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The Challenge 1/2

m Growth of World Population & Growth of Energy Use per Capita
m 1980 — 4.4 Billion | =10 TW.yr -> 2022 — =8 Billion | 20.4 TW.yr

Global population size: estimates for 1700-2022 and Energy use per person, 2021

projections for 2022-2100 CESOe;igl%.use not only includes electricity, but also other areas of consumption including transport, heating and
13 E
12 E
1 g

Total population (billions)

0 kWh 2,500 kWh 10,000 kWh 50,000 kWh
No data 1,000 kWh 5,000 kWh 25,000 kWh 75,000 kWh

0} T T T T T T T T T T T T — [ [ I I I
1700 1725 1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000 2025 2050 2075

Source: United Nations, DESA, Population Division (2022). World Population Source: Our World in Data based on BP & Shift Data Portal )
Note: Energy refers to primary energy — the energy input before the transformation to forms of energy for end-use (such as electricity or petrol for

Prospects 2022. transport).

m 2022 Global Energy Consumption per Capita — 22°400kWh avg. | 2.6 kW avg. (2.3 kW avg. in 1980)
ETHziirich FLPE
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The Challenge 2/2

m Coal & 0Oil Powered the 1° Industrial Revolution (1750) / Enabled Mechanization

oil Othertransformation’
Cars

A‘_ T,,ns,,m hinny

Aircrafts
Other transport

Chemicals

Industny,

Hydrogen Iron and steel

\ Cement
e Other industry
Buildings

Other rer Residential
From hydrogen

s Agriculture
_/ To other transformation
From power and heat N <
on-energy use Services
P Losses

Hydro Losses
Solar PV
Wind
Nuclear

Natural gas

Bioenergy

\\ Losses

Source: IEA / Energy Technology Perspectives 2023

m Global Energy Flows — 2021
m World Economy Heavily Depends on Fossil Fuels (!)

ETH:zirich
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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 GtCOzé ébsféféeogatp gf Sources of emission:
£ JTLSI2 10 08 --- ETO 2022 CO, emissions
closed in 2050 —— PNZ Total CO, emissions
.. Overshoot emissions
el to limit warming below
16 = 1.5°C carbon budget overshoot of 77, |1\|'5tc ti teni
Carbon I 300 GtCQ2 to be closed by net negative ET?) rE)eNg:/aElve emTISSIO?: Outlook 2022
f::lfgsfé B emissions from 2050 to 2100 o Pathwgsrlglgt gae:c?b]yorZIOBUO 00K
5l [REEI
727777 R R R s L -~y
2020 2030 2040 2050 2060 2070 2080 2090 2100
N K(K
~Net-Negative”
Remove Overshoot
of 300 Gt(O,
m Human History — Transition from Lower to Higher Enerqy Density Fuels — Wood - Coal - 0il & Gas
m Challenge of Stepping Back from 0il & Gas to Low Enerqy Density Renewables
ETH:zirich
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Global Sea Levels by 2100 1/2

m Rising Sea Levels Due to Global Warming
m IPCC Predictions for Low/High Emissions Scenario

S Where Most People Are
Affected by Rising Sea Levels

Number of people per country living on land expected

Global Sea Level is Projected to Rise Global Mean Sea Level (m) o B e o can T by 2100
Even under the most modest scenarios*, scientists expect
sea level rise to affect Earth’s coastlines significantly L5

in the coming centuries. ’
La i ,,

//’ M 10-50 million
RCP 8.5: High emissions scenario —__ /’/ 3 M 1-9 million

’f
\\,‘/' W 500,000-999,000
RCP 4.5: Emissions stabilize by 2100 L r2
It 100,000-499,000
RCP 2.6: CO, emissions reach zero by 2100 — L Gt P pp kg < 100,000

(l
/:—\'-::::: ---------------------------- No data ) ¢ /’
Historical observations— 0 * assuming a rise in sea levels of 50-70 cm (2° C temperature increase/not taking

into account ice sheet instability)
T Source: Scott A. Kulp & Benjamin H. Strauss: New elevation data triple estimates of

r T T T T T T
1900 1950 2000 2050 2100 2150 2200 2250 2300 global vulnerability to sea-level rise and coastal flooding, Nature Communications
*Scientists use Representative Concentration Pathways (RCPs) to calculate future projections based )
on near-term emissions strategies and their expected outcomes in the future. @ ® @ statista%a

The RCFP values refer to the amount of radiative forcing (in W/m?) in the year 2100.

m 200 Million People will Globally Live Below the Sea Level Line by 2100
m Add. 160 Million Affected by Higher Annual Flooding Due to Rising Ocean Levels

an
4/35 __ Nl
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Global Sea Levels by 2100 2/2

m Rising Sea Levels Due to Global Warming

300 miles N
orwa
Equivalent to the y Where Most People Are
- - Y 00
distance between ——————— d Affected by Risi ng Sea Levels
. .O
Brighton and & Number of people per country living on land expected
Newcastle to be under sea level by 2100"
. Scotland
Gl{ill‘r(;lii]ll @ ’
North ~
How the dyke compares to other projects 4 NeV\‘castle Sea B 10-50 million Eﬁ .
300 miles M 1-9 million :ﬁ‘
[he proposed Scotland to Norway dyke ... . ™ 500,000-999,000 -4
100 miles Birmingham. e i 100,000-499,000
Danyang-Kunshan Grand Bridge, China 100 miles ° <100,000
*———o i = London No data
. The same distance

50 miles ° sl * ing a rise in sea levels of 50-70 cm (2° C t ture i /not taki

as between : Brlghton _assummg a F!SE In sea ‘eve S O am ( emperature increase/not taking
Panama Canal into account ice sheet instability)
™ ™ London and _‘ ele Havre Source: Scott A. Kulp & Benjamin H. Strauss: New elevation data triple estimates of
20 miles Birmingham ) global vulnerability to sea-level rise and coastal flooding, Nature Communications
Saemangeum sea wall, South Korea France @ ® @ statista%a
o—eo

m North Sea Enclosure Dyke — Mammoth Dams Envisioned to Protect 25 Million Europeans — €250bn ... €500bn

ETHziirich [FLFE
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(2009) 16 TW-yr —e @ vz e— 27 TW-yr (2050) m Global Distribution of Solar & Wind Resources

per year

SOLAR RESOURCE MAP

Renewable energy resources per year PHOTOVOLTAIC POWER POTENTIAL @) womosancorore - ESMAP

Solar
23,000 Tw-yr
per year

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

® Tides
-y WIND POWER DENSITY POTENTIAL _ESMAP & vorrex

Note: Graphical
Representation Assumes
Spheres Not Circles

Primary Consumption: Fossil energy resources - total reserve left on earth

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

Coal
Source: R. Perez et al., o
IEA SHC Program Solar - .

Update (2009) 90-300 Twyr

Wind Power Denslty @ 100m - (Wim

ETH:zirich
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PV & Wind Power Installations

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)

43% : 8.9%
CAGR 2000-18 h CAGR 2019-50
8000

7000
6000
5000
4000

2840 (2030)
3000

Cumulative installed capacity (GW)

2000

480 (2018)
1000

1 (2000)

2000 2005 2010 2015 2020 I 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 (2019a).

Cumulative installed capacity (GW)

7/35_|@|

6000 — .
Historical | Projections
21.3% 1.2%
CAGR 2000-18 ] CAGR 2019-50 5044 (2050)

5000 i 50TW -

— |
4000 / \

7/
3000
1787 (2030)

2000
1000 5422019) |

17 (2000)

0
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045

Source: Historical values based on IRENA'S rengwable capacity statistics (IRENA, 2019d) and future projections based on IRENA analysis (IRENA, 2019a)

m CAGR of =7% up to 2050 > 5000 GW

2050

[ELPE
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Aiming for a Global Solution (?)

m “Super/Mega/Overlay Grid”-Concepts Proposed since 1950s — GENESIS (1994), DESERTEC (2003), etc.
m U-HVDC Trans-Continental or Multi-National Supply & Trade of Clean Electricity

Laptev Sea Wind
Kara SeaWind gio WecBisa: Chukehi Wind
‘ rBase 2

o Iceland

To Greenland wmpowuasa Barents SeaWind _ Power Base
Iceland A

Legend

7 Hydropower Base

* Solar Power Base

© Wind Power Base

@  DCBackto Back
~———— DC Corridor
UHV AC Channel
EHV AC Channel

m Example of the “Global Energy Interconnection Backbone Grid” (GEIDCO) Proposed by China in 2015

ETHziirich FLFE
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The I8 81V in the Room
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weenn G S — I m Global Population by 2050 — 10bn Il“m 2.5 kW/Capita
compustion 4 T ' T N m 25°000 GW Installed Ren. Generation in 2050
= m M CgMBUSTION
WL HVDC 5
— L = | = = T m 4x Power Electr. Conversion btw Generation & Load
TRANSMISSION| | 1= TRANSMISSION m 100°000 GW of Installed Converter Power
T ) w m 20 Years of Useful Life
‘j}PV >’}—;\IIND 5 n:'HEV
. P -~
O OEg =)
- w v
AC DISTRIBUTION AC DISTRIBUTION
nECC nECC
PV WIND PV }—WIND
d s e sz e Mlome”
? i LOADS %1 % oS

x =
E+pscc e
o~ CONSUMER

Q‘/ ELECTRONICS
PHEV LOADS

#pECC =
" CONSUMER

g ELECTRONICS
PHEV LOADS

DC nanoGRID

_ moogRD e

m 57000 GW,
m 10°000°00D

= 5°000°000°000 kW, of E-Waste / Year (!)
‘000 $ of Potential Value

[FLFPE
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The I8 81V 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

-
-
|

Venezuela

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 16 117 116 1.9 0.6
tonnes million million million million million
nature

m Growing Global E-Waste Streams —> Regulations Mandatory (!)
FLPE
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Critical Minerals

m Production of Selected Minerals Critical for the Clean Enerqgy Transition

Extraction

Qil

Fossil fuels

Natural gas

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%

11/35_|@|

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 (!)

[ELPE
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End-of-Life Recycling Rates of Metals

m Global Estimates of EOL-RRs of 60 Metals & Metalloids (2008)

1 2
H He
6 y § 8 9 10
C|N|O| F |Ne
11 14 15 16 17 18
Na Yl Si| P| S| Cl | Ar
19| 20 4 6 8 9 0 4 35 36
K | Ca e Co Br | Kr
S/l 38 39 40 41 42 WKEWVE 45 46 47 QEEE 49 0 BEN 53 | 54
Rb b Tc | Ru JGLENNRYE Cd Sb I | Xe
55 6 e 74 6 8 9 50 K 8 8 84 85 86
Cs W B:G Pt A Hg Pb Po | At | Rn
87|88 ("™ |104|105|106| 107|108 (109 | 110|111 | 112|113 | 114 | 115| 116 | (117) | 118 Source:
Fr | Ra Rf | Db | Sg | Bh | Hs | Mt|Ds | Rg|Uub| Uut Uuqg| Uup Uuh| (Uus)| Uuo Foongetal. 2008
* Lanthanides YY) 62 | 63 |64 | 65

** Actinides (89| 90 | 91 | 92 | 93 | 94 | 95 (96 | 97 | 98 | 99 | 100 | 101 [ 102 | 103
Ac/ Th|Pa| U |[Np|Pu|/Am|Cm| Bk | Cf | Es | Fm | Md | No Lr

B <% [Ti10% [ ]>1025% [l>25-50% [ >50%

m Partly Very Low EOL-RRs

m Rel. Low Efficiency in Collection & Processing of Most Discarded Products & Low $3$ of Primary Material

ETH:zirich
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Raw Material Losses in Notebook Recycling

m Weight Data Based on Notebooks Sold in Germany in 2010

Losses during Losses during Losses during Recovery in
Collection Pre-Treatment Final Treatment Germany

U

177.000 Kg

Source: :mzmn:y'r

m Missing Recovery of Low Concentration Precious Metals
m Recycling Hampered by Product Design, Recycling Technology, Social Behavior, Etc. — , Trapped Resources”
§
ETH:zurich
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EU Critical Raw Materials Act

m Europe’s / Global Green Transition - Substantial Increase in Demand for Critical Raw Materials
m Geospatial Concentration of Supply Chains / Significant Geopolitical Risks

Technologies

Batteries H
Fuel i
cells

Materials

Supply Risk Sectors

(sorted largest to smallest)

Renewables

Traction
Motors

Moderate Cobalt

m Access to Secure & Sustainable CRMs Supply Crucial for Achieving the 2030 Climate & Digital Objectives
m EU Critical Raw Material (CRM) Act 2024 - Sustainability & Circularity of CRMs on the EU Market

ETHziirich FLPE
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Action #1
“Do More With Less”

Basic Scaling Laws
Enabling Technologies

FLPE
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The Paradigm Shift

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

S

ource:
UTS — Institute for
Sustainable

Futures

Take @ @’
Make = The Waste Hierarchy rsised,
REFUSE RETHINK
U L l AVOID/REDUCE /el
se l % e fomicdachor’
HEbUEE AR RECYCLE /tmiedipe
SRS RECOVER (SN
L I N EAR SEND WASTE
DISPOSE TO LANDFILL
POllute REUSE RECYCLE

ECONOMY

m “Linear” Economy / Take-Make-Dispose > “6 Rs” Towards Perpetual Flow of Resources / “Circular” Econom
m Recycling Aluminum 95% More Enerqy Efficient, Plastic 85%, Paper 50%, Glass 40% — “Downgrading” Problem

ETH:zUrich
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“Avoid and Reduce”

m Today’s Power Electronics Innovation Basically Contributes to Lower Environmental Impact

TIME-TO-MARKET
(Custom Designs) POWER DENSITY

200%

m Power Density > Red. of Resources
m Efficiency —> Red. of Energy Use
m Robustness > Increased Li?etime

SWITCHING
COSsT l/ FREQUENCY
250%
e
B/ R
Manulacturcrs hesociation * POWER SOURCES
———— 5 POWER LOSS RELIABILITY (MTBF) MANUFACTURERS ASSOC.

m New Set of KPIs Mandatory to Meet Future Environmental Protection Objectives

ETH:zUrich
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Scaling of DC Power System Losses

m Increase of R, with Transmission Distance [
m Red. of R, only Through Larger Conductor Cross Section A .,

. . P 1
~> Transmission Losses P, .=2-(——)**R, ~—;
, 2UDC UDC
48VI DC
+ !
T SOVDC 350v DO
' [:I Rpe X
O|Voc

kol \

KACu Conductor Cross Sections ACu
for Same Losses

m Quadratic (!) Dependency of Losses on Voltage Level
m Allows Massive Reduction of Conductor Cross Section with Increasing Operating Voltage

ETHziirich [FLFE
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3-O AC vs. DC Power Transmission

m DC Voltage > Max. Utilization of Isolation Voltage > Lower Losses & Less Conductor Material (!)

P
RAC + RL 1
S
! [] Rpe
OV
UDC T==" === == -
t -1
_UDC T="" I - i
1 P P PRI
P, .=3-(Z—)-R P, =2.(—)R i
UAC L V,DC 2UDC L M
Doe 3 ey | ho.. =075 "2?{5
PV e 2 U Upc=Uasc=N2Uyc
’ CURRENTS

THOMAS EDISON
VS NIKOLA TESLA

m Transformation of DC Voltage Level Requires Power Electr. Interfaces / “DC-Transformers” (!)

ETHziirich [FLFE
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Classical Transformer — Scaling Law

® Magnetic CoreCross Section A, =—- BUl 7 ]\17
max 1
N . 21,
e Winding Window Ay = N,
kWers
e (onstruction Volume
A Ay, =E—t o

P, .... Rated Power NN

ky .... Window Utilization Factor
B..x -- Flux Density Amplitude
Jimse+- Winding Current Density
f Frequency

m Low Frequency —> Large Weight / Volume
m Trade-off - Volume vs. Efficiency

ETHziirich [FLFE
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Low Rps(n High-Voltage Devices

m SiC MOSFETs / GaN HEMTs
m Low Conduction Losses
m High Efficiency

Infineon

typical CellR . XA @25°C

e, B «

* 1 #*
Ron, sic ﬁ Ron,Si

oAV

on

Si

—

silicon
1000um

Amount of semiconductor
material needed to
isolate10,000V

SiC

=

—

silicon carbide
90um

10

(Q mmz)

e S Limit
= = S| Compensation Limit (@16pym Pitch)
==== Sj Compensation Limit (@4pm Pitch)

46

== =28i Compensation Limit (@ 1pm Pitch)
e 4H SIC Limit

. GaN Limit

| GBT-Limit (Nakagawa)

CoolMOS C3/Ch

SFET3HV

SFET4/5 wlo Substr

v

¥

I \
Lb L L idll

IGBT3/4/RC
SIiC JFET IFX
GaN HEMT published

yEemON

A\

\
2 h

0.1

on

R xA

A
\
JARN

0.01

1E-3 FHirler,-’

T T VI, T v Froremm
'

m High Voltage Unipolar (!) Devices - Excellent Sw. Performance / High Power Density

ETH:zUrich




Power Electronic Systems o
|-I E I_-I Laboratory 3 21/35 1]

Scaling of Multi-Cell/Level Concepts

m Reduced Ripple @ Same (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage
m Application of LV Technology to HV

o 400V
P
5 U
0
263 8f.L
U L+
o / 400V
2 . 1 . 20 A
1+
\ T :ES _ ) AImax N = F AImax N=1
+ H/u 'L 0
T T L
ok -
== I 20 A - - -~
e 0 5 10 15 t{ms
Ul L+ a0 400V —
oE
d 200V
| I AUCﬂ=£2(i)2L ! !
: 2 u 32 f, N N I S By Y ERES S A
0O 2 4 6 8 10 12 14 lﬁf[kHz]

fSW N'-fSW
m Scalability / Manufacturability / Standardization / Redundancy

ETHziirich [FLFE
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Digital Signal / Data Processing

m Exponentially Improving uC / Storage Technology (!)

— Extreme Levels of Density (nm-Nodes ) / Processing Speed

— Continuous Relative Cost Reduction

Moore’s Law

Ivy Bridge
10° Gulftown Core 6 hid 8
Sandy Bridge
108 BIDSICES Core i7
= AMD K8 Core2 Quad
'S . C06e2 Duo
ore Duo
= 107 AMD Athlon Pentiaim M
o AMD Ké Pentium 4
— Pentium IlI
_g Pentium Il
Pentium Pro
6
g 10 i486 ___Pentium
c MC68020 i860
S 105 80386
2 S .
FinFET Nanosheet a 80286 EERG
< 8086
= 104
8080
8008
‘tmec . 103 4004

1970

1980 1990 2000 2010 2020

Year of introduction

m Fully Digital Control / Distributed Intelligence — “Complexity Management”

m AlI-Based Design / Digital Twins / Industrial IoT (IIoT)
ETH:zurich
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Examples o
“Do More With Less”

Solid-State Transformer
EV Power Electronics

FLPE
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Carbon Footprint of 3-® AC/DCSST 1/2

m  400kW Fully-Modular Solid-State-Transformer (SST) w/ HF-Isolation Stages
m Lower Raw Material Effort / Lower Impact of Increasing Raw Material Costs

13.2kV MVac LVdc

Switchgear

_— and Protection
A ——
3 aS3vdily4dn ==
. g l”i,,. i [ 1001 | ./I_H
=10 2 T ool )
» % | i—] e 800-1000 V
Z ot i (g .
- o i (] Ry 50T
2 gt | B |
£ 103} 3 :j. ) ;II[» 1 é o7k |/ LFT + AC/DC
5 I L O it (At
% ' E‘J“‘.u? 4 P _7 7“"" 96 -
S D e jir |
102 . * by ] 05 . . . . |
1850 1900 1950 2000 2050 . 0 20 40l o 60 80 100
~oad Yo
Year

m Evaluation Against Dry-Type LFT-Based MVAC-LVDC Interface w/ Equal Full-Load Efficiency Source: 4\ AELTA
ETHziirich FLPE
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Carbon Footprint of 3-® AC/DCSST 2/2

m  400kW Fully-Modular Solid-State-Transformer (SST) w/ HF-Isolation Stages
m Lower Raw Material Effort / Lower Impact of Increasing Raw Material Costs

I'=d

Laboratory

—
=]
I~

Copper Price (USD/t)
=

102

.‘lfi.'!‘ %08
3 [

13.2 kV MVac

',>

Swnchgear
and Protection

==

.

1850 1900 1950 2000 2050

ETH:zUrich

m SST-C0, ., Data Shown for Early Prototype — Potential for Massive Future Improvement ()

Year

AED T

T uE%‘ ligah|

—ACH 800-1000 V
4

BT

AL i 11[7
AN W L
azrAL 1A LR e

PR b

TAC/H DC a1 s TAC — ki
DodEl i T

LVdc

15000
[

Protection —

Buslbars /

Cabinet

10000 AC/DC

CO,eq (kg)

50001

LFT-based

24/35_|@|

7

Aux Power

PCB

Capacitors

Semiconductor

Isolation Case

HF Transformer
SST

Source: A AELTA

— Fans

— Protection

Input Filter
— Busbars

N Cell Case

- Gate Driver
™~ Heatsink

[ELPE
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Copper Used in xEVs

m Cu Used for Traction Motors, Energy Storage, Power Electronics, HV & LV Distribution, Etc.
m ICE (2023) — 29.5kg | BEV Robotaxiin 2034 — 73kg (7.8kg Motor & Power Electronics)

Copper in power electronics by powertrain (grams)

\C:rrent trend 286 Converter
mOBC
W Inverter

823
é
572 543
500 385 363
295 278

Si IGBT SiC MOSFET Si IGBT SiC MOSFET Si IGBT SiC MOSFET Si IGBT SiC MOSFET
BEV PHEV FCEV HEV

1000

Source: IDTechEx

m Transition SiIGBTs = SiC MOSFETs — 25...30% Decrease of Power Electronics Cu Intensity

ETHziirich FLFE
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Action #2 .
Eco-Design of Power Electronics

New Key Performance Indicators
Operation Phase Assessment

ELPE
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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

A System-level « (0
f, el e (%) Mission cost LCC (€) (’)
Search Pareto function
algorithm front
; /(\ C:(0p, o) » LCC ——__ B
| )S_’_—— s Tleuro.
B’-{/ __S \\___@,_9,"‘ 4\
i \ i Constraints
o ' > 0, (kW/dm?)

Cor(xllplonent Performance Mission cost
models space space
a(w/e P e

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

ETH:ziirich [FLPE
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Example — Three-Phase AC/DC PEBB

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

ik
T DC-Link

Capacitor

10 kW

400 V,. Mains

800 V, Output

1200V SiC

Control Electronics
Sensors ; J% J% ,J%
o - Gate
: Drivers

o | B
o -

| Boost

Ll
-I- -I- -I- Ind.

—
s
'_

ESJEF& JEFS

Filter
Capacitors

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

ETH:zUrich

Auxillary-PCB

FPGA

Filter Power-PCB

Capacitors

Switches

~\E -
Iy o

) -
Coldplate\ '

/~./

Boost Inductors

DC-Link Capacitor

an
27 /35 __ Nt
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Multi-Objective Optimization incl. Env. Impacts

m Efficiency vs. Env. Compatibility /

Carbon Footprint [W/kg C0,,, ]

m Limited Data Availability /
Quality — High Uncertainties

Losses
Primary Raw. Mat. )
>

Waste

End-of-Life
Management

""7‘ Wil "'-A
Remanufacture

Collection o
Repair
h / Losses
Use Phase
Losses
Littering

ETH:zirich

System Specifications

Nominal Power P, —10kW
3-Phase Grid Voltage U, =230V (tms, line-neutral)
3-Phase Grid Frequency f. =50Hz
Output Voltage U, =800V
Converter Level DOF
Effective Sw. Frequency f = [25kHz, 700 kHz]
Pk Current Ripple AL, = [25%, 150 %]
Optimi; Procedure

[7-Level 3-Phase Rectifier

[ 3-Level 3-Phase Rectifier

2-Level 3-Phase Rectifier

Design
Parameters

Component Level DOF

Inductors Semiconductors

Capacitors

PCB

Auxiliaries

(example)

Sw. Frequency
Inductor Val
Capacitance Val

0 KHz
90 KH (AL = 25 %)

—r

£,
L
c
C, =21 yF (AU, = 5%)

5
3
2.6 uF = 1/(4mfL)
2
|

Sweep semi_ designs

Semicond. (T=120°C)  Eg, from Table T

Parallel Devices
Heatsink

N,=[0.25,6]
Aluminum (p,,=2710 kg/m?®, k=60%)
CSPI=25 W/(dmK), T=40°C

| sweep ind. designs

Magnetic Core  TDK N87 E cotes (g, = 4440 kg/m’)
Winding Round Enamelled / Litz (9, =8940 kg/m’)

| cap. design
Fily Cap. Ve =tk c—U;TK, m =k, V
Electrolytic Cap. Vo, =k otk C, Uy o m=k, 7,

I
PCB 670 um
Area 35 x 35 mm?/ Semi
Weight Density py= 4 kg/m?* (50% Cu)

DSP Controller
Measurements
Gate Drive

TMS320C2834X + PCB
4 x Voltage, 4 x Current
1 x per Switch

Performance Metrics

Losses [W]
Boxed Volume [m]

Global Warming Potential [kgCO,,]

(Efficiency 7 [%])
(Power Density p [kKW/dm’])
(GWP perf.ind. &gy, [W/kgCO,

Damage to Ecosystem Quality [species-year]
Damage to Human Health [DALYs]

Damage to Natural Resource [USD 2013]

D)

Efficiency 7 (%)

Volumetric Power Density p (kW/dm?)

99.5

=l
O

0
o0
W

Efficiency #n (%)

98

Environmental Compatibility £, (W/kg CO, )

28/35_|@|

300
250
N
o,
200 %
P
Q
(=]
L
150 3
L
S 9
100 &
50
300
250
N
200 2
-
0
=
2
150 &
2
z
100 »
50

fLPE



Power Electronic Systems %
FEE Laboratory 29/35 1 |

Multi-Objective Optimization incl. Use Phase

. . 1 125
m Design Considers Use Phase / 00
Aims for Best Life-Cycle A
= 100 =
Performance 2 99 F o™ g
o Al %, @)
m Analogy to Total Cost of > o ngl 75 O
Ownership (TCO) Considerations 5 | 2
£ 98 g
w O
. Losses Losses
Primary Raw. Mal. Raw Material 97 . Bt N vl Yl B
Waste Sourcing 0 2 4 6 8 10 12 14 16 18
‘ﬁ Secondary—— Power Density p (kW/dm?®)
End-of-Life : 1001 100 _ 200 '
Management| <~ (.Design D~ >| Production Max. . 2 ’ 71129 COeq/kWh
! onverter ~ olo. Swiss Electricity
viii L, - *-\‘"'!m / Only 80 ¢ =150+ o oﬁ' Consumption Mix
T " Remanufacture ™. Losses R el 8_ bt o L9
/&Rm ~ 99t R = N & a%
< i & < f ; o g ?‘(\
i > §f  /~11gCOseq/KkWh 60 3 © 100
Collection Retse Distribution 5 4 Future Hyp. Renew. Prod S g -
?g% - 2 ol \21 9COzeq/ kWh : S = g
% Losses J SwesRenewProd | @ O B 56 21 g COeq / kWh
\7-—112 g CO,eq / kWh '. 20 % Swiss Renewable Electricity
Losses (_ Use Phase | Swiss Consump. Mix g o | B Production Mix
. . & | 3 - ) 1 1 1 1
Hitering o7 100 200 300 400 O % 2 4 6 8 10
Environ. Compat. &gwe (W / kg CO.eq) Time (years)

m Life-Cycle Carbon Footprint Strongly Depends on Electricity Mix & Mission Profile / Usage Intensity
ETH ziirich FLFE
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Action #3
Circular Economy Compatibility

_ Integration (?) —
Power Electronics 5.0

FLPE
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“Closing the Loop”

m “4R” Included Into the Design Process — Repair | Reuse | Refurbish | Recycle
m 80% of Environmental Impact of Products Locked-In at the Design Stage

Losses

L Losses L
Primary Raw. Mat osses Primary Raw. Mat<> J osses
»| Raw Material | Raw Material
Waste / Sourcing \ Waste Sourcing \
S : ~

econda
ﬁ Raw Ma{y , ﬁ Recycling
End-of-Life . End-of-Life
Management| ¢~ (.Design D~ »| Production Management | <~~~ C.Design D= Production

L’ Remanufacture

Remanufacture -
& Refurbish l osses . T & Refurbish OSSGS

Reuse Distribution Collection Reuse Distribution
Repalr Repalr

C ) S

/ osses \
Use Phase Use Phase

Losses

Losses
Littering (— Littering '(—

.

Collection

Z,

Losses

/I

m “Life-Cycle Cost Perspective” — Potentially Advantageous for Suppliers & Customers
m Quantification of Repairability / Reusability / etc. Still to be Clarified

ETHziirich [FLFE
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“Integration” — The Polar Opposite of CEC (?)

m System in Package (SiP) Approach — Isol. & Non-Isol. DC/DC Converters, PFC Rectifiers, etc.
m Minim. of Parasitic Inductances / EMI Shielding / Integr. Thermal Management

VICOR
Source: JVH

2.1in? and 34 W/in? 0.57 in? and 105 W/in?
72 Watts 60 Watts

<—0.65"—>»

23"

1.26 in? and 26 W/in? 0.57 in? and 105 W/in?

33 Watts 60 Watts

e Extreme Power Density / Shrinks BOM
e Automated Manufacturing / High Reliability
e CEC - Circular Economy Compatibility (?)

ETHziirich [FLFE
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The Complexity Challenge

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

Product Complexity / , Entropy”

m More than 60 Metallic Elements Involved in Pathways for Substitution of Conv. Energy Systems
m Ultra-Compact Systems / Functional Integration — Main Obstacles for EOL Material Separation (!)

ETH:ziirich [FLPE
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“Modularity” — Facilitating Upgrade | Reuse | Repair

m Modular Design Considering Ease of Disassembly | Maintainability | Upgradability | Reusability | etc.
m Grouping of Components Determined by Reliability Level & Expected Lifetime / Level of Reusability or Recyclability

Detachable
connector

X @

by replacing

By using the | IR L i— Reusable module CQ
standized ! ? LR, with reliable
AnEerTheas, this: 51 TaR _——»components can | Reuse <ité
e e o b = % g i § 4, el | be re-used in Um*\é%]lzsnlEEux
changed with an [y i =te | e e oy another PECs iNP
upgraded module o K s ¥ e
> o=

Recycle module with high-value ‘,
material components (compatible | Recycle
materials for recycling)

m FAIRPHONE — Modular | Manually Replaceable Parts | 100% Recycl. of Sold Products | Fairtrade Materials
m Standardized Interfaces / Mechanically Separable Connections

m Leveraging Economies of Scale to Compensate Interface Costs
ETHzirich [FLPE
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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 |

/

» WBG Semiconductors /

. er e e 5.0
» Digitalization / IloT
Multi-Cell/Level Conv. J M) \J
3D-Packaging/Integr. /_
Funct. Integr. 4

» Super-Junct. Techn. / WBG /_ /

» Digital Power
Modeling & Simulation 3.0

4 (Disruptive) p Circuit Topologies
Technology Microelectronics
» Modulation Concepts ,

Solid séng /DDiqdes Control Concepts
) olid-State Devices /
™ Existing \ o

2050

» Effort / Time |

1958 2015

Performance Replacement » MOSFETs & IGBTs & IG(CTs /_ /

Emerging

< Established

ETH:ziirich [FLPE



Power Electronic Systems g
|-I E 5 Laboratory 3 35/35 T

CEC-Power Electronics Roadmap

m Environmental Awareness as Integral Part of Future Power Electronics R&D (!)

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 * 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

ETHziirich [FLFE
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Thank you!

Zero-Waste!

=
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