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Outline

y" Decarbonization

y The Elephant in the Room

Yy Multi-Objective Optimization

y" Circular Economy Compatibility
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SUSTAINABLE £ ™
The U.N peveiopment % ALS

CLEAN WATER
AND SANITATION
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EDUCATION EQUALITY

GOOD HEALTH
AND WELL-BEING

e

NO ZERO
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| @'
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kN
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ECONOMIC GROWTH

i
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A
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O
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The Challenge

y 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 1.5 ()
Warmest multi-century observed
/ period in more than ' imulated
100,000 ! simulate
L10, 10 years (" human &
observed natural
0.5
L 0.2 simulated
natural only
0.0 (solar &
volcanic)
reconstructed
-0.5 -0.5
-1 — | |
1 500 1000 1500 1850 2020 1850 1900 1950 2000 2020

Yy Anthropogenic greenhouse gas emissions causémate change / global warming

BB
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Decarbonization /Defossilization

y +2°C target by 2100: Globally30% of oil, 50% of gas, and > 80% of coal reserves must remain unused (!)
Yy GHRaqRYet WGeézaré GG (LR Y LRO0X @y LTerpdiativePoVaestibot!

A Carbon Budget
for +2 °C

L~/

——Temperature Overshoot

Temp. Increase Limit

Budget for

+2 °C Reserves Non-Reserve Resources Excess Emissions
. _H—_ —_—

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)

) I
Oil Gas Lignite

Human historyTransition from lower to higher energy densityyfudloodA CoalA Oil & Gas
Challenge of stepping back from oil & gas quicklg /UK q lls ¢ RaqWn Y|l WI Rt | e GqR2 W WaqldH6 UY G Y
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The Opportunity
(2009) 16 T\AYr— @ i «— 27 TWyr (2050)

Renewable energy resources per year

Solar
23,000 Tw-yr
per year

100% convers. eff;
Excl. oceans

° es
e,

Note: Graphical
representation assumes
spheres, not circles

Fossil energy resources - total reserve left on earth

Primary consumption: Coal
16TWyrA 27TWyr %?am-yr o Petroleum

. . . 90-300 Tw-yr
Final consumption: i 240 Tw-yr

11TWyrA 15TWyr total

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

ETH:zurich

Yy Global distribution of solar & wind resources

SOLAR RESOURCE MAP

PHOTOVOLTAIC POWER POTENTIAL

WS OO A  TRS e e

@) worwsankorowe - ESMAP

Long-term average of photovolaic power potential (PVOUT)
Daily totals: 20 24 28 32 36 40 Lk 48 52 56 6.0 6.4

KWh/kWp

| =
Yearlytotals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

DTU Wind Energy
of Wind

@ WORLD BANKGROUP e 10t tnergy

ONSHORE & OFFSHORE WIND RESOURCE MAP
WIND POWER DENSITY POTENTIAL ESMAP @ vomrex

Wind Power Density @ 100m - [Wim
e — 40
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The Approach

y Outlook of global cumulative installations until 2050
y In 2050 deployment o370 GWir (PV)and 200 GWAr (onshore wind)incl. replacements

Source: IRENA, Future of Wind / Future of Solar PV (2019)

15 1 — . ,
:—— Projections /

= (IREf\IA, 2019) Wind s 1000 GW i A
E (Offshore) \
> - 5000 GW
é 10
©
O
o
2
g vi¢
g O \\\Vg
— r 8500 GW \
£ A\
O

O N 1 1 J
2000 2010 2020 2030 2040 2050
Year

y" Dominant share of electric energy Power electronics as key enabling technology (!)

BB
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Remark:Cost of the Clean Energy Transition

y" Totalannual spendingor net-zero until 2050:3.5 TUSDs1 O FOPAWSD) MTotal 110 TUSD until 2050

Decarbonization Channel

A VISUAL CAPITALIST BRAND

Power Sector Buildings

$2.4T $500B -

70% Retrofits
$230B

Renewable
Heating Heat Pumps

$140B $130B

owe ation
______________________________________________________________________________________ Transport $240B 7%

Road Charging Infrastructure
$130B

Aviation Shipping
$70B $40B

Clean
Hydrogen

$80B
2%

: |
= :
E ower r =
i Storag Industry
] ri :
Power Networks + Flexibility $7OB
| $200B 2%

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

y Perspectives: 3.5 TUSD are 12% of the U.S. GDP (202zFoarf the world GDP
World defense expenditures 2023 were 2.4 TUSD

Sourcehttps://decarbonization.visualcapitalist.com/breakidgwnthe-cost-of-clean-energytransition/ based on data from the Energy Transition Commission.

ETH:zurich
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The

HYDRO
A

In the Room

HYDRO
A

NUCLEAR LARGE-SCALE POWER PLANTS NUCLEAR

comBUSTION j&d

HVDC

* COMBUSTION
~

%

@
HVAC

TRANSMISSION

e i
S

HVAC

o

TRANSMISSION

AC nanoGRID

| 7|winp @&HEV ‘E PV | | winD @&’HEV
8 a =
AC DISTRIBUTION AC DISTRIBUTION
(G« 3 's
= nECC | necc
PV WIND PV \WIND
- | FousenoLD) HOUSEHOLD
E? =]z LOADS % % LOADS
;
CONSUMER CONSUMER
ELECTRONICS ELECTRONICS
LOADS LOADS

DC nanoGRID

Source: DBoroyevici{2010)

Z |||
AN RN

y
y

M M ividia]led t&newable generation in 2050
M M Niristalleddbattery storage

ETH:zurich

y 4 x power electronic conversiorbtw. generation & load

Yy N MMk M MMnEtaliediconverter power
y 20 yearsof useful life

Yy P K

Source: www.evaste-
recyclers.co.in

WP &k MMM KW \ofewasté detlyear (1)
Y NMKk MMMk NMdfipotentdalvalies LU
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Growth of Global EWaste (1)

y" Growing global ewaste streams /< 20% recycling! N Gopper .
— v Y W < . Y ~ Ny DN s * 0 . Considered critical minerals
YN=MK MMMK MMM Wewdstetinld@5a LN G Y Hc A'“m'”g’:balt L]
2454510 - ¢ Antimony
! ¢ Sil
e o ’ T i
, > ! 1036 Bismuth
PP LW~ qllblr HWPK PMMLW# W o= " e44 ‘ Germanium
Data source: The global '—>“.§ 579 b ‘ :
- t itor 2020 &l o 3 |
80 e-waste monitor ! : 2 | ‘ ‘ 13 -
70 B é . S -1
' ‘. aciio®
: pro°
= 60 — 4
g .
2 S0 ¢ Europe 1 g %8 e
© . . i .
3. 40 Asia - i
L .
T 30 Americas 1
o] .
© Africa
© 20 Oceania 2019 | |
10 0 5 10 15 20 25 _ _
E'Waste: TOta| (Mt), Pel’ Caplta (kg) “‘ Estimated value of raw materials at
0 . w09 BILLION EUROS
2015 2020 2025 2030 Source: Library of Parliament, Canada, 2019
Year

y E-waste represents anbe | H ¢ U with §éatledhomic potential

ETH:zurich

Global, 2019
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Growth of Global EWaste (2)

y" Growing global ewaste streamsA 1= MK MMMk MM M LU arWasSte illX0B0WIN G Y He G WIJ
Y Increasingly complex constructionsA Little repair or recycling

Green|T
Source: Solution

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

Source:nature

y Growing global ewaste streamsA Regulations mandatory (!)

BB
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Qil

Natural gas

| Fossil fuels

Copper

Nickel

Cobalt

Minerals

Rare earths

Lithium

0%

Remark:Critical Minerals

Extraction

Australia

20% 40% 60% 80% 100%

Fossil fuels

Minerals

Qil refining

LNG export

Copper

Nickel

Cobalt

Lithium

Rare earths

0%

y Production of selectedminerals critical for the clean energy transition

Processing

40% 60%
Source: IEA / The Role of Critical Minerals in Clean Energy Transitions (2021)

y Extraction & processingnore geographically concentrated than for oil & gas (!)

m Qatar

» Indonesia

mDRC

= Philippines

m China

mUS
Saudi Arabia

®m Russia

ulran
Australia
Chile

= Japan
Myanmar

= Peru
Finland
Belgium

m Argentina
Malaysia
Estonia

ETH:zurich
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The Paradigm Shift

y Linear Economy y" Circular Economy

Taker makeTt dispose

Perpetual flow of resources

Losses

_J‘ Losses

. Primary Raw. Mat.
Raw Material »| Raw Material
Sourcing Waste Sourcing
‘ N Secondary ~
\ Raw. Mat.
End-of-Life ’ :
Production Management <) FiselLololy
\ RemaHLifacture LL(;sses
& Refurbish
Use Phase R i
Collection S Distribution
\ Repair
o Losses
" Use Phase
Losses
Litteringr

Resources returned into the product cycle at end of life

14
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Remark:Policymaking / Regulations / Standardization

y European Green Deal
Circular Economy Action Plan
Net-Zero Industry Act
Critical Raw Materials Act
Environmental Footprint Methods
Right to Repair
Ecodesigrfor Sustainable Products Regulation
B

y Standardization (Examples)
ISO 14040/14044 Lifeycle assessment
IEQ ISO 14067 Carbon footprint of products
ISO 4555 codesigrand material efficiency
@ IEC 62430nvironmentally conscious desifgr el. & electron. products

IEC 618069-1/2 Ecodesigror drive systems
B

ETH:zurich

15
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Complexity Challenge

y Technological innovatiory Increasing level of complexity & diversitgf modern products
Yy Exponentially accelerating technological advancement (R. Kurzweil)

complexity

sl (RPN}

-ten——

time back in years

www

- hunderd — I_

printing |- ]

- thousand — ;) I—

writing |-
-10 thousand ——

Ianguage BoTll I

- million—— .

-10 million—— Source: HEhlhardt 2017, www.productevolution.org

Yy Ultra-compact systems/ functional integrationy Major obstacle for material separation!?

BB
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Design for Repairability & Circularity

Yy Eco-designy Reduce environmental impact of products, incl. liteycle energy consumption
Yy Re-pair/ Re-use/ Re-cycle / disassembly / sorting & max. material recovery, etc. considered

y" EU ecoedesign directive (!) =

Material selection

Source:
www.ligman.com/

Material quantity

Disassembly concepts

Predetermined
breaking points

Source: https://de.ifixit.com/

Y FAIRPHONE y Modular design / man. replaceable parts / 100%&cycl. of sold products / fairtrade materials
Y bY ME WY N WJIU2 R ofpriddddisopreltckeR-B G HIE a Wa 6 13 YT JTFER0IT S ohe IR 30 W

BB
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LCA: Life Cycle Assessment (1)

Yy Quantification / benchmarkingof eco-design& circular economy approaches

SIEMENS

Manufacturing Operations End-of-life
Extraction of natural Product’s installation, Disassembly and
resources, processing use, and maintenance material recycling of all
of raw materials, in a standard scenario. recyclable materials
manufacturing, as well as thermal
production, packaging, treatment and the
and transport. disposal of all other

materials.

cradle to gate
- -

cradle to grave

- >

Yy Scope of LCA can include
All life-cycle phasesdradle to grave or
Individual life-cycle phasesdradle to gateor gate to gate)

fOGecnuW Yel HIJEdidesigh HIE e Bl RIGAWRUNWRGAG Ge HaqAlWt 6 ¢ GRUNWq6 IWs Y1 GT IOwW=M=Z OO
https://assets.new.siemens.com/siemens/assets/api/uuid:f7d929aid1 f44df-ac51-7783cc28dac7/EcodesighVP.pdf

ETH:zurich
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LCA: Life Cycle Assessment (2)

*

*

- *
* gk

Yy Quantification / benchmarkingof eco-design& circular economy approaches Eurapean

Commission

1 Goal and Scope 2 Life Cycle Inventory 3 L":;y::n?:&a“

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

o, bR ﬁ‘ ﬂ

Raw materials firarepor] \é ; —t
T
Functional unit ===
of the product Production Market M
meet the
intended function) i

End of Life Consumption
Transport.

System boundary a =

Areas of protection

4H
P NS
Y &
Human Ecosystem Natural

health quality resources
| J

4 Interpretation

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

1

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

factors & value choices

EYel #HUJalW~tOW?2¢ GRecURAW OW[ WI 1 ¢l ¢awe UT W[ oW lrhadisghiptd @ 2RO GG 1M0aqé GIWR § ¥ g&Il Ri0alg Wig6 ¥R WEBWIUqe d WnYYqGl RUqwe 0T W
Publications Office of the European Union, Luxemburg, JRC12990ht0R2data.europa.eu/doi/10.2760/11564 19
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LCA Example: Carbon Footprint of a 180NV PV Inverter

y" Production phase/ embodied carbon footprint 0003 kg CQeqbl N P B = M E-dy¥lécarioR foddprint)
Yy Use phasecontributes >80% to life-cycle carbon footprint(conversion losses & standby/night consumption)

Y 150 kW rated power for typ. 22&W, PV system

BB

Embodied Carbon Footprint

Spulen, Drosseln,
Transformatoren 17,0%

Verpackung 1,6%

Andere 6,2%
e

Aluminium 35,1 %

Kabel 2,1%

Stahl 1,2% -

Kondensatoren 2,9 % —

Kunststoff 1,6 % -

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

EYezl HUaWWE~ WEY{c¢ ! HYhpeneREAKIYIE tydlesspssniiasExe 0 Ul AbgpsAfile S SoE0dk/assets/280662.pdf

20
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LCA Example: Carbon Footprint of a 180NV PV Inverter

y" Production phase/ embodied carbon footprint 0003 kg CQeqbl N P B = M E-dy¥lécarioR foddprint)
Yy Use phasecontributes >80% to life-cycle carbon footprint(conversion losses & standby/night consumption)

Mass

Spulen, Drosseln,
Transformatoren 25,2 %

N

///
e

2

<

ICs 0.1%

PCBs 2.2%

Verpackung 18,5% .~ ‘

/
/
Andere 5,2 % /

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

(I)PCBs 23.8%

| \ Kunststoff 2,5 %
‘l \ Kondensatoren 2,7 %

Embodied Carbon Footprint

Spulen, Drosseln,
Transformatoren 17,0%

Verpackung 1,6%

Andere 6,2%

Aluminium 35,1 %

Kabel 2,1%

Stahl 1,2%

Kondensatoren 2,9%

Kunststoff 1,6 % - \
\

N -

ICs 8.6%(!)

w/o components

S -
~ -
N

y" Small / lightweight components with large contributions to carbon footpririt)

BB

EYel #HJalWWE~ WEYQdCE! HyhpeneAE 0w OWAER H I9WHE & 01010 dhitps:iFited. sthaldé/asdbisR8066R. 5t LU= M= O oL
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Carbon Footprint is Not Enough!

ETH:zurich

y Life cycleimpact assessment (CIA) phase of LCA/ Environmental profile w. wide range of perf. indicators

Yy Example:ReCiPe2016
Three areas of protection / endpoint categories

Human Health
Damage to Human Health (DHH)
in DisabilityAdjusted Loss of Life Years (DALY)

Ecosystem Quality
Damage to ecosystem quality (DESQ)
in Timelntegrated Species Loss GIJHER It Y ! |

Resource Scarcity
Damage to resource availability (DRA)
in surplus cost / dollars ($)

L Damage Endpoint area
Midpoint impact category pathways R

| Particulate matter Increase in
- respiratory
Trop. ozone formation (hum) .

lonizing radiation

| Stratos. ozone depletion

’ Human toxicity (cancer)

| Human toxicity (nen-cancer)

| Global warming

Increase in
various types of
cancer

Increase in other
diseases/causes

Damage to
human
health

Increase in
[ Water use malnutrition
Freshwater ecotoxicity Damage to
Freshwater eutrophication freshwater
species
| Trop. ozone formation (eco)
Damage to
| Terrestrial ecotoxicity terrestrial
Terrestrial acidification Shecles

Land use/transformation

| Marine ecotoxicity

Damage to
marine species

Damage to
ecosystems

| Marine eutrophication

| Mineral resources

Increased
extraction costs

| Fossil resources

Qil/gas/coal
energy cost

Damage to
} resource
/| availability
/

SourceHuijbregtst al.,ReCiPe016 v1.1 Report

y" Value choices {ndividualist / hierarchist/ egalitarian) affect time horizon, included effects, etc.
y Alternative frameworks likeEU Environmental Footprint (EF 3.&xist

BB
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100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

LCA Example: 15¢kW EV Drive Inverter (1)

Yy 150-t 1 WRU2 11 qU AWNPMLWE W? 9 WHeat WNP LW/
w. avg. 97% efficiency (WLTP driving cycle)

MMWY G ¢ qRU

y 16 Impact categoriesEU Product Environmental Footprint (PEF)
b GWHP:Climate change (carbon footprint)

b MRD:Resource use, minerals and metals,
L B

———— - -

PCBs (Driver & Logic Boards)

CRT)-T00 65

o S ————————————— -

N ———

Heatsink
7.72x10" 3.49x10" 1.75x10™ 4.44x107 3.45x10™ 1,04x10" 2.27x10~ 4.05x10” 8.82x10~° 3.76x10™ 8.22x10™ 1.11x10%" 2.33x10” 1.13x10”° 9.90x10'° 6.22x10" \\ ) DC Link Capacitor II

1.15x10*" 2.61x10™ 2.53x 107 1.61x10™° 8.87x10’ 8.84x10" 1,00x10" 1.27x10”" 4.01x10™" 7.33x10™* 3.64x10* 3.06x10" 8.17x10" 3.14%10° 1.73x10" 2.24x10" ~

9.33x107°
4.87x1073

7y
(=]
—
x
~
5
—

3.89 x 10*?

Evaluation

Database

3.96x 107°
2.75 x 10*°

5.27x 107"
3.90x 10*3

o )
o +
= =
x x
D

A 4
™M L

1.08 x 10*3
1.02 x 10"
1.02 x 10*°

~

3
o
i
x
o)
i
(32]

Life Cycle
Inventory 87

) 9
' Elementary flow (g)
HE o

‘

1.54 x 10*2
1.39x 10**

g
o
—
xX
~
k0
~

. SHAIMERS 1 Elementary flows | Y

Q' ~
~

o

= S

x x

o

N R

- o

2.14x10°®

Life Cycle Impact
Assessment(LCIA) |

®
e
o
-
x
un
I
)

3.42 x 10*?
2.46 x 10*°
1.15x 10*2

m
b
(=]
—
x
<
=
a

2.14x10°°
3.29x10™
4.47 x 107

St
o
i
x
o
o
o~

1i57:x10:°

2.24 x 10"
4.91 x 10*°

GWpP

HT HINC PMF IR POF TAP TE FE ME FET WD FD Interpretation \

® Manufacturing  ® Use Transport  ® End of Life (EoL) Environmental impacts - Midpoint Impact Score (IS)
13 oo 14 Sovwrn 15 Gino
Ol | &

Source: BBaudais H. Ben Ahmed, Godin N.Degrennél ¢ UT WE OWx In A2 1 WA WmBXx R WWH! #adWwet + 3t + G WU0qWynwe w
NPMLWE T WG R ¥ ERResgy $6\ho. HEAM 2dJS, dpil PeRRKI3390/en16052192. 23

y Production and use phase dominate all indicators
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LCA Example: 15¢kW EV Drive Inverter (2)

Yy 150-t 1 WRU2 11 qU AWNPMLWE W? 9 WHeat WNP LW/

w. avg. 97% efficiency (WLTP driving cycle)

y 16 Impact categoriesEU Product Environmental Footprint (PEF)

b GWHP:Climate change (carbon footprint)
b MRD:Resource use, minerals and metals

L B

100% 9.08x10° 4.13x107 234x107 432x10° 479x107 1.18x10 4.23x10* 665510 178x107
o — —
145x10™ 6.60x107 ® 120%10" Jeevin”
0,
90% {05 507,10

1 .

1.15x 107 , 131x10
80% 6.55x 107 2.35x 10
2.52x107
- * 5.23x10"
,
o :
70% =
x e
o o
0, b 9 . - T
60% S S o 444 % 10" - & S °
= = g 2 5 3 g
2] = x < 2 - N
50% 2 : x
° - ° 2 a P = )
g )
] - x - S = 2
40% 5 3 = -
o o o x
- ~ =
= - 1 1 1 & T 5 8
30% o =1 =4 = = - x
= = 2 > 5 b 8
. o s = ] & = = m a
20% = ) ~ 4 — 2 ~ N
- x £} L L4 ) - = —b
@ . o x 7 T
10% S e} S 9 - - = S -
(] o © % x x 9 x % 2.
8 ¢ 8 a 2 8 2
) ; g : ] ] by
0% < = ™ ~ a 2
0

GWP OD HT HINC PMF IR POF TAP TE

H Power module m DC link capacitor ™ Casing = Busbar m PCB

y" Detailed breakdown of component contributiondo prod. phase

1.99x10 158x10% 3.62x10" 3.68x10° 6.68x107* 2 1.08x10%

1.99x107 oo
7.58x 10° ..

2.89x10% 6.85x10"
8.73x107
1.37x10%
3.85x107
139x 10"
1.04x10%

1.76x10°

3.68x10%

5.93x107

2.02x 107"
1.60x10*?
2.90 x 10"
1.87x10**
6.13x10*?

1.78x10™

4.91x107*

o
-

=
o
a
n
o
-

x
-
Q
B
o
-

x
-
o
o

o )
S S
% :
wn m
m 0
w m
5 @
- -
x x
) =
- w

o
=
x
~
Q
-
o
o
x
o
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~

0
(=)
-
x
<
o]
<
)
]
x
©
=l
)

6.33x10*2 548 x10%

)
1

x
©
~
N

FE ME

FET WD FD LW

Cable glands, seals and spacers B Assembly
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HybridKit Drive s

MMWY G1J |

I
: :'
1
I 1
I 1
I 1
I 1
- I
1
I 1
I 1
I 1
: I
1
{ I
: PCBs (Driver & Logic Boards)|]
i Power Module :
\ Heatsink !
\ /7
N\ ‘= DC Link Capacitor /
~ P d
L R ——

Evaluation

Database
Life Cycle
Inventory 87

| CHANERS 2
Literature
* Transport _J|
* Use
* EoL

Environmental impacts - Midpoint Impact Score (IS)

13 1 s 15 o
@l |l

) 9
' Elementary flow (g)
HE o

‘

Elementary flows | Y

Life Cycle Impact
Assessment(LCIA) |

Interpretation *

Source: BBaudais H. Ben Ahmed, Godin N.Degrennél ¢ UT WE OWx In A2 1 WA WmBXx R WWH! #adWwet + 3t + G WU0qWynwe w
NPMUWE i WG UEaql Y ERerisel $6/ho. BRADH 2d)3, dahl Pe#RL013390/en16052192.

¢ qRU
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New Holistic Design Procedure

Multi-Objective Optimization with Environmental Impacts as New Performance Indicators

ETH:zurich
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System Design Challenge

Yy Mutual coupling of performance indicatorg\ Tradeoff analysis!
Use-phase

Efficiency ier%gcc)tnmental

Converter

Complexity Switching

Initial Costs Frequency

Life Cycle Costs

Lifetime / N
Replacements Reliability

Embodied
Size environmental
impact

Redundancy

Operat. Temp. £

Level of
Integration

Derating,
Redundancy

Costs

Yy For optimized systems, it is not possible to improve several perf. indicat@ishultaneously

EYel H#HIJalls lOWi OWu Ya ¢l AW[ OWu I Rt G1J1 Allc FOWA IOW  Bridsanthtion 6 ¢ q e | W W6 WWH7 RNWI9c xxE ] EEBWRUWAYs Il WEGWHG!I YURHI e Awll
at the 8th Int. Confntegr Power Electron. Syst. (CIPSyremberg, Germany, Feb. 2014. . 26
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Abstraction of Power Converter Design

y" Converter Design: Mapping of
multi-dimensional design spacento a
multi-dimensional performance space

Performance space

Design space

Performance Space

Efficiency
Power Density
Costs
Reliability

etc.

System

e

Costs

s Phase-Shift DC/DC Conv.

e Resonant DC/DC Conv.
e DC Link AC/AC Conv.
s Matrix AC/AC Conv.

ete.

Components
Power Semiconductor

Interconnections
Inductors, Transf.
Capacitors
Control Circuit
ete.

Materials

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

etc.

Source: J. W. Kolar, J. Biela, S. Waffler, T. Friedli, Badstuebnefl LUBA I n Y1 G ¢ U Wal WUOT + we U7 WiRGRgeqRYUY WYNWGYs I W
Ba WA aql Y UR Pk, Bth loflitégt PABwetlBReCiidh. Systems Conf. (CIRB)yemberg, Mar. 2010.

ETH:zurich

e Evaluation Formulas
e Lifetime Models
e Cost Models

e cic.

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

e ¢clc.

Doping Profiles
Geometric Properties
Winding Arrangements
Magnetic Core Geometries
o etc.
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Modeling of Converter

Designs

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

l

Converter Topology
Modulation Scheme

I

Electric Power Circuit Model

Component Values, fp

Icms I l Ly g i(1) 1 vil1)
1 N I _ I [ Vi _
Capacitor Transformer / Inductor | Semiconductor | CM Noise | DM Noise
Type « Windings Geom. Type Model Model
* Wire Type lAff” lA;;"
* Core Geom. - —
* Core Type Off-line Optimized DM/CM
l Loss Model Filter Topology
CD.\r! l CL':U ﬁ ¢ I-U.U/!-('.’U
Loss Model | Reluctance Model ‘ T; Filter Filter Inductor
Capacitor « Geometry
¢/ | Thermal Model | Type * Material
Min. Loss Model i l
Losses » Windings Py
Ben « Core th | Loss Model | Loss Model |
=Dy

r<Tuw|  rermy | Offline

V= Vit Optimized .
Thermal Model ‘ Heat Sink “\’jlml

ol.
— Transformer/ Heat Semic
Capacitor | Capacitor Inductor Sink Losses: 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

’_

Yy System/circuit & component models
y Iteration over all combinations of design degrees of freedom

l

Total Converter Volume / Losses

Source: J. W. Kolar, J. Biela, S. Waffler, T. Friedli, Badstuebnefl LUBA I n Y1 G ¢ U Wal WUOT + we U7 WiRGRgeqRYUY WYNWGYs I W
Ba WA aql Y UR Pk, Bth loflitégt PABwetlBReCiidh. Systems Conf. (CIRB)yemberg, Mar. 2010.

ETH:zurich
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Multi-Objective Optimization of Converter Designs

y" Pareto front:Boundary of the feasible performance space
Yy Mission profiles: Power lossA Energy loss Life-cycle cost (1)

, System-level £ (Y
fz models K("mo( %) Mission cost LCC (€)
Search Pareto function
algorithm front
\

A\f C:(Upa ne*uro)’_)LCC .

(OMIEEEL

e e}

o 4l Constraints
z V| | > 1, (kW /dm?)
// Design Component Performance Mission cost
P space models o w/e) space space

y" Typically considered performance indices: ;| Efficiency in %

Volumetricpowerdensityin kW/dn#
Gravimetrigpowerdensityin KW/kg
CostdensityR U LT o K

EYel HIJa WA IOW-~ IOW7 eChniparativgifecydlé cissal@ilysisidBl and i€ Pyshiemersystemsbasedonadvanced
-" - rHultiobjectiveoptimizatiortechniquesi lBEE Trans. PowElectron, vol. 32no. 6, pp. 43444358, Jun. 2017.

BB

ETH:zurich
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Design Space Diversity

y Verydifferent design space coordinatesnap to verysimilar performance space coordinates

")

100 ; . .

| 500kHz 900kHz
5 99.4 | 500
""""" Rikan 700
< oo} = 993 1600 2
—_— ey >
- > {500 3
5 | E &
o D 2, &
2 g e {400 2
= s} i 2
il 300 =
2

s 200

97 Il c. o! i i 100
0 5 10 15
Power Density p [kW/dm’*] Power Density p [kW/dm’]

Example: Googleittieboxdesign optimization w. PWM operation / Mutual comp. of HF and LF loss contrib.

Source: J. W. Kolar, D. Neumayr, D. Bortis, M. Guacci, aAdeJl A¢ W UT U1 + BaxAWms] YYNGWWx Raaqdld
A 1D 0 Y ¢ Keyhbtéatthe T0int. Conflntegr Power Electron. (CIPStuttgart, Germany, Mar. 2018 30
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Design Space Diversity: 3L & 7L PV Inverters

y" Two concepts/ similar specsy N = OP LWt |

3-Level AILSIC TTypePV Inverter*
99.4%, 2.4 kwW/dm

~ E = ==
o H
~ H
~ i
S i
S , el
© : TT

| C(I:SPR 1
no == - lass A

L+ =
—PE

7-Level AlFSi HANPCPV Invertery
99.35%, 3.4 kW/drh

' 7TLHANPC

pPo———
z e - - a
& - o b
™~ m - .o C
% J=== = /===
© = CISPR 11

Class A
no

e

y" Differences in environmental impact?

Source: J. A. Anderson, D. Marciano, J. Hubee®y G.Busattad LW¢ UT LWs HOUSIGOBI4e4fticient tArdéphade Bitype

AWZPMBTZMLWE Ly? Snfildd peirf. B AL IDNIN6IIO

Efficiency / %
O
o
(3]

99.0 L

DC Cap. DM Ind. Switching Stage Air
Filter Cap. ICM Ind. PCB & Comp. | 2.4
) kW/dm®
39
____________________________ W/in®
' T34 56
kW/dm?® Wi/in®
1 2 3 4 5 6

Volume (dm?)

III\\P( [6] ]

SOV > meg

r 7LHANPC \<»] D 720 V ]
10V Sl 7 Calc. (meas. add. sy ]

i /, s Lainrs Lemy 10sses) Y3

0720V ]

o 650 v f3LTT -

99.1 f

99.35%

* 720V
< 650V}7LHANPC [11]

\% 2
,
’ /
’ Z*
’, ¥
‘ , e
’ /
g s
/
/
1 i " M L Il

\DK
~1
-~

5 6 7 8 9 10 11 12
Power / kW

inverter with D&ide commonrt YT D Wn RG qlll AwlWEGIHq! Y U Wi oo Bag/al2. 128210WLP ¢ A WU Y IOWN = AWGKWINZY=ZNAW=M=04all

ETH:zurich

ctit w uw
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A Posteriori LCA of 3L & 7L PV Inverters (1)

y" Two concepts/ similar specsy NZ FOP Wt i AW P M T = MLWé W? Snsilad peirf. £ A A 1QNINOMIO G ¢+ + W LW

* *

350 3LTT 7LHANPC
K101 1
I —PCB
— () —‘" Inductors
g 2501 ~ICs
o —PCB
© 2007 — Transistors
2 — Inductors
5 1901 0 Y — S T
N5 % 100} (1) — Transistors -
2.4 kW/dn$, 11.8 kg 50 | | capacitors — Capacitors 3.4 KW/dn#, 4.6 kg
- —Aux. Cap. —Aux. Cap.
Min. Typ. Max. Min.  Typ. Max.

GWP:Global Warming Potential

Yy Generic comp. models ecoinventdatabase & lit.A Widely varying embodied carbon footprint (GWP) res. (1)
y Data availability / quality as key challenge!

32
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A Posteriori LCA of 3L & 7L PV Inverters (2)

y" Two concepts/ similar specsy NZ FOP Wt 1 AW PMB T = MIUé Ly? Sinsilad eirf. B A LGNGO G ¢+ + W LU
y Life Cycle Impact Assessment (LCIA) vireCiPeframework:
Damage to ecosystems (DESQ) | Damage to human health (DHH) | Damage to resource availability (DRA)

DHH DESQ DHH DESQ

Damage to Ecosystems . GWP
(100% = 8.7-10°5 species-year) 100% (100% = 187 kg COQ) ot

e j: v
7LHANPC “ v’
) Copper (1 kg) \
DRA / \ GWP GWP
Damage tO = Volume Generlc Comp' MOd' Magnetics (1 kg) Semiconductors (10 cm?)
Human Health (100% =
(100% = 0.19 DALY) 5.2 dm®) DHH ! DESQ DHH DHH ! DESQ

0.8
0.6
0.4

Aluminum (10 kg)

/

Damage to CEC Rel. Losses

. - Film (1 kg)
ReSOOI_Jrce Availability (100% = 0.9%)
(100% = 16.4 $) DRA PEB (k) N owp DRA "~ Electrolytic (1 kg) “gwp DRA GWP

PCB (1 kg) Capacitors (1 kg) Heatsink (10 kg)
Normalized scales due &roinventicensing restrictions.

y" Environmental footprintY n WWHY U2 131 qJ1 Wet We NN INeqlWyYynwWHYIGGYUWUqt k WU 2

33
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A PrioriConsideration of Environmental Impacts in the Design Process?

\ 4

ETH:zurich
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A Priori LCA ExampletO-kW ThreePhase ACDC PEBB

y Keypower electronic building block (PEBHpr three-phase PFC rectifiers & inverters

Auxillary-PCB

t e e / Power-PCB
i i i I Capacitors (C < . ~ - 1
Sensors . P © \ S
- LeE L eE e ) =
L G_ate Heatsink
] : Drivers . \
o | ’ s = ==

| Ou-Link Boost Inductors (L) )
Capacitor oost Inductors \

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

Switches
)

TIr™

Filter
Capacitors

I A [

DC-Link Capacitor (C,)

y Degrees of freedom:b Es Raq# 6 RUND Wn | 1J huloWay=Assumaivwni: cbAJinction temp. @ 12C
L Ao towf UT WARDEt WHea | OW RGGII IJHUAMAIEDE tenep NABTP &
b Var. transistor chip area b Necessary heat sink vol. via
L Variable ind. size (N87; solitk) CSPI = 25 W/(K din

BB
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Multi-Objective Optimization Including Env. Impacts (1)

System Specifications

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

Lp

Optimization Procedure

( 7-Level 3-Phase Rectifier

" 3-Level 3-Phase Rectifier

2-Level 3-Phase Rectifier

(example)

Sw. Frequency
Inductor Val.
Capacitance Val.

B T
L[ T I

Design
Parameters

50 kHz

390 uH (AL =25 %)
2.6 uF = V(4mf2L)
2.1 §F (AU, = 5%)

S

Semicond. (Ti=120 °C) Eg, from TableI
Parallel Devices NP"= [0.25, 6]
Heatsink

Aluminum (p,=2710 kg/m’, k,=60%)
CSPI =25 W/(dm’K), T,=40°C

sweep semi. designs

sweep ind. designs

)

= Magnetic Core TDK N87 E cores (p, = 4440 kg/mr’)
g Winding Round Enamelled / Litz (p =8940 kg/m®)
E | cap. design
-
g 3 FﬂmCap._ c =k, tk C U;&u, m =k, ¥
£ &| Electrolytic Cap. ¥, = k k Co Uy, my=k, k V.
B g
H I
o
- PCB 6x 70 pm
| Area 35 x 35 mm?/ Semi
5 Weight Density p=4kg/m?* (50% Cu)
. |
<
'E DSP Controller TMS320C2834X + PCB
g Measurements 4 x Voltage, 4 x Current
: Gate Drive 1 x per Switch

Performance Metrics

Losses [W]
Boxed Volume [m*]

Damage to Human Health [DALY's]

Global Warming Potential [kgCqu]
Damage to Ecosystem Quality [species-year]

(Efficiency 7 [%])
(Power Density p [KW/dm?])
(GWP perf. ind. £gy, [W/kgCO.

Damage to Natural Resource [USD 2013]

)

100 300 y Trade Offs
b Efficiency vs. power density
250 .. .
_ b Efficiency vs. environmental
g; 00 compat_ibilityregarding
- g embodied GWP (carbon
§ 150 % footprint)
5 =
wZ \ Env. Impacts with high
. uncertainties due todata
availability/quality
Volumetric Power Density p (kW/dm®)
100 300
Losses
0o s 250 Primary Raw. Mat. 2
—_ Waste
@ e T R, Mat
= 9 - ——— =y 200 = End-of-Life |
Z \\,'-\ 2.1 - 2 Management
5 A
3 \ 150 &
E 985 — \—— (s ‘ = r y
3 \‘\ B‘
i 100 » Collection
98} ———————
* o j
e 50
97.5 — '
0 400 600 800

(

Losses
Littering f'

2eq)

)Environmental Compatibility e, . (W/kg CO
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Multi-Objective Optimization Including Env. Impacts (2)

100 300
250
& S
X an
< 200 £
3 g
= Q
= 150
= 1]
o =
100 %
50
Volumetric Power Density p (kW/dm®)
80 1007 300
g
Q
< 99.5} 250
2 60 ; -
= —_— — N
= S o
-2 < 9 200 =
5 >
‘u"r; 40 z %
: ™ : :
& G 150 =
£ ] = 98.5 iz
E — m .
| B
£ 20 100 &
= ogh
E —
Q 50
0='% ‘ . . 97.5 L |
I IR W 0 200 400 600 800

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

BB

y Trade Offs
b Efficiency vs. power density
b Efficiency vs. environmental
compatibilityregarding
embodied GWP (carbon
footprint)

y" Env. Impacts with high
uncertainties due todata
availability/quality

Losses
Primary Raw. Mat. 2

Waste

Secondary
Raw. Mat.

End-of-Life PR
Management

/ = Losses
Collection i
Repair
DY
Losses
L
osses
Litteringr
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