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AN Seimecon ETHzurich

Advanced Mechatronic Systems Group

m Independent research group established in 2024 — Currently 4 PhD students
e Enabled by a donation from Else und Friedrich Hugel Fonds via ETH EEEEN
e Until 07/2024 part of Prof. Kolar’s Power Electronic Systems Laboratory

AAAAAAA

GaN MBDS AC-AC Current-Source

“ShuttlePump” Total Artificial Heart, R. Giuffrida Motor Drive, N. Nain

m Research focus: Sustainable Electric Mobility and Medical Systems

e Integration of electrical machines/actuators, power electronics, sensing, and digital information processing

e Examples: Magnetic levitation / Magnetic bearings / Converter-integrated motor drives / New actuator
topologies / Ultra-lightweight converters for aviation / EV on-board chargers / Sustainable power electronics

m Research-related multi-disciplinary education in advanced mechatronics
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Outline

m Decarbonization

m The Elephant in the Room

m Multi-Objective Optimization

m Circular Economy Compatibility

ETH:zurich
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The Challenge

m Fossil fuels facilitate rapid economic growth and development

c o IPCC

2.0 2.0
Warming is unprecedented
in more than 2000 years
. 1.5 °
L5 (})
Warmest multi-century observed
/ period in more than imulated
100,000 | | simulate
L10, 1.0 years (1) human &
observed natural
0.5
L 0.2 simulated
natural only
0.0 (solar &
volcanic)
reconstructed
-0.5 -05
-1 — I |
1 500 1000 1500 1850 2020 1850 1900 1950 2000 2020

m Anthropogenic greenhouse gas emissions cause climate change / global warming

Source: IPCC, “Climate Change 2021: The Physical Science Basis,” Summary for Policymakers, 2021.
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Decarbonization / Defossilization

m +2 °C target by 2100: Globally, 30% of oil, 50% of gas, and > 80% of coal reserves must remain unused (!)
m Ambitious pathway to “net-zero CO, emissions by 2050” - Temperature overshoot!

A Carbon Budget
for +2 °C

L~/

——Temperature Overshoot

Data source: NIICGlade & Eklnls, nature, 201 ? Temp Increase lelt

Budget for

+2 °C Reserves Non-Reserve Resources Excess Emissions
. __HP_

Fossil Fuel

Oil |Gas Hard Coal Lign.

Resources

Temp. Increase
Annu. CO, Emiss.

) | \m Ne.giative I:Emissio:ns | 21109

0 2000 4000 6000 8000 10000 2020 2050——
CO, Emissions (Gt)

\
Oil Gas Lignite

e Human history: Transition from lower to higher energy density fuel — Wood - Coal = Oil & Gas
e Challenge of stepping back from oil & gas quickly / Can’t wait for disruptive technologies / panacea!



nlid

I Advanced Mechatronic

Systems Group

The Opportunity
(2009) 16 TW-yr — @ 11— 27 TW-yr (2050)

Renewable energy resources per year

Solar
23,000 Tw-yr
per year

100% convers. eff.

° Tides
Excl. oceans oS T

Note: Graphical
representation assumes
spheres, not circles

Fossil energy resources - total reserve left on earth

Primary consumption: Coal
16TWyr > 27TWyr 900 Tw-yr Uranium
total Petroleum
Final consumption: 90-300 Tw-yr
11 TWyr = 15 TWyr

total

Source: R. Perez et al., IEA SHC Program Solar Update (2009)

ETH:zurich

m Global distribution of solar & wind resources

SOLAR RESOURCE MAP

PHOTOVOLTAIC POWER POTENTIAL
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Long-term average of photavalaic power potential (PVOUT)
Daily totals: 20 24 28 32 36 40 Ex3 48 5.2 56 6.0 6.4

- KWh/kWp
Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

ONSHORE & OFFSHORE WIND RESOURCE MAP Dapariment o v Energ

@ WORLD BANKGROUP ()¢
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Wind Power Denslly @ 100m - (Wim



=™ 1T, Advanced Mechatronic
nalil Systems Group

The Approach

m Outlook of global cumulative installations until 2050
m In 2050 deployment of 370 GW/yr (PV) and 200 GW/yr (onshore wind) incl. replacements

Cum. Installed Capacity (TW)

Source: IRENA, Future of Wind / Future of Solar PV (2019)
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' Projections | /
(IRENA, 2019)  Wind /}1000 GW """\,,./
(Offshore) \
» 5000 GW
\,!)(
8500 GW \%\«
Solar
2020 2030 2040 2050
Year

m Dominant share of electric energy — Power electronics as key enabling technology (!)
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Remark: Cost of the Clean Energy Transition

m Total annual spending for net-zero until 2050: 3.5 TUSD (3.5 - 10'2USD) / Total 110 TUSD until 2050

m Perspectives:

Decarbonization Chanrel

A VISUAL CAPITALIST BRAND

Power Sector Buildings

$2.4T $500B .-

70% Retrofits

$230B
The power sector requires the most
investment due to its pivotal role in
driving decarbonization across all
electricity-dependent other sectors.
Renewable
Heating Heat Pumps
$140B $130B

Zero-Carbon Power Generation

$1.3T Transport $240B 7%

Road Charging Infrastructure
$130B

Aviation Shipping
$70B $40B

Clean
Hydrogen

$80B
2%

i /K |
\: Storage. Industry
+ and Gri "\
Power Networks i Flexibility $7°B
$900B 2%

Total annual spending 3 3 5T Total investment E 1 10 OT
needed to reach net-zero - needed 2021-2050 -

e 3.5 TUSD are 12% of the U.S. GDP (2024) or 3% of the world GDP
e \World defense expenditures 2023 were 2.4 TUSD

Source: https://decarbonization.visualcapitalist.com/breaking-down-the-cost-of-clean-energy-transition/ based on data from the Energy Transition Commission.

ETH:zurich
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m 25’000 GW installed renewable generation in 2050
m 15°000 GWh installed battery storage

m 4 x power electronic conversion btw. generation & load
m 100°000 GW of installed converter power
m 20 years of useful life

Source: www.e-waste-
recyclers.co.in

m 5’000 GW,,=5’000°000’000 kW, of e-waste per year (!)
m 10°000°000°000 $ of potential value

11
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Growth of Global E-Waste (1)

m Growing global e-waste streams / <20% recycling! "N Copper -
. * 0 . Considered critical minerals
m 120°000°000 tons of global e-waste in 2050 o
2454510 - ¢ Antimony
! 9,481 ’ Silver -
- 6,062 v Bismuth
55 Mt (!) = 5’500 x 08 36 644 | © Germanium
Data source: The global -EE 579 d ’ ‘
- itor 2020 Z 4
80 e walste monitor ! : g ‘ l 13 04
70} 5 i
: . 1oNS
e project
60 B / 4
, , , , : Global, 2019
50 | Europe — Per Capita| |

Asia

Americas

w
o

Global E-Waste (Mt)
N
o

Africa
20 Oceania 2019 | |
10 0 5 10 15 20 25 _ _
E_Waste: Total (Mt), Per Caplta (kg) “‘ Estimated value of raw materials at
0 L W JJ DILLIUN EURUD
201 5 2020 2025 2030 Source: Library of Parliament, Canada, 2019

Year

m E-waste represents an “urban mine” with great economic potential

12
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Growth of Global E-Waste (2)

m Growing global e-waste streams = 120°000°000 tons of global e-waste in 2050
m Increasingly complex constructions = Little repair or recycling

Green|T
E-waste flow Source: Solution

E-waste generation in 2014
(kilograms per capita)

42 MILLION
TONNES

E-waste generated| /
each year i

WORLD ASIA AMERICAS EUROPE AFRICA OCEANIA

41.8 million 16 147 11.6 1.9 0.6
tonnes million million million million million

Source: nature

m Growing global e-waste streams = Regulations mandatory (!)
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Remark: Critical Minerals

m Production of selected minerals critical for the clean energy transition

| Fossil fuels

Minerals

il

Natural gas
- :op:er
Nickel
Cobalt

Rare earths

Lithium

0%

Australia

Extraction

20% 40% 60%

80%

Fossil fuels

Minerals

Qil refining

LNG export

Copper

Nickel

Cobalt

Lithium

Rare earths

0%

Source: IEA/ The Role of Critical Minerals in Clean Energy Transitions (2021)

Processing

40% 60%

m Extraction & processing more geographically concentrated than for oil & gas (!)

m Qatar

» Indonesia

mDRC

m Philippines

m China

mUS
Saudi Arabia

= Russia

®ran
Australia
Chile

m Japan
Myanmar

m Peru
Finland
Belgium

m Argentina
Malaysia
Estonia

ETH:zurich
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The Paradigm Shift

m Linear Economy m Circular Economy
e Take — make —dispose e Perpetual flow of resources
Losses L
Primary Raw. Matj 0Ss€es
Raw Material Y »| Raw Material ‘j
Sourcing Waste Sourcing
™ Secondary -
\ Raw. Mat.
End-of-Life

W

Production Management Production

e Design >
\ T " Remanufacture . lL’
m Losses

& Refqrbish

Use Phase R it
Collection e‘fe Distribution
\ Repair
e Losses
Use Phase
Losses
Littering (_

e Resources returned into the product cycle at end of life

15
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Remark: Policymaking / Regulations / Standardization

European Green Deal

Circular Economy Action Plan

Net-Zero Industry Act

Critical Raw Materials Act

Environmental Footprint Methods

Right to Repair

Ecodesign for Sustainable Products Regulation

Standardization (Examples)

ISO 14040/14044 Life-cycle assessment

ISO 14067 Carbon footprint of products

ISO 4555x Ecodesign and material efficiency

IEC 62430 Environmentally conscious design for el. & electron. products
IEC 61800-9-1/2 Ecodesign for drive systems

16



I G ey ETH:zirich
The Complexity Challenge

m Technological Innovation — Increasing level of complexity & diversity of modern products
m Exponentially accelerating technological advancement (R. Kurzweil)

B

@@ Ta u @
000000

9 ©
Sn W @@@@
(o1 Te YR -
e@@@ns& Ag

1700 1800 1900 2000

m More than 60 Metallic Elements Involved in Pathways for Substitution of Conv. Energy Systems
m Ultra-compact systems / functional integration — Major obstacle for material separation!?

17
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Design for Repairability & Circularity

m Eco-design — Reduce environmental impact of products, incl. life-cycle energy consumption
m Re-pair/ Re-use / Re-cycle / disassembly / sorting & max. material recovery, etc. considered
m EU eco-design directive (!)

Source:
www.ligman.com/

Source: https://de.ifixit.com/ Source: Life Cycle Assessment of the Framework Laptop 2022, Fraunhofer 1ZM

m FAIRPHONE — Modular design / man. replaceable parts / 100% recycl. of sold products / fairtrade materials

m Framework laptop “You should be able to fix your stuff.” — Modular design / man. replaceable parts

m “80% of environmental impact of products are locked-in at the designh stage” — 1. Thackara, in the bubbie: Designingin a complex
world. Cambridge, MA, USA: The MIT Press, 2006.

18
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LCA: Life Cycle Assessment (1)

m Quantification / benchmarking of eco-design & circular economy approaches

=N O

Manufacturing Operations
Extraction of natural Product’s installation,
resources, processing use, and maintenance
of raw materials, in a standard scenario.

manufacturing,
production, packaging,
and transport.

cradle to gate
- >

cradle to grave

-

SIEMENS

8
L7
End-of-life

Disassembly and
material recycling of all
recyclable materials

as well as thermal
treatment and the
disposal of all other
materials.

m Scope of LCA caninclude
e All life-cycle phases (cradle to grave) or
e Individual life-cycle phases (cradle to gate or gate to gate)

Image source: SIEMENS AG, “Ecodesign: Multiplying impact, shaping the world.” 2023.
https://assets.new.siemens.com/siemens/assets/api/uuid:f7d929ad-971f-44df-ac51-7783cc28dac7/Ecodesign-WP.pdf

ETH:zurich
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LCA: Life Cycle Assessment (2)

m Quantification / benchmarking of eco-design & circular economy approaches European

Commission

1 Goaland Scope 2 | Life Cycle Inventory 3 L":::syei:n?:&a“

""""""""""" Impact categories

gut Qmﬁy%‘_ ﬁ' ﬂ

Functionalunit | | oA (==
of the product Production Market M

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
(e.g. 1 kg of 1 g :
product needed to ! 2t Life cycle Translsorto \
| |
1 1
1 1
1 1
1 1
1 1
1 1
1 1
L 1

meet the
intended function)

End of Life Consumption
Transport.

System boundary a =

Areas of protection

4H
P NS
Y &
Human Ecosystem Natural

health quality resources
| J

4 Interpretation

e LCI - Life Cycle Inventory e LCIA - Life Cycle Impact Assessment
Compilation & quantification of Assignment of LCl results to
inputs and outputs for a product (environmental) impact categories /
throughout its life cycle Aggregation involves weighting

factors & value choices

Source: M. Damiani, N. Ferrara, and F. Ardente, “Understanding product environmental footprint and organisation environmental footprint methods,”
Publications Office of the European Union, Luxemburg, JRC129907, 2022. https://data.europa.eu/doi/10.2760/11564 20
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LCA Example: Carbon Footprint of a 150-kW PV Inverter

m Production phase / embodied carbon footprint of 903 kg CO.eq (15...20% of life-cycle carbon footprint)
m Use phase contributes >80% to life-cycle carbon footprint (conversion losses & standby/night consumption)

SUNNY HiGHpogq

m 150 kW rated power for typ. 225 kW, PV system

Embodied Carbon Footprint

Spulen, Drosseln,
Transtormatoren 17,0 %

Verpackung 1,6 %

Andere 6,2%

Aluminium 35,1%

Kabel 2,1%

Stahl 1,2%

Kondensatoren 2,9% /
Kunslsloﬁ 1,6%

Unbestiickte Leiterplatten 23,8 % Integrierte Schaltkreise (ICs) 8,6 %

Source: SMA Solar Technology AG, “Sunny Highpower PEAKS life cycle assessmnet (LCA),” 2023. https://files.sma.de/assets/280662.pdf


https://files.sma.de/assets/280662.pdf
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LCA Example: Carbon Footprint of a 150-kW PV Inverter

m Production phase / embodied carbon footprint of 903 kg CO.eq (15...20% of life-cycle carbon footprint)
m Use phase contributes >80% to life-cycle carbon footprint (conversion losses & standby/night consumption)

Mass

Spulen, Drosseln,
Transformatoren 25,2 %

N

Aluminium 37,1%

ICs 0.1%

///
-

< PCBs2.2%

| \
“ \ Kondensatoren 2,7 %

A
Kabel 3,8% | \  Stahl 2,7 % |

Verpackung 18,5% .~ ‘

/s Kunststoff 2,5 %
/
/

Andere 5,2 %

Embodied Carbon Footprint

Spulen, Drosseln,
Transtormatoren 17,0%

Verpackung 1,6 %

Andere 6,2%

Stahl 1,2 % l

’f\\
Kondensatoren 2,9% _— / o
D - ~ P

e ———
Kunststoff 1,6 % \
\
\
\

(!) PCBs 23.8%

w/0 components

Aluminium 35,1%

—————————

m Small/ lightweight components with large contributions to carbon footprint (!)

Source: SMA Solar Technology AG, “Sunny Highpower PEAKS life cycle assessment (LCA),” 2023. https://files.sma.de/assets/280662.pdf

ICs 8.6% (!)

22
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New Holistic Desigh Procedure

Multi-Objective Optimization with Environmental Impacts as New Performance Indicators

23
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System Design Challenge

m Mutual coupling of performance indicators - Trade-off analysis!
Use-phase

Efficiency environmental
impact

Converter

Complexity Switching

Initial Costs Frequency

Life Cycle Costs
Lifetime / <y oeys
Replacements Reliability )
Redundancy Embodied
Operat. Temp Size gnvironmental
’ P impact
Derating, Level of
Redundancy Integration

Costs

m For optimized systems, it is not possible to improve several perf. indicators simultaneously

Source: J. W. Kolar, F. Krismer, H. P. Nee, “What are the "Big CHALLENGES" in Power Electronics?,” Presentation
at the 8th Int. Conf. Integr. Power Electron. Syst. (CIPS), Nuremberg, Germany, Feb. 2014.. 24
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Abstraction of Power Converter Design

Performance Space

Efficiency
Power Density

s Costs
s Reliability
Performance space PR /

— e mm Em Em Em Em EE EE EE EE Em Em Em = = Costs

Design space System
Phase-Shift DC/DC Conv.
Resonant DC/DC Conv.

DC Link AC/AC Conv.
Matrix AC/AC Conv,
ete,

Components

Power Semiconductor
I[nterconnections
Inductors, Transf.

Capacilors

Control Circuit | 1

ete.

Materials

Semiconductor Mat .
Conductor Mat.
Magnetic Mat.
Dielectric Mat .

ele.

m Converter Design: Mapping of
multi-dimensional design space into a
multi-dimensional performance space

Source: J. W. Kolar, J. Biela, S. Waffler, T. Friedli, and U. Badstuebner, “Performance trends and limitations of power
electronic systems,” in Proc. 6th Int. Integr. Power Electron. Systems Conf. (CIPS), Nuremberg, Mar. 2010.

ETH:zurich

Evaluation Formulas
Lifetime Models
Cost Models

etc.

Specifications
Operation Limits
Converter Topology
Modulation Scheme
Control Concept
Operation Mode
Operating Frequ.

etc.

Doping Profiles
Geometric Properties
Winding Arrangements
Magnetic Core Geometries
etc.

25
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Modeling of Converter Designs

Specifications
Vi,Vao, Po, Avo, CISPR 11/22 A,B

l

Converter Topolo
Modulation é)cher%sé

|

Electric Power Circuit Model

Component Values, fp

Ierms il Iims I Jons 1lg i(0) 1 i)
J, 3 l _ [ ' Y
Capacitor Transformer / Inductor Semiconductor | | CM Noise | | DM Noise
Type « Windings Geom. Type Model Model
. gim ('I;ypc Ady Ay
* Core Geom.
* Core Type Off-line Optimized DM/CM
l Loss Model Filter Topology
Coy l Cey % l, Loy/Lew
Loss Model | Reluctance Model | 7 Filter Filter Inductor
Capacitor « Geometry
1 @/ By | Thermal Model | Type * Material
Min. Loss Model i l
Losses » Windings RE
B<B » Core ”' | Loss Model | Loss Model |
=Dy
T<T|  lreime | Oft-line
V< Vitax Optimized Mi
Thermal Model ‘ Heat Sink V:xnl
— Transformer/ Heat Semic
Capacitor | Capacitor Inductor Sink ‘Luss.cs. EMI Filter | EMI Filter EMI Filter
Volume Losses Volume Volume Cap. Vol |Cap. Losses Ind. Losses

Minimum Losses or Volume

EMI Filter
Ind. Vol.

Summation of Component Volumes and Losses

’;

m System/circuit & component models

l

Total Converter Volume / Losses

m Iteration over all combinations of desigh degrees of freedom

Source: J. W. Kolar, J. Biela, S. Waffler, T. Friedli, and U. Badstuebner, “Performance trends and limitations of power
electronic systems,” in Proc. 6th Int. Integr. Power Electron. Systems Conf. (CIPS), Nuremberg, Mar. 2010.

ETH:zurich

26



=™ 1T, Advanced Mechatronic
nalil Systems Group

Multi-Objective Optimization of Converter Designs

m Pareto front: Boundary of the feasible performance space
m Mission profiles: Power loss = Energy loss / Life-cycle cost (!)

System-level £ (Y
models K("“O( 0) Mission cost LCC (€)

Search Pareto function
algorithm front

A\ —mm —S"— C:(UP7 netu‘o) —LCC—=—__§

o -
7

. /{"" — | . = o
P9
o | Constraints
% I._I £y ' > 0, (kW/dm?)
// Design Component Performance Mission cost
oy space models o (W/€) space space

m Typically considered performance indices: n Efficiencyin %

Volumetric power density in kW/dm?
Gravimetric power density in kW/kg
Cost density in W/€

Q<D

Source: R. M. Burkart and J. W. Kolar, “Comparative life cycle cost analysis of Si and SiC PV converter systems based on advanced
n-p-o multiobjective optimization techniques,” IEEE Trans. Power Electron., vol. 32, no. 6, pp. 4344-4358, Jun. 2017.

ETH:zurich

27



T S ™ ETHziirich
Designh Space Diversity

m Very different designh space coordinates map to very similar performance space coordinates

(!)

100 T - .
! 500kHz 900kHz
5 99.4 | 800
---------- = 700 =
e
- - 2
S 99t S 99.3 1600 ;::
- N {500 &
2 | 5 o
é ;’ 99.2 100 éu
= os} = 2
= 300 =
N
v '
1 r 200
97 e e i i 100
0 5 10 15 20
Power Density p [kW/dm’*] Power Density p [kW/dm’]

e Example: Google Littlebox design optimization w. PWM operation / Mutual comp. of HF and LF loss contrib.

Source: J. W. Kolar, D. Neumayr, D. Bortis, M. Guacci, and J. Azurza Anderson, “Google Little-Box
Reloaded,” Keynote at the 10" Int. Conf. Integr. Power Electron. (CIPS), Stuttgart, Germany, Mar. 2018. 28
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Design Space Diversity: 3L & 7L PV Inverters

m Two concepts / similar specs — 12.5 kW, 650...720 V DC, CISPR 11 Class A — Similar perf. (ncgc = 99.1%)

3-Level All-SiC T-Type PV Inverter *
99.4%, 2.4 kW/dm3

% DCCap.  DMInd. Switching Stage Air
p - L 123{:!%\', Filter Cap. ICM Ind. PCB & Comp. | 2.4
| ic — ! ! 3
> L L . b - - * kW/dm
8 i —— — . = L — - W ) O — V\:;‘,?in3
2 l‘_! é_l =|:J:+ =|=;=+ ----------------------
= | ; 34 56
© T *Sic’ CISPR 11 * kW/dm? W/in®
no o . E_ ass 1 1 1 J
Ll =:% 0 | 2 3 4 5 6
——PE Volume (dm?)
7-Level All-Si HANPC PV Inverter * _ 99.5 S B p e PO
iy . 3 L) 4%
99.35%, 34 kW/dm3 % 85 L 99 35% /()5() \Y% *
o | i W [ —— D ———————
o 1 7LHANPC [6] - ]
" TLHANPC & 993 | 650 V ,,-\*"'/ e
P 200V i g~ " [ TLHANPC[6] .-~ /\47*3'// . ¥\\ ¥ e 0V ]
i k> _ 0V U 7~ Calc. (meas. add. e
) _'[—'HA_ Lil | o - o4 b 99.2 | ‘ o — Lam1s Lo lossu.\)\i\\_
S = 4L R —{ {4 R y C 720V A3rTT 3
%: = = ‘ === ======””W‘ 99 l ,/I D 650 V ]
© CISPR 11 o ]
—E]—‘@J SR S /5 s Zgg ¥}7LHANPC [11]
ne ; L ! ’
{F—PE 99.0 b ——
3 4 5 6 7 8 9 10 11 12

m Differences in environmental impact?

Source: J. A. Anderson, D. Marciano, J. Huber, G. Deboy, G. Busatto, and J. W. Kolar, “All-SiC 99.4%-efficient three-phase T-type
inverter with DC-side common-mode filter,” Electron. Lett., vol. 59, no. 12, p. 12821, 2023, doi: 10.1049/ell2.12821.

Power / kW
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A Posteriori LCA of 3L & 7L PV Inverters (1)

m Two concepts / similar specs — 12.5 kW, 650...720 V DC, CISPR 11 Class A — Similar perf. (Ncgc = 99.1%)

* *

350 3LTT 7LHANPC
300~ mmmmT o T _pcB
—_ —— Inductors
g 250 ~ICs
o —PCB
© 200 +— Transistors
2 — Inductors
5 190 [ Y — T
5 % 100t (!) — Transistors -
3 P =g " """~ ""- -— Capacitors 3
2.4 kW/dm?, 11.8 kg 50 | | Capacitors 3.4 kW/dm>, 4.6 kg
- — Aux. Cap. —Aux. Cap.
Min.  Typ. Max. Min. Typ. Max.

GWP: Global Warming Potential

m Generic comp. models / ecoinvent database & lit. 2 Widely varying embodied carbon footprint (GWP) res. (!)
m Data availability / quality as key challenge!
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Carbon Footprint is Not Enough!

m Life cycle impact assessment (LCIA) phase of LCA — Environmental profile w. wide range of perf. indicators

Midpoint i — Damage Endpoint area
. ldpoint impact category pathways .
m Example: ReCiPe 2016 of protection

o o . | Particulate matter Increase in
Three areas of protection / endpoint categories , respiratory
I Trop. ozone formation (hum) disaane
| lonizing radiation iheean Damage to
{ H uman H ea l.th | Stratos. ozone depletion various types of human
Damage to Human Health (DHH) [Human toxicty (cancen i
— Increase in other
in Disability-Adjusted Loss of Life Years (DALY) | Human ‘°’“°_"V (non-cancer) diseases/causes
I Global warming —
Water use malnutrition
® EcosyStem Quallty Freshwater ecotoxicity Damage to
Da mage to ecosystem qua llty ( D ESQ) Freshwater eutrophication freshwater
. ) . X - species
in Time-Integrated Species Loss (species - yr) | Trop. ozone formation (eco) Damage to T
I Terrestrial ecotoxicity terrestrial ecosystems
R S . Terrestrial acidification species
¢ esource sca rCIty . . Land use/transformation Dan‘.lage to .
Da mage tO resource aval l.a b | llty (D RA) | Marine ecotoxicity Tarhe spectes Damage to
in SurplUS cost/ dollars ($) | Marine eutrophication ::;:::z: costs «4 resource
| Mineral resources Oiligasicoal /;" availability
| Fossil resources |— ---- energy cost

Source: Huijbregts et al., ReCiPe 2016 v1.1 Report

m Value choices (individualist / hierarchist / egalitarian) affect time horizon, included effects, etc.
m Alternative frameworks like EU Environmental Footprint (EF 3.1) exist
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A Posteriori LCA of 3L & 7L PV Inverters (2)

m Two concepts / similar specs — 12.5 kW, 650...720 V DC, CISPR 11 Class A — Similar perf. (ncgc = 99.1%)
m Life Cycle Impact Assessment (LCIA) w. ReCiPe framework:
e Damage to ecosystems (DESQ) | Damage to human health (DHH) | Damage to resource availability (DRA)

DHH 08 DESQ DHH 08 DESQ
Damage to Ecosystems . GWP 6 _
(100% = 8.7-10°° species-year) 100% (100% = 187 kg CO,eq) .

q SiC (10 em?) N\ggom
7LHANPC
/Copper 1 kg)\ \.
DRA GWP DRA GWP
Damage to - Volume Generlc Comp' MOd' Magnetics (1 kg) Semiconductors (10 cm?)

Human Health

0, =
(100% = 0.19 DALY) S.(z)%f:ﬁ) DHH o DESQ  DHH DHH o5 DESQ
X 0.6
i Aluminum (10 kg)
Damageto CEC Rel. Losses Film (1 kg)
Resource Availability (100% = 0.9%)
(100% = 16.4 §) DRA PCB(Tke) N iowp Dra ~ Electrolytic (1 kg) “gwp DRA GWP

PCB (1 kg) Capacitors (1 kg) Heatsink (10 kg)
Normalized scales due to ecoinvent licensing restrictions.

m Environmental footprint of converter as aggregate of components’ environmental footprints
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Designh Space Diversity: MVac-LVdc with LFT or SST

m Identical specifications — 13.8 kV MVac to 800 V LVdc / 400 kW or 1200 kW
m Similar efficiencies and use-phase emissions

1stGen. 2nd Gen.
13.2kV MVac LVde 40 1 LFT+ SST SST
(AMDT) SST

LFT
3 3 AC/ s
|—/—D @ LVac /e 800-1000 V ———
kO 51
LFT+ \
@ Switchgear

—~ and Protection
A

3=

(5]
h

(73]
[=)

CO,eq per kW (kg/kW)
= = v = s

(Tier 2) LFT+
Protection (AMDT)
Busbar \
Cabmet

AC/DC
LFT

LFT+
(Tier 2)

< 0
(b) SST (b) 400 kW

m Embodied carbon footprint aggregate of components’ carbon footprints
m Significant improvement from Gen. 1 = Gen. 2 SST: Optimization is key for leveraging PE potential!
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A Priori Consideration of Environmental Impacts in the Design Process?

A 4
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A Priori LCA Example: 10-kW Three-Phase AC-DC PEBB

m Key power electronic building block (PEBB) for three-phase PFC rectifiers & inverters

Auxillary-PCB

- / Power-PCB

Switches
)

10 kW /400V ac/ 800V dc Control Electronics
FPGA

: : : ! Capacitors (C) <
Sensors —
SN 7 S N NS
L G,ate Heatsink
] : Drivers i \
o = ==

| DC-Link Boost Inductors (L) )
- Capacitor
J_ J_ Boost — — — \
-|- -|- -|— Ind. Ji‘.‘% Jﬁi QJI‘:F
Filter - | ’ DC-Link Capacitor (C, )
Capacitors

m Degrees of freedom: - Switching freq. [25...700 kHz] m Assumptions: - Junctiontemp.@ 120°C
- Rel. Ind. Peak cur. ripple [0.25...1.5] - Ambienttemp. 40 °C
- Var. transistor chip area - Necessary heat sink vol. via
- Variable ind. size (N87; solid/litz) CSPI =25 W/(K dm?3)
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Multi-Objective Optimization Including Env. Impacts (1)

System Specifications

Nominal Power P, =10kW
3-Phase Grid Voltage U, =230V (rms, line-neutral)
3-Phase Grid Frequency I =50 Hz
Output Voltage U, =800V
Converter Level DOF
Effective Sw. Frequency ia = [25 kHz, 700 kHz]
Pk Current Ripple AILP = [25%, 150 %]
Optimization Procedure
(T—Level 3-Phase Rectifier
(]—Level 3-Phase Rectifier
2-Level 3-Phase Rectifier
(example)
Sw. Frequency =50kHz

Inductor Val.
Capacitance Val.

Design
Parameters

=390 uH (AL = 25 %)
=2.6 yF = L/(AwL)
C, = 2.1 yF (AU, = 5%)

[l

sweep semi. designs

@
£
S| semicond (7=120°C) E, from Table T
Z | Parallel Devices N, = [0.25,6]
S| Heatsink Aluminum (p,=2710 kg/m?, k=60%)
£ CSPI =25 W/(dm’K), T,=40°C
n
z | sweep ind. designs
= = [ Magnetic Core TDK N87 E cores (p, = 4440 kg/m?)
3 £ 2 id
2 E| Winding Round Enamelled / Litz (p_ =8940 kg/m®)
E - | cap. design
- 5
- = .
E z Film Cap._ Ve =kgtk, C'U;&“, m =k, V
g & Electrolytic Cap. ¥, =k +k -C U, , m,=k_V,
g ¢
H |
=]
- PCB 6x 70 pm
E Area 35x 35 mm?/ Semi.
Weight Density pp=4 kg/m? (50% Cu)
. |
<
'E DSP Controller TMS320C2834X + PCB
% Measurements 4 x Voltage, 4 x Current
: Gate Drive 1 x per Switch

Performance Metrics

Losses [W]
Boxed Volume [m?*]

Global Warming Potential [kgCO,, ]
Damage to Ecosystem Quality [species-year]
Damage to Human Health [DATYs]

Damage to Natural Resource [USD 2013]

(Efficiency # [%])

(Power Density p [kW/dm®])
(GWP perf. ind. &, [WﬂkgCOm])

100

Efficiency n (%)

Volumetric Power Density p (kW/dm®)

1001
99,5}
s
= 9f .
> ti
Q
f=
2 .
2 :
2 985 \ \
M L i
98t —— e —— —— — —
o,
A -
975 : — '
0 200 400 600 800
2eq )

( I ) Environmental Compatibility e, (W/kg CO

300
250
—~
N
T
200 £
>
2
=1
Q
150 =
L
[
100 %
50
300
250
~_
N
T
200 2
-
(s}
=1
S
150 &
1]
[
=
100 @
50

m Trade-Offs

- Efficiency vs. power density

- Efficiency vs. environmental
compatibility regarding
embodied GWP (carbon
footprint)

m Env. Impacts with high
uncertainties due to data
availability/quality

Losses Losses
Primary Raw. Mat. 2
Raw Material J

Sourcing

Secondary ~
Raw. Mat. H

End-of-Life PR
Management

r " Remanufacture N l Losses

Waste

—| Production

~ &Refurbish -

Collection Distribution
[ — t
a L
= Losses
Use Phase
Losses
Littering
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Multi-Objective Optimization Including Env. Impacts (2)

Volume (dm?)

<
I~

Global warming Potential (kg CO,, )

12 Il Control PCB
1 B controller
[ Gate Driver
0.8

] Measurements

] mductor

] Semiconductor
|:| Power PCB
] Heatsink

[l AC Capacitor
. DC Capacitor

<
=)

<
)

80

60

40

[T

20

S

N

100

Efficiency n (%)

100

99.5F

Efficiency 7 (%)

R

99

Volumetric Power Density p (kW/dm®)

A

oL

97.5
0

(

200 400 600
) Environmental Compatibility e, (W/kg CO

800

Zeq)

300

250

200

150

100

300

250

200

150

—_
(=3
<

50

Sw. Frequency (kHz)

Sw. Frequency (kHz)

m Trade-Offs

- Efficiency vs. power density

- Efficiency vs. environmental
compatibility regarding
embodied GWP (carbon
footprint)

m Env. Impacts with high
uncertainties due to data
availability/quality

Losses
Primary Raw. Mat. 2

Waste

Secondary
Raw. Mat.

End-of-Life PR
Management

Collection

Losses
Littering
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m Life-cycle carbon footprint strongly depends on electricity mix and mission profile / usage intensity
Scenario: 8 hours per day at full load Scenario: 8 hours per day at full load
100 125 200 . 5 , 1001, 100 _
112 g CO,eq / kWh EG%I Comert <
A oo~ Swiss Electricity ! onverter -
Q 100 = § 150 (fg\?,."' qu_’.?"?’- Consumption Mix 4 B‘E "“M / Only 80 §-
< 99t e A R = 997 joo £
< O Q R - ; 60 o
g 75 S G100 o ‘ ©
< o g) g GCJ / Future Hyp. Renew. Prod o
2 £ = 2 20 £
3] , o S al 219 COeq/ kWh ) =
E 98 a = 08 7 . ¢ S
E 50 = % 5G 519 CO.eq / KWh w / Swiss Renew. Prod. - %)
g CO.eq -
© Swiss Ren:wable Electricity ‘\‘?“-112 g CO,eq / kWh " 20 %
) NI B Production Mix ~ Swiss Consump. Mix ¢ o
97 L -l LYY o’ L L 25 0 | 1 1 ! 1 g? - L » 1 0
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 0 100 200 300 400
Power Density p (kW/dm?) Time (years) Environ. Compat. ggyp (W / kg CO.eq)

m Design should consider use phase for best life-cycle performance
m Analogy to total cost of ownership (TCO) perspective
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Comprehensive Environmental Impact Profiles

m Different bridge-leg topologies — 2-Level (1200-V SiC) | 3-Level (650-V SiC) | 7-Level (200-V Si)

——0
7, Jok
L
-_ U,
Lo o kok Losses 1 Volume
100
35 ~
£
3
99.5 | Ea i i 0
< 9 : Z , GWP DRA
oy {20 3 > (70.1kg €O, )
g Q (5.5 USD)
.a o)
Ea 985 4 15 g
83 ~
Q
110 5
98 g
=
=
> ReCiPe 2016:
975 ! - ! : ! DESQ—Damage to ecosystems
0 ) 100 200_ N 300 400 DHH—Damage to human health DESQ —4a DHH
Environmental Compatibility . (W/kg CO, eq ) DRA—Damage to resource avail. (1.1x107 species year) (2.2x107 DALYYS)

m Embod. env. footprint of 2L/3L/7L-designs with n ® 99% and max. env. compat. g,,p in W/ kg CO,eq
m Same efficiency via different usage of act./pass. components — Different environmental impact profile!

ETH:zurich
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Future Performance Indicators

m Assuming 20+ years lifetime = Systems installed today reach end-of-life by 2050 (!)
m Life cycle assessment (LCA) mandatory for all future system designs

m Complete set of new performance indicators
- Environmental impact [kg CO,eq/ kW, ...]

- Resource efficiency [kg,, / kW]
- Embodied energy [kWh / kW]
- TCO [$/ kW]
- Power density [kW/dm3, kW/dm?] Mission Total Cost of
- Mission efficiency [%] Energy Loss Ownership
- Failure rate [h]
Impact — — Failure Rate
Future
Floorspace Manufacturing &

Requirement Recycling Effort

m Mission/location-specific trade-off embod. vs. life-cycle environ. impact — Losses / Reliability / Lifetime
m Compatibility with a circular economy (!) — Repairability / Reusability / Recyclability

ETH:zurich
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Remark: Ageing Modeling and Environmental Impacts (1)

m IGBT module / 30 yr /20’000 op. hours WLTP cycle

m Life-cycle environmental impacts with (probabilistic)

ageing models (Coffin-Manson) & replacement

m Focus on MRD — Resource use, minerals and metals

onctionnement

A

Modéle physique
Modeéle de pertes
Modéle thermique

Durée de vie (D)

Déterministe
*  Modéle de vieillissement
Coffin-Masson ...

* Nombre de cycle
Rainflow ...

Weibull

PDF

Probabilité de
défaillance

Champ d'étude

ICV (flux)

* Basede
donnée

* Littérature

* Software

Environnementaux
probables

le—4

led N le—4 le—6 2 le—4
1-(V (V I—V HTNC :
2.5 4
0 T 0 - i o - 0-

5-FV 7
0

le2

el
T

e5
=

ed

U

1
-
1
F
1
T

i

0 20

Deterministic
Ageing Mod.

0 20 0 20
Temps (années)
Décile .
—— Médiane

—— Moyenne

Valeurs min max

N

(%/mais)

e
=}

Défaults

o

Remplacement
-1
- 2

5

10 15 20

time (years)

Source: B. Baudais, H. Ben Ahmed, G. Jodin, N. Degrenne, and S. Lefebvre, “Influence des modeéles de vieillissement sur les impacts environnementaux pour
les composants d’électronique de puissance,” in Symposium de Génie Electrique (SGE2023), Lille, France, Jul. 2023. https://hal.science/hal-04189193

Probabilistic
Ageing Mod.
(Weibull)

25
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Remark: Ageing Modeling and Environmental Impacts (2)

m Larger heat sink: Higher realization effort & Lower temperatures and slower ageing
m IGBT module / 30 yr /20’000 op. hours WLTP cycle

—— Module+ARef === Module — ARef

led le—4 le-5 le—4
2
diP 1 loD e _ET e
0-'IL 1 O_I 1 0-.I T O'O_I T
le-3 le2 lel le?
1 JEMF s R . _IEOF 1 -'EAP
0-I T 0-I‘-¥ T 0-I T O-I T
le2 1 lel leb
2 1TE ke |2 ﬂ%E 54i§ET
= = - 0 e T _0__;- 0 N T 0 ™ T
5 le3 le-1 1le5 led
D |, MRD /|| 2 D v
- ! 2.5 - —_—
SATIE PERGEE- €5 ol |, E o-.L , o.o-.L :
—-100 0 -100 0 -100 0 —-100 0

variation Rth refroidisseur (%)

m Optimum thermal resistance R, (heat sink size) exists!

Source: B. Baudais, H. Ben Ahmed, G. Jodin, N. Degrenne, and S. Lefebvre, “Influence des modeéles de vieillissement sur les impacts environnementaux pour

les composants d’électronique de puissance,” in Symposium de Génie Electrique (SGE2023), Lille, France, Jul. 2023. https://hal.science/hal-04189193 42


https://hal.science/hal-04189193

=T Advanced Mechatronic
nalil Systems Group

“Closing the Loop”

m Including 4R into the design process — Repair / Reuse / Refurbish / Recycle

Losses Losses
Losses . ‘D
>

Primary Raw. Mat Primary Raw. Mat.
» Raw Material
Waste Sourcmg \

‘ﬁ Secondary
Raw. Mat. . i
End-of-Life : End-of-Life : :
Management [ 295190 Production Management |~ (.Design - »| Production

) Rema:of:acture LL(;sses ‘ Remanfacture LLc;sses
& Refurbish & Refurbish

Reuse Distribution Collection RELEE Distribution
Repalr
Losses Losses
Use Phase Use Phase
Losses Losses

Littering Littering

J Losses
Raw Material
Sourcing

A~

/IF’

W

Collection

m How to quantify repairability / reusability / ...?
m Value proposition through life-cycle cost perspective (suppliers and customers)?

ETH:zurich
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Remark: Electronic Component Reclaim / Reuse

m Electronic waste recycling today: Shred / incinerate / extract most valuable resources — if at all!
m Alternative: Reclaim & refurbish / Desolder & re-ball

A JABIL COMPANY

m Challenging logistics etc. for reclaiming PCBs from customers / Circular economy thinking needed
m Business case today especially for scarce / valuable components

Source: https://retronix.com/component-reclaim/ 44
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Sustainability Potential

m 2" ©=msuer™= circular economy principle: Circulate products and materials at their highest values

SIEMENS

Quality and maintainance

Lifetime (Extension)

Upgrades and repair

Reuse and refurbish

Sustainability Product Cycles

Potential
Remanufacture

Recycle
Material Cycles

Energy recovery

m High reliability / lifetime extension > Lifetime / aging modeling

Source: SIEMENS AG, “Towards a circular economy for industrial electronics.” Reuters Events, Jun. 2023.
https://www.siemens.com/global/en/company/about/businesses/smart-infrastructure/downloads-events/towards-a-circular-economy-for-industrial-electronics-white-paper.html

ETH:zurich
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Modularity: Upgrade, Reuse, Repair, ...

m Module design for ease of disassembly: Maintainability, upgradability, repairability, reusability, recyclability

Detachable
connector

@
g 3
© > S .,
o -
o0 4 .
Q.
> b .
By usin_g the S Reusable module k‘
standized with reliable
interfaces, this /-)components can | Reuse
module can be 3 be re-used in
changed with an @ XTE another PECs

upgraded module ‘

Recycle module with high-value g’
material componenfs (compatible | Recycle & GRENOBLE U ﬂiVEFSifé
materials for recycling) \I P *“BORDEAUX

e Grouping of components according to reliability level and expected lifetime / level of reusability or recyclability / ...

e Standardized interfaces / Mechanically loose connections € Electrical characteristics
e Potential for leveraging economies of scale to compensate interface costs

Source: T. T. Romano, T. Alix, Y. Lembeye, N. Perry, and J.-C. Crebier, “Towards circular power electronics in the
Perspective of modularity,” Procedia CIRP, vol. 116, pp. 588-593, Jan. 2023, doi: 10.1016/j.procir.2023.02.099.

ETH:zurich
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Integration: Minimize Size / Initial Resource Usage

m Maximum integration facilitates extreme power densities (10...100 x conv.) 92 o
e Example: 30 kW non-isolated fixed-ratio conversion (400 V to 800 V)

in 92 x 80 x 7.4 mm?3 — 550 kW/dm? and 130 kW/kg

m Low initial material usage € Difficult material separation
m Importance of recyclability?

Voo H =
i Gl | o ey b

[ &DIvee/ &ps Ty LC?”’ LCT 100k Y
33
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Example: Isolated dc-dc

CHiP modules

Bare panel Surface mounting Overmolding Plating

A plastic compound
encases the panel,
protecting the
components and
creating a flat surface
that makes the final
product easier to
handle

Heat conducting
metals are plated onto
the panel to enable a
thermally efficient and
reliable finished
product

The panels are
singulated into
individual modules
and tested for
conformance to data
sheet specifications

The process begins
with a bare panel,
ready for multiple
instances of the same
high-performance
module, analogous to
a silicon wafer

High-quality power
components, including
magnetics, are
mounted and soldered
via state-of-the-art
pick-and-place tools

Sources: vicorpower.com, US6930893B2
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CEC Power Electronics Roadmap

m Environmental awareness as integral part of environmentally conscious power electronics design

Circular-Economy-Compatible (CEC)
Power Electronics

“Net-Zero CO, is NOT Enough” '
- Max. Repairability | Reusability | Recyclability i

— Min. scarce materials, min. toxic waste Full Environmental Footprint

. BASEM ON SMart Datasheets

- Seamless integr. of comp. models in multi-obj. opt.
- Full a priori LCIA / environmental footprint
- Standardization / single source of truth

Generic Life-Cycle
Impact Analysis (LCIA)
- New KPls in multi-obj. opt.
- Data sources / quality / abstraction /
generalization as key challenges Classical np-Pareto Optimization / Design
- Manual a posteriori LCA of complete converters

m Automated design | On-line monitoring | Preventive maintenance | Digital product passport
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Power Electronics 5.0

m Power Electronics 1.0 = Power Electronics 5.0
m X-Technologies & X-Concepts
m New main performance indicators (!)

A

Life-Cycle Analysis (LCA), Circular Economy Compat.

Cognitive Digital Twins (Prognostics, Intell. Maintenance) ‘/i
Al (Design. Autom., Augm.-Reality Manuf.) 5

X-Technologies (M-BDSs, SJ-SiC, V-GaN,
Ultra-WBG, 3D-Packaging/Integration) = /

X-Concepts 40

Super-Junction Techn. / WBG
Digital Power /—/

Modeling & Simulation 3

Performance Replacement M OS F ET
A (Disruptive) S & IGBTS & GTOs /
T;'chnology CerUlt TOpOlOgleS /
Microelectronics 2 ()

\“‘ SCRS I DiOdeS MOdUIat|On & Ctrl /
™ Existing ‘\ SOIld'State DeV 1 O__——-__-———_

Performance

ed

Emerging

Technology .. /
» Effort / Time o—t t } t t i t H/—>
1958 2023 2050

m Life-cycle analysis / circular economy compatibility are key for sustainable Power Electronics 5.0

Source: J. Huber, L. Imperiali, D. Menzi, F. Musil, and J. W. Kolar, “Energy efficiency
is not enough!,” IEEE Power Electron. Mag., vol. 11, no. 1, pp. 18-31, Mar. 2024. 49
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Thank You!
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Further Reading

J. Huber, L. Imperiali, D. Menzi, F. Musil, and J. W. Kolar, “Life-cycle carbon footprints of
low-voltage motor drives with 600-V GaN or 650-V SiC power transistors,” in Proc. Int.
Conf. Integr. Power Syst. (CIPS), Dusseldorf, Germany, Mar. 2024.

- J. Huber, L. Imperiali, D. Menzi, F. Musil, and J. W. Kolar, “Energy efficiency is not
enough!,” IEEE Power Electron. Mag.,vol. 11, no. 1, pp. 18-31, Mar. 2024.

- L. Imperiali, D. Menzi, J. W. Kolar, and J. Huber, “Multi-objective minimization of life-cycle
environmental impacts of three-phase AC-DC converter building blocks,” in Proc. IEEE
Appl. Power Electron. Conf. Expo. (APEC), Long Beach, CA, USA, Feb. 2024.

- J. W. Kolar, L. Imperiali, D. Menzi, J. Huber, and F. Musil, “Net zero CO, by 2050 is NOT
Enough (!),” Keynote at the 25th Europ. Conf. Power Electron. Appl. (EPE), Aalborg,
Denmark, Sep. 2023.
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