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-Great power converter efficiencies! T
With efficiencies ranging from 95 up 99%, energy savings not anymore related to
Power Electronic Converter (PEC) losses but the amount of energy actually converted
Project SiC-Mile Energy potential saving of SiC PE
Energy efficiency of MV SiC vs. Si for railway appllcatlons Worldwide estimations
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Extract from ECPE workshop on on Eco-Design Approaches in Power Electronics Nov 2024.
4 / Energy budget fro the lifecycle of Si and SiC power semiconductors for railway and solar applications,, R. Minamisawa et al.
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-Great power converter efficiencies!
With efficiencies ranging from 95 up 99%, energy savings not anymore related to

Power Electronic Converter (PEC) losses but the amount of energy actually converted

dans leurs dimensions sociétales

100TWh savings in drives
applications for 10 000 TWh

Project SiC-Mile

Energy efficiency of MV SiC vs. Si for railway applications0mw_mm_m_w

© itachi Enorgy == converted

LinPak 2120 o 2050
PRV ASDATESK/ 008 £ | 1% of drives usage increase would

) 3 mitigate the efforts

| 1
AU/ ammEE 2 1% of drives usage reduction
o “l would be as efficient as all our

: R&D efforts to reduce losses
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Extract from ECPE workshop on on Eco-Design Approaches in Power Electronics Nov. 2024.
5 / Energy budget fro the lifecycle of Si and SiC power semiconductors for railway and solar applications,, R. Minamisawa et al.
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-Great power converter efficiencies! @

-Great power converter power densities!
Power densities up to several kW/kg and kW/L, PE converters are most
of the time 1 to 5% of the total product weight/volume they are part of!

PV inverters: 1 to 3kW/kg  for 0,01kW/kg for PV panels
OBC: 0,5 to 1kW/kg S5kg
EV drives: up to tens kW/kg 30kg
DC/DC: up to 100kW/kg

Laptop supplies : 100W, less than 300gr & 0,2dm3
Server AC/DC supply : 800W 1kg for a 20kg server

} for an EV of 1600kg
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-Great power converter efficiencies! @

-Great power converter power densities!
Power densities up to several kW/kg and kW/L, phsanuacia SWSSvS

of the time 1 to 5% of the total product weight/J For mobility applications power |
densities are totally fine and there }-

is no specific need for stationary
applications

PV inverters: 1 to 3kW/kg  for 0,01kW/kg for H
OBC: 0,5 to 1kW/kg S5kg
EV drives: up to tens kW/kg 30kg
DC/DC: up to 100kW/kg

Laptop supplies : 100W, less than 300gr & C
Server AC/DC supply : 800W 1kg for a 20kg serv

} foran EV o
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Automotive sector: most weight
benefits are not invested to
energy reduction but to provide
more comfort or services
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-Great power converter efficiencies! @
-Great power converter power densities! @

-Cost effective power converter!

With manufacture costs as low as few cents per W,
prices of power converters are not much than

1 to 5% of the product total cost

Automotive industry as low as 1 cent per watt !!!

Laptop charger : 20-40€ for 500 to several k€ laptop
Smartphone charger: few € for up to 1k€ smartphone

PV inverter versus PV panels : from 1/1to 1/3 |

s /
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-Great power converter efficiencies! @

-Great power converter power densities!

-Cost effective power converter!

With manufacture costs as low as few cents per
prices of power converters are not much than

1 to 5% of the product total cost

Automotive industry as low as 1 cent per watt !!

Environmental and social impacts

of further cost reduction to be
Laptop charger : 20-40€ for 500 to several k€ lag questloned

Smartphone charger: few € for up to 1k€ smartpnor

PV inverter versus PV panels : from 1/1to 1/3 |

9 [/
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-Great power converter efficiencies! @
-Great power converter power densities! @
-Cost effective power converter! @

-Satisfactory power converter reliability!
Even if there is still room for improvement on this topic, power converters are
quite reliable with respect to the products they are associated to!
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-Great power converter efficiencies! @
-Great power converter power densities! @
-Cost effective power converter! @

-Satisfactory power converter reliability!

Power Electronics is doing great. We have already all the ingredients / good
technologies we need to shift to electricity to supply ICTs, mobility, air
conditioning, heating,...!

We could even question our needs of Artificial Intelligence (Al) to improve further all this ?

11 /
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-Great increase in WEEE! o
-Power Electronics part of it, and among the hardest to recycle !

-E-waste mass growing faster than expected, report after report !
-Collection rates terribly low (17,4% worldwide in 2020)

vaste waste
e 9ep
«'aste y} \
f omy s
44M‘t 9‘ sin 73|:gper-pu .
S per i) "Measured" Ewaste worldwide and

projection presented in 3 reports
2030 100

):m e 2017
' -:-E!F‘
30 e 2020 o
) o°
c .0
| S o 2024 e
e ey /o
non-environmentally sound way 6M easu red - .: ...............
::3:::‘..0' ......
isestimated foendupmwastebms. | T e 0." .......
- 4o LR Forcasted

Extract from The Global E-waste Monitor 2020: Quantities, flows and the circular economy potential” 2020

12 /
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-Great increase in WEEE!

-Low to very low recycling / regeneration rates!
We must relies that recycling is far from being

the solution of our problems

End-of-Use  WEEE Collected WEEE treated After sorting ) After sortingrw'lth Material ﬂaw:s
wit transfer coefficient transfer coefficient After regeneration
Waste stream Display Type FPD sources Output fraction flows proportion Rmm&?‘ﬂz&w Recycled matenials
Other fractions
Landfil
-
L N Otner fractons ') ()
C ] 2
Transfer Material recovery
coefficient 7 : efficiency rate

Actual
composition of
sorted fractions

Energy
Materials Recovery @
regeneration 3257t

() —

Specific lo
each material

Shredding Sorting
EREE

MTB BLUBOX shredding
system and mechanical
sorting with various
technologies

»
156,730t

Manual
sampling

)

Recycling &'

f| Plasics with brominated
flama retariants

Source: Wasia over ADEME, 2016 ADEME, 2016 Data from MTB Data from T8 Ardente el al 2013

I_@ |
Rrr m
50,/ Pre-Recycling Processes @ Material Regeneration
AR |

84%/ WEEE Directive

CRD |
41%/ Waste Treatment |
RI.‘

(7%) End-of-Life Chain

CRT: Cathode Ray Tube - FPD: Flai Panal Display - PCB: Printed cardboard

Extract from ECPE workshop on Eco-Design Approaches in Power Electronics Nov. 2024.

Toward sustainability and circularity in power electronics Prof. C. Minke

On board Charger — Design and sustainability screening, Prof. Regine Mallwits

bt Technische

LCA: environmental life cycle assessment

Ep%sgg

'I‘U Clausthal p&

- . nces
Theoretical mass-based Recycling Rates Prof. Dring. Christine Minke 2025
Professor for Circular ECG"OITW SYS[EI'HS
GaN On-Board Charger (GaN 1) Si On-Board Charger !,te
strique
29.03% 26.86%

WasteAnknawn

ViasieAnknown

» The recycling potential is mainly determined by aluminum and copper,
because of missing data for polymer and magnetic materials.

» The differences in recycling rates between GaN- and Si-OBC are only slight.

Universitat ECPE Workshop Eco-Design Approaches of Power Electronics | 26.8 27.11.2024 | R. Mallwiz | Page 16

Institut fir Elekirische Maschinen,
Braunschweig ’"dA B Antriebe und Bahnen
TUB h

2. Learning:
Critical data gaps in recycling rates, end-of-life management and LCA

Gallium-nitride Ok capacter Sankey diagram of mass analysis
PFC choke

on board charger
transformer

(GaN-OBC)

common-mode choke
filter capacitor

power semiconductor

converter choke

29% Recycling
Rate

electronic safety and
measurement
connectors

auxiliary power supply

71% Waste

semiconductors

PCB
soldering
potting
housing

heat sink

ssssss

[1] Minke, Mallwitz, Hu, Burfeind (2024): Recycling potential of power electronics solutions - an exemplary study about on-board chargers. VDE CIPS 2024 Proceedings, 637-645, VDE Verlag, ISBN: 978-3-8007-6288-0

13 / Influence of scope definition in recycling rate calculation for European e-waste extended producer responsibility, C. Charbuillet et al, Management Waste, 2019
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-Great ing
Low to ve Worldwide
We must

the solutig

End-of-Use ~ WE

Average collection rates about 18%

Waste stre|

PCB recycli

Average recycling rates about 30%

Estimated recycled material in Power
0
Electronics 6% ® &
|

LCA: environmental life cycle assessment

Toward sustainability and circularity in power electronics Prof. C. Minke ~ ‘CAeniomentliooebasessment
On board Charger_ Design and SUStainab”ity Screening’ Prof. Regine Ma”WitS 1] Minke, Mallwitz, Hu, Burfeind (2024): Reeyciing potential of power electronics soluti
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Rate
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14 / Influence of scope definition in recycling rate calculation for European e-waste extended producer responsibility, C. Charbuillet et al, Management Waste, 2019
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-Great ing European scale

:::::::

-Low to v
We must Average collection rates about 43%
the soluti

hluminum and copper,

Average recycling rates about 80%

Institut fir Elekirische Maschinen,
’ "dA B Antriebe und Bahnen
TU Braunschwsig

Estimated recycled material in Power

Electronics 33%

And only 11% of the initial material after the
' second loop ®

Toward
On boa

MO O

15 / Influence of scope definition in recycling rate calculation for European e-waste extended producer responsibility, C. Charbuillet et al, Management Waste, 2019
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-Great increase in WEEE! @
Mt/year Cu 100

-Low to very low recycling / regeneration rates! @ 80
60
-Great pressure on raw materials!
Depletion of critical materials for the energy transition such
as copper might be soon a real issue
A

40

20
0

30% T

Deep sea mining
perspectives?;

-

T. Prior, et al, « Resource depletion, peak minerals and the implications for sustainable
16 / resource management », Glob. Environ. Change, vol. 22, no 3, p. 577-587, 2012

20% T

10% T

Material concentration

>

O% T T T T
1850 1900 1950 2000 Year

years of EPE conferences
1985 > 2025

C_ D R Groupement
f de recherche
SEEDS Systemes d'énergie électrique
ISTerre dans leurs dimensions sociétales
sttt dos Sioncas dola o

Total demand
(all applications)

N

Primary production (from
Nrthey et al (2014))

1900 1960 2020 2080
olivier.vidal@uni-grenoble-alpes.fr

i

¥ Hydrothermal
vents
Ferromanganese

crust

Polymetallic
nodules

Source: GAO analysis of peer reviewed journal articles. | GAO-22-105507
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-Great increase in WEEE! @

-Low to very low recycling / regeneration rates! @

-Great pressure on raw materials! @

-No or almost no circular economy on B2C products! @

-Apart large power converters (PV plants, wind turbines, railway traction, grid services,...), most PEC are not
maintained, repaired and even less refurbished or repurposed!

-Mass market PEC are mostly wasted with the products they are integrated in!

-No ease to access, diagnose, replace, requalify, resell... and ultimately to recycle truly !

Most PCB based PEC are likely not easily repairable today

05 [J25 a5 [6 9,5
10 ho, /o ho ho
INDICE DE REPARABILITE INDICE DE REPARABILITE INDICE DE REPARABILITE INDICE DE REPARABILITE INDICE DE REPARABILITE




GZ/EY\/: So, what can we do? Get on strike? Stop research?
d

-First, if not already there, | hope | have put a seed in our mind with the numbers
outlined. If not, definitively rethink about it on your own!

-Second, we need to work hard to make sure decarbonation is not going to produce
significant and multiple Environmental Impact transfers:

-Regarding how to support eco-design and design for circularity, we can:
-Help assessing El from our technology and in the frame of our society
-Develop awareness about design practices reinforcing El (develop trainings)
-Develop tools and methods and needed associated data
-Develop ecosystem and regulation frame to speed up circular economy
-Develop design guidelines and metrics to help technicians and decision markers
-Stop looking usage phase only: manufacture and end of life matter as well!
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Assessing Environmental Impacts (El) in Power Elec.

years of EPE conferences
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BEYOND CO2 emission reduction topic, which is of course important, we start toread™
nice work on PE converters Life Cycle Assessment (LCA):
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LCA results of an inverter operating point for a 150 kW load from a DC power

source of 450 V, based on 15 years and 10,000 operating hours. This output conveys
the standardized environmental impacts, according to the European Commission —

Etrait from Baudais et al, MDPI Energies: Life Cycle Assessment of a 150 kW
Electronic Power Inverter-
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Extract from ECPE workshop on Eco-Design Approaches in Power Electronics Nov. 2024.
Life cycle analyses and their contribution to a more sustainable converter design, Franz

Musil, Fronius International GmbH
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BEYOND CO2 emission reduction topic, which is of course important, we start to read Véry ™
nice work based on Life Cycle Assessment related to PE converters:

HybridKit Drive

Total Mass: Carbon Footprint: Metal Resources:
28 kg 316 kg CO,e 292,1 kg Fe-Eq.

But we are still quite far from being able to integrate El in our “Eco-Design” flow!
-Huge lack of precise and relevant data to address the diversities in PE
-Lack of parametric models to support eco-design and optimization
-Tools mostly made to attribute El to existing and well described products/services
-As discussed yesterday during the panel, we need urgently a cooperative task
force on this very hot topic!



GZ/EYVZ Assessing Environmental Impacts (El) in Power Elec.
d

nice work based on Life Cycle Assessment related to PE converters:

Not detailed today

Introduced yesterday during the panel
Two paper presentations on this topic this

But WeHaur morning (lecture and dialogue sessions)

-Lac
-Tools mostly made to attribute ETto existing and well described products/services
-As discussed yesterday during the panel, we need urgently a cooperative task
force on this very hot topic!
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Grenoble Electrical Engineering @ C_ D R Groupement
Strong heterogeneities at multiple levels prevent from effective circular loops !
-Materials
-Components
-Assembly/interconnect technologies
-Topologies

But also

-Control strategies
-Reliabilities
-Form factors, thermal inertias, ....
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Strong heterogeneities at multiple levels prevent from effective circular loops !
-Materials ____|

-Components 2l Cae
-Assembly
-Topologie
From better to good enough
But also Look at PE optimization from other
-Control st .
-Reliabiliti perspectives

-Form fact
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24

Electrical Engineering

Refuse
Rethink
Reduce
Re-use
Repair

Refurbish

Remanu-
facture

Repurpose
Recycle

Recover

/

PE converters manufacture and end of life (EOL) matter

-Design/manufacture for circularity to ease one/several circular scenario

-Design for multiple (infinite) loops

-Develop ecosystem (logistics,
repairer,... including training)

-Develop the legal framework

-Manufacturer responsibility
over the value chain

-Territorialization of practices

-THINK INFINITE LOOPING
We are far from it!

Product chain

LA

EPE|25 ./

I
q

Z7Z years of EPE conferencs

Natural recources

¥

R8: Recycling > Production of materials
including recyclers
luding recycl
Smarter product use R6: Remanufacture i
and manufacture: -
R7: Repurpose
Ro: Refuse [ [Blary % h‘
i Siclli Collection for Manufacturing
Rz: Reduce

Ro: Energy Recovery

@y Reduce inflow of recources
@y or outflow of waste by
transition to circular economy

Processes / chain actors

(re)processing

industry

i‘ T Discarded product i
Distribution chains

Repair 2™ hand Retail
A A A4
Rﬁ' R3: Ri]':" R3: Re-use
Repair Re#se Refurbish (refill
v v

Consumers
Discarded product t L_J
Incineration
! (and landfill) 3

J. Potting et al, «Circular economy: measuring innovation in the product chain»

1985 > 2025

SEEDS Systémes d'énergie électrique
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Modular design from standardized functional blocs: MMC, PEBB, PCA,...

Detachable
connector

X 2

by replacing

By using the
standized
interfaces, this
module can be
changed with an @
upgraded module

Reusable module &
with reliable

components can | Reuse
be re-used in
another PECs

X
Recycle module with high-value g
material components (compatible | Recycle
materials for recycling)




/Vvv Eco-design guidelines and metrics in PE

It is a story of PE experts !

Strong insight is needed about the relationships that eco-design choices will induce:
in terms of reduction of Environmental Impacts (El)
in terms of PE characteristics affecting El

End of usage

Higher _
circularity Expected direct lower El Assess total
Modular effects on El o ffects on El
design Eco-design
choice Direct effects

on converter Direct effects f
characteristics on El Manufacture

More materials and usage
More components higher El
26 / Lower reliability
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It is a story of PE experts !

Strong insig
in ter

inter] There is a need to supply PE desighers with
adapted design guidelines and metrics to

L - : ess total
Mog support positive decision making

octs on El

OTCE Direct effects o o
on converter rect efiects

characteristics on ElI Manufacture

More materials and usage
More components higher El
Lower reliability
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It is already time to conclude

Fossil energy demand still increasing ! Coal consumption new record!

Performance quest does not lead to energy consumption reductions

Competitive & linear economy drives to pollutions & material depletions

Global primary energy consumption by source

Primary energy is based on the substitution method and measured in terawatt-hours.

EB Table EJ Chart

160,000 TWh
140,000 TWh
120,000 TWh
100,000 TWh
80,000 TWh
60,000 TWh
40,000 TWh
20,000 TWh

0TWh
1800 1850 2000 2022

> 1800 @

Data source: Energy Institute - Statistical Review of World Energy (2023); Smil (2017) - Learn more about this data
Note: In the absence of more recent data, traditional biomass is assumed constant since 2015.
OurWorldinData.org/energy | CC BY

Continuous (fossil) energy
consumption growth
worldwide

28 /

Our World
inData

£ Settings

Other renewables
Modern biofuels
Solar

Wind
Hydropower
Nuclear

Natural gas

Oil

Coal

Traditional biomass

® 2022

ICT performance increase totally

overbalanced by usage “explosion”

Moore’s Law: The number of transistors on microchips has doubled every two years [eHgWeige
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years in Data
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers.

Transistor count
50,000,000,000

10,000,000,000 ¥ 3y 3 e
5,000,000,000 e S ¢ s ?
38300 858

1,000,000,000
500,000,000 k) 03

100,000,000 Y
50,000,000

10,000,000 H o
5,000,000 pog, bS]

1,000,000 I
500,000 « o °

100,000 ) 03 °
50,000 . S

10,000 2 °
5,000

1,000

S} Nl Q Nl O 8} 5.
N \ed Q QA \\ % 2
o N N N + Sy ® N B
Year in which the microchip was first introduced

)ata source: Wik
OurWorldinData
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E-waste contlnuous ramp up due

Momtor 2020

Quantities, flows, and the circular economy potential

Contributions by: S. Adrian, M. Brune Drisse, Y. Cheng L Devia, O Deubzer,
F.Goldizen, J. Gorman, S Herat, S. Honda, G. Iattoni, W. Jingwei, L Jinhui
DS Khetriwal, J LmndLF Mngnhmlc Nnoxorm mmnwa :> cx( A

@unitar Gy »
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Some of us may think that sustainable electronics will be quickly hidden
by geopolitics (wars, sovereignty, ...)

Sustainable Electronics (including PE) is becoming a topic,
just thinking about an industry relocalization like
this front of our doors:

We must act for a sustainable industry, re-industrialization
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Scan me !
Subscription deadline : April 14 2025

https://sustain.sciencesconf.org/

SUSTAIN-E
Summer School
on Sustainable
Electronics

June 16 - 20, 2025

Grenoble, France
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