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The Challenge

m Global Energy Flows — 2021
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m Large Share of Fossil Fuels (!)
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Decarbonization / Defossilization
m “Net-Zero” Emissions by 2050 & Gap to be Closed
m 50 Gt(0,,, Global Greenhouse Gas Emissions / Year - 280 Gt(0, Budget Left for 1.5°C Limit
Units: GtCO;/yr
40 GtC029 ngsféttléeogatp gf Sources of emission:
£ L O 08 --- ETO 2022 CO, emissions
closed in 2050 — PNZ Total CO, emissions
.. Overshoot emissions
A to limit warming below
1 - 1.5°C carbon budget overshoot of 7/ 1N.5 ¢ ; toni

Carbon I 300 GtCO; to be closed by net negative et negative emissions

fbufgsfé - emissions from 2050 to 2100

or 1. l .. _
2020 2030 2040 2050 2060 2070 2080 2090 2100 o

'I\
~Net-Negative”
Remove Overshoot
of 300 Gt(0,
m Challenge of Stepping Back from 0il & Gas
m Human History — Transition from Lower to Higher Energy Density Fuel — Wood - Coal - 0il & Gas
ETH:zurich
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Energy Independence / Security of Supply

m Global 0il Trade (2016) — High Import Dependency of Leading Economies

Source: BP. The
Statistical Review of
World Energy 2017
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The arrows represent trading for a volume 0 d0i:10.1038/nature14016

© FNSP - Sciences Po, Atelier de cartographie, 2018

of more than 20 million tons, i.e. 78% of the world trade.

m 2°CTarget > Globally, 30% of Oil Reserves | 50% Gas Reserves | >80% Coal Reserves Should Remain Unused (!)
m “The Stone Age Didn't End for Lack of Stone — The 0il Age will End Long Before the World Runs Out of 0il”
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The Opportunity

(2009) 16 TW-yr —e @ vz e— 27 TW-yr (2050)

Note: Graphical
Representation Assumes
Spheres Not Circles

Primary Consumption:
16 TW-yr = 27 TW-yr
Final Consumption:
11TW-yr = 15TW-yr

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

ETHzurich

Renewable energy resources per year

Solar
23,000 Tw-yr
per year

Fossil energy resources - total reserve left on earth

Coal

900 Tw-yr Uranium
total
90-300 Tw-yr

total
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m Global Distribution of Solar & Wind Resources

SOLAR RESOURCE MAP

PHOTOVOLTAIC POWER POTENTIAL

@\NDRLDMHKGROUP ESMAP

Long-term average of photovolaic power potential (PVOUT)

Daily totals: 20 24 28 32 36 40 b4 4.8 52 56 6.0 6.4
[ = KWh/kiWp
Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337
ONSHORE & OFFSHORE WIND RESOURCE MAP @) worwosmnkerour DT o
WIND POWER DENSITY POTENTIAL CESMAP @ vomrex
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The Approach

m Outlook of Global Cumulative Installations Until 2050 / Add. 1000 GW Off-Shore Wind Power
m In 2050 Deployment & 200 GW/Year (On-Shore Wind) incl. Replacements

9000 Historical | Projections 8519 (2050) 6000 Historical : Projections
SR s 21.3% : 7.2%
8000 ! CAGR 2000-18 ] CAGR 2019-50 5044 (2050)
: g 500 : 50TW >
7000 g — E
e 2 / \ :
O, 6000 o 4000 i
z 2 i
%3
o
0
% 5000 o 7’
k- 2 3000
5 :
& 4000 ¢
e £
£ 2840 (2030) H 1787 (2030)
E 2000 T 2000
° 3
g i
2000 0 :
1000 542(2018) |
480 (2018) ‘
1000
1 (2000) 17 (2000)
2000 2005 2010 2015 2020 I 2025 2030 2035 2040 2045 2050 02000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Sources: Historical values based on IRENA's renewable energy statistics (IRENA, 2019¢) and future projections based on IRENA's analysis (20192). Source: Historical values based on RENA's renewable capacity statistics (IRENA, 2019d) and future projections based on IRENA analysis (IRENA, 2019a)

m CAGR of =7% up to 2050 - 5000 GW
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Net-Zero CO, by 2050

m Global Energy Flows — 2050 / Net-Zero Scenario
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Source: IEA / Energy Technology Perspectives 2023

m Dominant Share of Electric Energy — Power Electronics as Key Technology (!)
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New Disruptive Technologies (?)

m 2050 > No Fundamentally New Concepts Product-Ready in 20+ Years Time Frame (!)
m Main Barriers to Net-Zero Multi-Carrier Energy Systems Deployment are Social & Political & Institutional

A From silicon devices to WB devices? >

IGCT SJ-devices/new generation LV

New generation IGBT

Silicon New generation

Performance & sales

GaN device

(]
..l

1970 1980 1990 2000 2010 20-20 2030 2040

m E.g. 10...20 Years Introduction Phase of New Power Semiconductor Technologies

ETH:zurich N -
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WHAT WE'RE NOT

in the Room —

I S . S m 25°000 GW Installed Ren. Generation in 2050
S “ .
comBusTION ¢ }:ﬁ COMBUSTION u 15 000 GWh Batt' Storag e
— =) | Ao . o m 4x Power Electr. Conversion btw Generation & Load
TRansmissON] | ' TRANSMISSION m 100000 GW of Installed Converter Power
" o m 20 Years of Useful Life
}E PV X’RIND ﬁﬁHEV
1 1 I 1 I
E[iA OEa [OEE
AC DISTRIBUTION _[_ AC DISTRIBUTION
! nECC | ( nECC }— |
S e iy e
b |l e T T T
. .
m 5000 GW,, = 5°000°000°000 kW,, of E-Waste / Year (!)
ST - oyrce: . Boroyevich 2010) m 10°000°000°000 $ of Potential Value
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WHAT WE NEED TO

The in the Room —

m 52°000°000 Tons of Electronic Waste Produced Worldwide in 2021 - 74 000 000 Tons in 2030
m Increasingly Complex Constructions - No Repair or Recycling

GreenIT
Solution

E-waste flow

:
-
g

Venezuela

E-waste generation in 2014
(kilograms per capita)
42 MILLION
TONNES

E-waste generated| /
each year H

WORLD ASIA AMERICAS EUROPE AFRICA OCEANIA

41.8 million 16 137 116 1.9 0.6
tonnes million million million million million
nature

m Growing Global E-Waste Streams > Regulations Mandatory (!)

IEEE POWER
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The Paradigm Shift (1)

m Growing Global E-Waste Streams / < 20% Recycled
m 120°000 000 Tons of Global E-Waste in 2050

Global e-waste generated

60 E-waste totals

50 < 52 Mt (1)

World totals
(Mt)
w
=]

2020 2021

2014

2015 2016 2017 2018 2019

per Inhabitant
(kg/inh.)

~Nou kR WN-=OC

unitar

E-waste per inhabitant

Note: 2017-2021 are estimates

Iron

24,645
10,960

Value
(US$ millions)

2016
-
" .

Copper

9,481

Gold

*

Considered critical minerals

Aluminum in Canada
Cobalt
+  Antimony
‘ % Silver
Indium
6,062 1636 ‘ 4 Bismuth
y 644 ] T Germanium
M g h T
‘ ‘ 7 0.4

Estimated value of raw materials at

msm s JJ DILLIUN EURUD

0.01

m “Linear” Economy / Take-Make-Dispose - “Circular” Economy / Perpetual Flow of Resources
m Resources Returned into the Product Cycle at the End of Use
m E-Wasteis an “Urban Mine” w/ Great Economic Potential

ETHzurich
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Global / 2019
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The Paradigm Shift (2)

m Growing Global E-Waste Streams / < 20% Recycled
m 120°000 000 Tons of Global E-Waste in 2050

RAW MATERIALS

RECVCLING& (.

Global e-waste generated ::JSSIEI;LYS
60 E-waste totals -
50 < 52 Mt ( ! ) DESIGN
7 40
CIRCULAR @
S 20
2 ECONOMY
0
2014 2015 2016 2017 2018 2019 2020 2021
0
IS 1
8 z 2 MATERIALS A
25 3 ASLONG AS
5= 4 POSSIBLE
& g PRODUCTION &
6 o | & (RE)MANUFACTURING
7 E-waste per inhabitant @.} g«’é

unitar

Note: 2017-2021 are estimates

DISTRIBUTION

m “Linear” Economy / Take-Make-Dispose - “Circular” Economy / Perpetual Flow of Resources
m Resources Returned into the Product Cycle at the End of Use
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Critical Minerals

m Production of Selected Minerals Critical for the Clean Enerqgy Transition

Extraction

Qil

Natural gas

Fossil fuels

Copper

Nickel

Cobalt

Minerals

Rare earths

Lithium Australia

0% 20% 40% 60% 80%

Shares of top three producing countries, 2019

Processing

Oil refining

LNG export

‘ Fossil fuels ‘

Copper

Nickel

Cobalt

Minerals

Lithium

Rare earths

0% 20% 40% 60% 80% 100%

12/26_|ﬂ|

m Qatar

» Indonesia

mDRC

m Philippines

m China

mUS
Saudi Arabia

m Russia

mlran
Australia
Chile

m Japan
Myanmar

m Peru
Finland
Belgium

= Argentina
Malaysia
Estonia

m Extraction & Processing More Geographically Concentrated than for 0il & Nat. Gas (!)

IEEE POWER
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Complexity Challenge

m Technological Innovation — Increasing Level of Complexity & Diversity of Modern Products
m Exp. Accelerating Technological Advancement (R. Kurzweil)

2
g complexity |
: .
'S T:ll 3
S now— | g o e “CTIrIE se
g ]JLM 15 -
S : . |
£
= -ten—— E |_ T
www = | ‘:
- hunderd — _'IZ‘ d I :- A
printing |- [ T
- thousand —— o —_—

writing |-
-10 thousand —— [

language -}

- million —— .

-10 million—

[

m Ultra-Compact Systems / Functional Integration — Main Obstacle for Material Separation

ETH:zurich o
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Design for Repairability & Circularity

m Eco-Design — Reduce Environmental Impact of Products, incl. Energy Consumption Over Life Cycle
m Re-Pair / Re-Use / Disassembly / Sorting & Max. Material Recovery, etc. Considered

m EU Eco-Design Guidelines (!)

Material selection

Material quantity

Disassembly concepts

Performance- &
design requirements

Predetermined
breaking points

m FAIRPHONE — Modular Design | Man. Replaceable Parts | 100% Recycl. of Sold Products | Fairtrade Materials
m 80% of Sustainability / Environmental Impact of Products are Locked-In at the Design Phase

ETH:zlrich
=~ ELECTRONICS SOCIETY
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Multi-Objective Optimization

m Typ. Performance Indices — Efficiency n [%] | Power Density p [kW/dm?] | Rel. Cost o [kW/$]
m Consideration of Specific Operating Points OR Mission Profile

: System-level . (0
f’ models e (70) Missipn cost LCC (€) (’)
Search Pareto function
algorithm front
/L i Ci(% i) P LOC —=__§
— - | o O 4\ o
i Constraints
| > 0, (kW/dm?)
Coréllionent Performance Mission cost
space
models (W /€) P space

m Mission Profile — Power Loss > Energy Loss / Life-Cycle Cost (!)

ETH:zlrich
> ELECTRONICS SOCIETY
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Design Space Diversity (1)

m Very Different Design Space Coordinates Map to Very Similar Performance Space Coordinates

|
|
\

Efficiency 5 [%]

97
0

5 10 15 20
Power Density p [kW/dm?|

m Example of GOOGLE Littlebox Challenge 1.0 Design Optimization w/ PWM Operation & Ideal Switches
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m Mutual Compensation of HF and LF Loss Contributions

1

800

700

1600

1500

.
]
[=)

[0
<
<

200

100

Switching Frequency [kHz]

Vo

T. &3

an
16/ 26 Nl

T Jo&sw

(e}

p=6kW/dm?
n=99.35%

L= 50uH

f&= 500kHz or 900kHz

IEEE POWER
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Design Space Diversity (2)

m Two Concepts / Similar Specs — 12.5kW, 650...720V,, CISPR 11 Class A — Similar Performance (g = 99.1%)
m Differences in Environmental Impact (?)

—_ T1J DC Cap. DM Ind. Switching Stage Air
T, T, Filter Cap. ICM Ind. PCB & Comp. 2.4
kW/dm?*
| e N R Y W/in?®
T T T34 56
ol kW/dm® W/in®
» 0 1 2 3 4 5 6
° 1 3
* 3-Level All-SiC T-Type PV Inverter Volume (dn)
99.4% @ 2.4 kW/dm? N
: 1 1 99.4%
99.4 f 99.35% i
o - 7JLHANPC [6 "N L RS e .
s b e ey
& 7 LILHANPC[6] 7 W e
ﬂi [ 720V \/‘F P Calc. (meas. add.
é’ 992 - 73 i~ > - [‘\im]‘ [‘L'mi l().\SL}.\')
m 0 720V ]
ool = 650V}3LTT :
: * 720V ]
. g 650V}7LHANPC [11]
Sk 7-Level All-Si HANPC PV Inverter B0 T s s w0 1
99.35% @ 3.4 kW/dm3 Power / kW

ETH:zurich N -
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A-Posteriori LCA of 3L & 7L PV Inverters

m Two Concepts / Similar Specs — 12.5 kW, 650...720V,,., CISPR 11 Class A — Similar Performance (¢ = 99.1%)

300 T T T T T T

[ Auxillary Resistor
[ Auxillary Capacitor
[ Power Capacitor
250 |1 Switches -
[ IDiodes

[ JLED

[ Jic I
T J > 200 F [T Auxillary Inductor small (.)

= ! o [ 1Power Inductor

[ Terminals

[ Aluminium Cooler |ndUCt0rS
[ PcB
150 || J Fan /

T T4J I A uxillary Switches % 7L HANPC

Transistors °

(kg CO2

T-Type

100 Capacitors o

N Min Typ. Max o Min Typ. Max ,
2.4 kW/dm3 M M
fsky Y 3L T-Type Yk 7L HANPC

m Generic Compon. Models / ecoinvent & Literature as Data Sources - Widely Varying Parameter Values / CO

-Results

2eq

ETH:zurich o
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New Holistic (!) Design Approach

Multi-Objective Optimization w/
Environmental Impacts as New

Performance Indicators ‘§‘

ETHzirich R
— ELECTRONICS SOCIETY
Powering a Sustainable Future
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Example — Three-Phase AC/DC PEBB

m Key Power Electronics Building Block (PEBB) for Three-Phase PFC Rectifiers & Inverters

10 kW
400 V,: Mains
800 V), Output
1200V SiC
Control Electronics
SoC PCB Control PCB
T ¥ 1 O
Sensors | J# J% J% Filter Power PCB
' — — — Capacitors
o - - Gate Transistors
i Drivers N Heat Sink
° l T DC-Link eat=in _ Il
o J_ — Capacitor N el — DC-Link
. |. |. Boost — — — Filt e Capacitors
=|= =|= 'I' Ind. JoE g JI:F Indictors
. _ . O
Filter
Capacitors

m Main Components Considered (Losses, Volume, C0,,,)
m Power Trans., Heat Sink, Boost Ind., DC-Link Cap., ﬁilter Cap., Gate Drivers, Sensors, Contr. Electr., PCBs

ETH:zlrich
> ELECTRONICS SOCIETY
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n-p-Multi-Objective Optimization

20/26_|ﬂ|

m Design Space Diversity — Optimiz. for Min. Environmental Impact w/o Compromising Eff. or Power Density (!)

m Example of a Three-Phase Two-Level AC-DC PEBB w/ LC-Input Filter

10 kW

400 V,. Mains
800 V), Output
1200V SiC

Efficiency n (%)

m Degrees of Freedom

100

99r

98+

971

96

33-;‘%?“‘ ;%’
s :"..":." ":.J,:’ C3 ,z‘
o vaw.y... L2
oo .‘. 0 "R - =oeqy

0 0 o ..........

0

Switching Frequency [25...200 kHz]

2 4 6 8 10 12 14 16

Power Density p (kW/dm?)

Rel. Ind. Peak Current Ripple [0.25...1]
Variable Transistor Chip Area
Variable Ind. Size (N87; Solid/Litz Wire)

l100

175

Inductor Current Ripple (%)

m Assumptions

* Junction Temp. @ 120 °C

* Ambient Temp. 40°C

* Necessary Heat Sink Volume via
CSPI =25 W/ (K-dm3)

IEEE POWER
= ELECTRONICS SOCIETY
Powering a Sustainable Future
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Efficiency vs. Operating Time Carbon Footprint

m Global Warming Potential GWP [kg CO0,,,] as Add. Performance Indicator
m Mission Matters — Example 8 Hours Full Load per Day Over 10 Years
m Electricity Mix Matters — Carbon Intensity

100 200 — — . .
90 99 g CO,eq/kWh
A ¢ Q?-?-\'? “ = Swiss EIec.:tricity.
@ 99} 180 = g 150 } e Consumption Mix
o Q, 8 ’
= 170 8 O
3 o8l > o100t
.q_) i 60 é é A "‘
= T 219 CO,eq / kWh
W 97 + 80 © ®e go o O (O] 50&" Swiss Renewable Electricity
oo maegy ‘w0 50 B A: 63 kgCOZequ Production Mix
T B: 42 kgC0,,
T 40 0 ' - ' -
0O 2 4 6 8 10 12 14 16 0 2 4 6 8 10
Power Density p (kW/dm?) Time (years)

m Energy Losses During Use Phase Contribute to Overall GWP
m More Eff. Designs w/ Higher Initial GWP Outperform Less Eff. Designs for Longer Operating Times

ETH:zurich o
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2-Level vs. 3-Level PEBB Evaluation

m 3-Level Flying-Capacitor Bridge-Legs w/ 650 V SiC MOSFETS / 2-Level Bridge-Legs w/ 1200 V SiC MOSFETs
m 400V, Mains | 800V, | 10 kW | LC-Filter w/ Same Capacitor Voltage Ripple

110 1007 110

100 100
S 0g g% 90 T
< N t 3]
180 Q 180 Q
S 98 S kY, O % o o
2 LR B © 170 < K 170 <
9 . VBSOS « o 2 o
£ o7 | Htepaiii., 60 = [ o 60 =

®o Oeom.”",,:"" J . 50 50

96 - - - - - 40 - : : - ' 40

0 5 10 15 20 25 9650 100 150 200 250 300
Power Density p (kW/dm?) Environ. Compat. egyp (W / kg CO,eq)

m Higher 3L Inverter Eff. & Power Density BUT Lower Environm. Compatibility [W/kg(O0,,.]
m Higher 3L Initial GWP Due to Higher # of Power Semiconductors

ETH:zlrich
> ELECTRONICS SOCIETY
Powering a Sustainable Future



S1C I Power Electronic Systems

Laboratory

an
23 /26 Nl

Comprehensive Environmental Impact Profile

m Further Environm. Impact Indicators / Volume & ReCiPe 2016 Areas of Protection

m Human Health | Ecosyst. Quality | Resource Scarcity

m Comparative Evaluation of 2L vs. 3L PEBB

Case A Losses 100% Volume
(206 W) (3.3dmd)

Damage to
GWP Resource
(59 kg CO,eq) Availability
(4.99)
Damage to Damage to
Ecosystems Human Health
(19-1078 species-year) (0.06 DALY)

Case B Losses 100% Volume

(206 W) (3.3 dmd)

Damage to
GWP Resource
(59 kg CO,eq) Availability
(4.989)
Damage to Damage to
Ecosystems Human Health
(19-1078 species-year) (0.06 DALY)

m CaseA 99% Eff. @ Equal GWP — Significantly Diff. Volumes & Diff. ReCiPe Performance
m CaseB 98% Eff. @ Highest Rel. Environm. Compatibility — Similar Volumes & Environm. Impacts

ETH:zUurich
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Future Performance Indicators

m Assuming 20+ Years Lifetime - Systems Installed Today Reach End-of-Life in 2050 (!)
m Life-Cycle Assessment (LCA) Mandatory for All Future System Designs

Environmental
Impact
v S he-A
Mission Manufacturing & tate-of-the-Art

m Complete Set of New Recycling Effort

Performance Indicators Energy Loss ! ]ggg }fé’nfgst
— Environmental Impact [kgC0,eq/kW] Total Cost : :
— Resource Efficiency  [kg,,/ kw 81/5” erfgwof Failure Rate
— Embodied Energy kWh/kW] ‘ k
= o i S/KW] Future
— Power Density kW/m?]
— Mission Efficiency (%]
— Failure Rate h1]

— N\ —
/\\\

ETH:zlrich
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CEC-Power Electronics Roadmap

m Environmental Awareness as Integral Part of Power Electronics Design

Circular-Economy-Compatible (CEC)
Power Electronics

\ ¢

“Net-Zero €0, is Not Enough”

* Max. Repairability | Reusability} Recyclability
e Min. Scarce Materials, Toxic Waste

Full Environmental Footprint
Based on Smart Datasheets

» Seamless Integr. of Comp. Models in Multi-0bj. Opt.
* Full A-Priori LCIA / Environmental Footprint
Generic Life-Cycle Impact e Standardization / Single Source of Truth

Analysis (LCIA) Modeling

* New Dimensions in Multi-0bj. 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 | Prev. Maintenance | Digital Product Passport

ELECTRONICS SOCIETY
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Power Electronics 5.0

m Power Electronics 1.0 > Power Electronics 5.0
m X-Technologies & X-Concepts » Circular Economy Compatibility

m New Main Performance Indicators (!) » Cognitive Digital Twins
AI-Supported Design & Operation |

» Digitalization / IloT
Multi-Cell/Level Conv.
3D-Packaging/Integr. /_

Funct. Integr. 4

» Super-Junct. Techn. / WBG /_ / X

)
» WBG Semiconductors . é ﬁ

_ > Digital Power
Modeling & Simulation 3.0

Performance

Replacement > Power MOSFETS & IG BTS /_ /

by 3 (Disruptive) p Circuit Topologies
5 Z Technology Microelectronics
£ 2 2 PModtzjlatmnl Eoncepts 2.0
\ | . séng /DDiO, des ontrol Concepts
\ olid-State Devices /
™ Existing 5 1.0
Technology ~‘~ /
> Effort/ Time . * 2050
1958 2015
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