.2 037 0.95
uniterruptible power supply (UPS) 0.2 o 0.93
Aluminum MATERIAL 0.2 1] 0.85
automotive 0.2 a 0.90
appliances - sheet 0.2 1} 0.90
photovoltaic panel - not specified 0.2 0.32 1]
photovoltaic panel - mounting structure; electric installation 0.2 0.32 0.95
sheet - uniterruptible power supply (UPS) 0.2 o 0.90
Aluminum alloys AlIMg3 - photovoltaic panel 0.2 077 (1]
Copper MATERIAL 0.2 1} 1}
electronic applications 0.2 0.72 0.80
electrical applications [cables) 0.2 0.30 0.95
mechanical applications 0.2 0.79 0.80
photovoltaic panel - PV modules or not specified 0.2 0.44 o
photovoltaic panel - mounting structure; electric installation 0.2 0.44 0.95
tube/sheet in uniterruptible power supply [UPS) 0.2 o 0.93
Copper alloys building - water supply pipes 0.2 0.80 0.95
CuZn38 cast - uniterruptible power supply (UPS) 0.2 o 0.93
Copper telluride photovoltaic panel 0.2 1] 1]
Lead MATERIAL 0.2 1} 1}
lead-acid batteries 0.2 0.80 0.99
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2 Limitations of the CFF method 2/2 e TS

Changes for the Better

» CFF formula principles:
 Give a solution to allocation problems for EoL material treatment and sourcing
» Based on underlying mass / energy balance (15t thermodynamic law)
» Can potentially handle reuse, repair and refurbish (different point of substitution)
* Quality factors not well-defined

» A-factor <=> economic allocation (not physical)

X X X < < <

 Linear —economy centric, based on 2 ‘'manufacture-use-dispose’, and ‘material/scrap market’ spaces

Reality and the physical underlying principles of materials extraction and recycling?
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Changes for the Better

Reality of recycling

Towards a stronger thermodynamic
basis of LCA?
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3 ‘ MITSUBISHI

Best Available Technology - example of copper & ELECTRIC

Changes for the Better

* Primary copper extraction:
« Thermodynamically favorable reduction of sulfur copper source (exothermic) => Process heavily relying on sulfur fueling
* Internal recycling / reuse loops already implemented (sulfuric acid for electrorefining)

* Multi-input / multi- output process => allocation of impacts?

Low quality heat
A A _T
e T e — — — —-————
| System c . electricity . electricity electricity :
; ner ; :
| boundaries electricity i : : |
I (elec. / gas) Sulfur treatment plant I
A A i Sulfuric acid |
I i : SO r --------------------- r">
Silica | Heat ; 50, Heat ) 2 5 HSO, |
sio —» ! (high temp) : (high temp) i I
2 | /\ | /\ a e |
: v v ! i v v |
Chalcopyrite Powd Matte Smelting / conversion ~ _Anode Cathdd
CuFeS Comminution S Concentration P g i Cu, 90% Electrorefining <
2 | CuFeS, Cu,S (reductive) + casting ' Cu, 4N, from
: 17 \ FeS i sulfuk source
f o 50, " CuPszrr* i | |
I Concentrate 7 5 : |
I i . ool I |
| Oxygeg )k g Z _‘::". : |
' g - | !
| e e | : . i
, WL e | Slag (xFe0.Si0,) | |
L e e e ' —_——— _;_ __________ + __________________________ -
v v
CuFeS,+0,(g) +SiO,(s)=> Cu,S + 0,(g) => 2Cu+SO,
FeS+Cu,S+2Fe0.Si0,(slag) +SO,(g) FeS+ 1.5 0,(g)+SiO,(s)=> FeO.SiO, (slag)+SO,

AG (1300°C) < 0 < heat produced < Sulfur is fuel
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Best Available Technology - example of copper

heavily relies on existing (primary copper) infrastructure:

Less noble metals

Silica
Sio,

(Mg, Li, Al, Si ...) are oxidized and lost in the slag

Compromise between output copper quality (unwanted alloying, e.g. Ni) and input proportion

I

| A
Chalcopyrite |
CuFeS,

©Mitsubishi Electric R&D Centre Europe

Comminution
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AN ELECTRIC

Changes for the Better

Share of Copper-rich electronic scrap is added in the smelter => Allocation of impacts between copper sources ? CuFeS,;

Cu is good metal carrier to recover noble metals (Ag, Au) => Allocation of impacts for secondary output materials?

Low quality heat
Y E A _ A T _
electricity electricity electricity :
. Energy ; ; |
electricity :
(elec. / gas) Sulfur treatment plant |
A A . Sulfuric add 1
Heat IRSE Heat ¢+ 50, . HSO,
 (high temp) : (high temp) : |
/\ | ) e |
4 v | / \ v v |
Powder , Matte Smelting / conversion ~_Anode o Cathdde
- _ Concentration - g . Cu, 90% Electrorefining Cu
CuFeS, Cu,S (reductive) + casting O
. FeS | iy, from
Copper SO Coate li source
Concentrate e 2 |
é i \; Oxygen I
Oxygen Jpi\ 2 12X |
I
I
I

<«
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Changes for the Better

3

Physics-based process modelling => quantitative

Physics-based modelling of recycling metallurgy

Smelting + Reduction: Cu recyd Ingrat es

lodels tased cn Gitbe free energy minmizason and

carrier metallurgy

oper

FACT Sage and unserstandig of fochnok

WHB ESP - Smelt

MMU“—”

WHB ESP - Red

=jjilfi}===

| | Dust Hopper - Smelt

Smelter Reductive

Cu Anode Casting

Cu Leaching

Cu Granulation Cu Electrowinning

15t law principles

Input 1 Zmass —o Output 1

AN —
Input 2 Output 2
- > energy =0 —

Copyright Markus A. Reuter & Antoinette van Schaik (ref as appendix)
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Changes for the Better

3 Physics-based modelling of recycling metallurgy

Physics-based process modelling => quantitative

Smelting + Reduction: Cu recyd Ingrat es

lodels tased cn Gitbe free energy minmizason and

carrier metallurgy

FACT Sage and unserstandrg of fechnooges

WHB ESP - Smelt

MMU“—”

WHB ESP - Red

=jjilfi}===

| | Dust Hopper - Smelt

Smelter Reductive

Cu Anode Casting

Cu Granulation Cu Leaching Cu Electrowinning

Input 1
Input 2

—

—

15t law principles
Zm‘lss —o Output 1

E—
energy =0

Output 2

—

2st law principles

AS >0

Copyright Markus A. Reuter & Antoinette van Schaik (ref as appendix)
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3 ‘ MITSUBISHI

Physics-based modelling of recycling metallurgy & ELECTRIC

Changes for the Better

Physics-based process modelling => quantitative Metal Wheel => qualitative

Smelting + Reduction: Cu carrier metallurgy

Models tased on Gitbe free energy minmizaon and activty cosfhcierts om FACT Sage and unserstandrg of fechnooges

Au, cannot be recovered

recycling rates_

w0

or is recovered with quantity and
WHBESP - Smelt WHB ESP - Red

=il ==
@9 7

quality loss in Al recycling

infrastructure

Mainly element

Compatible with the base metal as an alloying element or can
be recovered in subsequent processing.

Smelter Oxidative Smelter Reductive

in alloy/compound or ifin the incormrect ¥ =
R/L stream/scrap/module Seealostec et o € Fe
~ & . - off i
Govemad by functionality, if not detrimental to basa mietal or h"lc(:rm'?ﬁ':'m
product {e.q. if refractory metals in Eol. product report to slag segments i
and slag is also intermediate product for cement). L= = Ag Te

o Mainly lost element: not always compatible with base cu Ft

Interconnected
agile-process
metallurgical
infrastructure

metal or product ([
Detrimental to propertias and cannot be economically Ge
recovered; e.g., Au dissolved in steel or aluminum will be lost.

O, = 10 wm

’| Cu Alloy Dist

Au, Ag can be recovered in Cu infrastructure

Cu Electrorefining

with good efficiency and quality, /! ends up as

el 09 /£ . .
— g 5 ; oxide in slag can cannot be recovered as a
Cu Anode Casting — : €20 : " reo metal
; = 1 0fgas - CuEW
- N T L T o
Cuto Leach p— ——— e
o . / : \ e i -
=1 | 1 [=]=_ = |
Cu Granulation ) Cu L;"“'"ﬂ O Cu Electrowinning

It law principles 2st law principles
Input 1 Zmass —o Output 1

-, —
Input 2 Output 2 AS >0
- > energy =0 —

Copyright Markus A. Reuter & Antoinette van Schaik (ref as appendix)
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3 Physics-based modelling of recycling metallurgy

Physics-based process modelling => quantitative
recycli

Smelting + Reduction: Cu carrier metallurgy

Models tased on Gitbe free energy minmizaon and activty cosfhcierts om FACT Sage and unserstandrg of fechnooges

WHBESP-Smelt _ WHBESP-Red

i — [ &
] = | e
| | Dust Hopper - Smelt T -~ I |

e

Smelter Oxidative

Smelter Reductive

Cu Electrorefining

23 04 05 04 07 08 09 |
Cu Anode Casting —— T _— ce0 Fo0

Cu Granulation Cu Leaching sl Cu Electrowinning

1t law principles
Input 1 Zmass —o Output 1

2st law principles

AN —
Input 2 Output 2 AS >0
—_— energy =0 —

Copyright Markus A. Reuter & Antoinette van Schaik (ref as appendix)
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Changes for the Better

Metal Wheel => qualitative

Au, cannot be recovered
or is recovered with quantity and
quality loss in Al recycling
infrastructure

Mainly element

Compatible with the base metal as an alloying element or can
be recovered in subsequent processing.

L S

See ala steel seqment for o Fe
sther nonalloying minors

See also ather sulfide
segments for

in alloy/compound or if in the incorrect
R/L stream/scrap/module
Govamead by functionality, if not detrimanital to base metal or

Interconnected
agile-process

product (e.q. if refractory metals in Eol. product report to slag, metallurgical

segment

and slag is also intermediate product for cement). otfer minors = Ag Te infrastructure
Mainly lost element: not always compatible with base cu Ft

metal or product ([ -

Detrimental to propertias and cannaot be econamically Ge

recovered; e.g., Au dissolved in steel or aluminum will be lost.

Au, Ag can be recovered in Cu infrastructure
with good efficiency and quality, /! ends up as
oxide in slag can cannot be recovered as a
metal

Use of the ‘metal wheel’:
* Recycler: Scrap composition information => recycling stream

* For the (electronic) designer:

* Choice of materials combinations => recycling rate & quality, precious
metals.

* Choice of system modularity based on subsystem material
combinations, to send modules to separate infrastructures
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Changes for the Better

Conclusions
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4 Conclusions AW ELECTRIC

Changes for the Better

* How to consider repair and diagnostic in LCA?
* Modularity without diagnostic can increases impacts
» Design trade-offs require case-by-case analysis

» PELCA tool

* How to introduce circularity in LCA?
» Importance of allocation to avoid double (or no counting)
» Impact of allocation on design strategy

« Limitations of allocation methods based on default factors and recycling rates

* Reality of recycling => towards a stronger thermodynamic basis of LCA?
* Process modelling based on 15t AND 2nd law
* lrreversible losses ( material, energy, quality) considered

« 2" |aw principles rarely considered in LCA

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential 58



‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

References

©Mitsubishi Electric R&D Centre Europe Export Control: NLR Non-Confidential 59



5 References (not cited in the slides)

On LCA and PEF method:

Cut-off vs. avoided burden in metals’ recycling: in view of environmental sustainability, risk
perception and eco-efficiency, Rolf Frischknecht, 33 LCA forum, 2007, Lausanne

Guide for EF compliant data sets, Version 2.0, 2020, Fazio S., Zampori L., De Schryver A,
Kusche O., Thellier L., Diaconu E., JRC technical report, European Commission

Suggestions for updating the Product Environmental Footprint (PEF) method, Zampori L, Pant
R, 2019, JRC technical report, European Commission

EN 15804 +A2, October 2019, Sustainability of construction works - Environmental product
declarations - Core rules for the product category of construction products

On copper extractive metallurgy:

https://mineralsed.ca/

Investigation on Direct-to-Blister Smelting of Chalcocite via Thermodynamics and Experiment,
Zhou et al., 2020

A synergistic hydro-and pyro-metallurgical process for low energy copper production, Hawker
et al, 2016

Copper electrowinning: theoretical and practical design, Beukes et al., hydrometallurgy
conference, 2009

©Mitsubishi Electric R&D Centre Europe Export Control: NLR

Non-Confidential

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

On recycling metallurgy:

Recycling and Design for Recycling of multi-material vehicles (EU SuperLightCar project), A.
van Schaik, M.A Reuter, Conference: Proceedings of the International Conference ‘Innovative
Developments for Lightweight Vehicle Structures’. May 26-27, 2009, Wolfsburg, Germany

Challenges of the Circular Economy: A Material, Metallurgical, and Product Design
Perspective, Reuter et al., Annual Review of Materials Research - July 2019

Reuter MA, Van Schaik A, Ballester M. 2018. Limits of the circular economy: Fairphone modular
design pushing the limits.World Metall. 71(2):68-79

Digital twin for KGHM-Legnica: Simulation-based footprinting & exergy allocation of impacts,
Prof. Dr. Markus A. Reuter, Dr. Rolf Degel, Nikolaus Borowski, Dmitrii Apushkin, Proceedings
of EMC 2023, Disseldorf June 12-14th 2023

Simulation-Based Design for Recycling of Car Electronic Modules as a Function of
Disassembly Strategies, Antoinette van Schaik , and Markus A. Reuter, Sustainability 2024, 16,
9048. https://doi.org/10.3390/su16209048

The Metrics of Material and Metal Ecology, Harmonizing the Resource, Technology and
Environmental Cycles, 1st Edition, Volume 16 - November 2, 2005, Elsevier Science, M.A.
Reuter, U.MJJ. Boin, A van Schaik, E. Verhoef, K. Heiskanen, Yongxiang Yang, G. Georgalli

On thermodynamics:
Exergetics, Goran Wall, 2009
On metal resources:

Vidal et al., Sustainability, 2022
60


https://mineralsed.ca/
https://doi.org/10.3390/su16209048

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

Additional slides
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MERCE open-source approach - future? &a ELECTRIC

Changes for the Better

Extend with data, models and scripts to generate more accurate/relevant

quantitative inputs on more power electronics systems and components

Ecoinvent

Impacts of disposal, recycling

: Components models :
[
: Scalable Manufacturing (LCI) :
' ' &
| > pELCA
study I :
. » __I_, S-Phasg Inverter 3-Phase I
(EV inverter 400V i IGBT Si Modules Inverter I EXCEI/GUI based Custom LCA processor
150kW....) 1 o - Mosfet SiC H
! - A0 Modules I
: : Python based
1 :
L : Capacitor i M (\e“"eé _ P
| .0 )
| Busbar : > (| a‘oase [
! I o e“xO“’
I w
Life profile ! Use Electro-thermal-lifetime 1 ¥ » Open-source
E—— : models H . software & Result
p(WLTpg >)' | : 7 Weibull parameters visualization
: Faults Weibull distribution
Humldlty |I (ear|y, random’ Wearout) Repalrablhty indeXeS .
|
Vibrati I
Preen ! End of Life (EoL)
|
[
[ =5

+ More metrics: cost (€), mineral criticity, recyclability...

Impact of maintenance process + More circular methods: preventive maintenance (in v1.1.1),
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