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Are We Falling Off the «Net Energy Cliff» and Running Out of Critical Raw Materials?

Abstract — Since the Industrial Revolution, economic growth has been enabled by fossil fuels, which remain indispensable in applications like long-haul
transport or the production of chemicals, steel, and cement. Any energy supply system must provide sufficient surplus energy after accounting for the
energy required to build and maintain that system, i.e., the Energy Return on Energy Invested (EROEI) must be higher than about 5...10 for supporting
complex industrial societies. This is easily achieved by burning fossil fuels, which, however, causes global warming. Therefore, a clean energy transition
towards renewable energy is mandatory and underway. This transition comes with challenges such as the need for energy storage and new long-distance
power transmission lines; if accounted for these, a 100% renewable energy system might show EROEI values of less than 5. Further, the transition
requires substantial amounts of critical minerals, which exceed known reserves in some cases and/or whose sourcing and processing is geopolitically
constrained. These aspects motivate, first, a “do-more-with-less” approach in power electronics, i.e., highly compact and highly efficient power
converters, and second, the need to follow a zero-waste paradigm towards fully circular economy compatible power electronics.
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Outline

» Introduction

» Net-Zero €0, by 2XXX

» The «Net Enerqgy Cliff»
» Raw Material Constraints
» Zero End-of-Life Waste

» Conclusions
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Industrial/Energy Revolutions 1- 4

m Technological / Economic Advances and Massive Increase of Fossil Fuel Consumption
m Transition from Lower to Higher Energy Density Fuel — Wood - Coal - 0il & Gas

Energy consumption in the United States (1776-2021) ~ Energy use per person vs. GDP per capita, 2022 Cnbea
L e . e@ 5.
quadnlllon British thermal units Energy refers to primary energy’, measured in kilowatt-hours® per person, using the substitution method®. Gross
100 domestic product (GDP) is adjusted for inflation and differences in the cost of living between countries.
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m Relation of Energy Use & GDP/Capita — There are No Low-Energy Rich Countries (!)
m Gains in Energy Intensity of GDP Potentially Resulting from Offshoring of Energy-Intense Manufacturing
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Energy for Transportation

m Kitty Hawk — 1t Sustained Flight of Manned Heavier-than-Air Powered Controlled Aircraft (1903)
m 9kW /80kg Engine / Lightweight Alumina Cast Motor Block / High Energy Density Gasoline

m Air/Sea/Land Transportation Remains Dependent on Inefficient ICEs / Gas Turbines / Liquid Fossil Fuels
m Accounts for =2/3 of Global Oil Use & 15% of Global Greenhouse Gas Emissions
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Energy for Chemicals

m 11% /8% Global 0il / Gas Used for Production of Chemicals — Fertilizers, Pharmaceutics, Plastics etc.
m 50+% of Energy Input as “Feedstock” Finally Embedded in Products (Globally =1 Mio PET Bottles/min)

Chemicals from refining - 180 Mt Othef ohermical 140
o oducti x . apa
T Foodgrain Production and Fertilizer Use

Before and After Green Revolution
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>
=
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FIRST GREEN REVOLUTION HARVEST\

tion (million tons)

Produc
] e
Tons Fertilizer per Ton Foodgrain Produced

m “Green Revolution” in Mid-20*" Century — Higher Yield Due to Use of Fertilizers & Pesticides & Mechanization
m Chemical Sector — Largest Industrial Energy Consumer / 3™ Largest €0, Emissions after Steels & Cement
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Energy for Cement Production

m Cement — Key Ingredient in Concrete / Chemical Process & High Heat / 8% of Global CO, Emissions
m Concrete is the Most Consumed Human-Made Material on Earth / Buildings & Infrastructure etc.

Process
= Quarrying & transport emissions
More than 50%

= Grinding & preparation of
raw materials

= Cooling, grinding, mixing Clinker production
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Source: Carbon Brief, Chatham House BlBIC] 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

m China and India Account for Around Half of Global Cement Production
m Intensity of Cement Use Declines After Initially Rising w/ Increasing GDP/ Capita
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Energy for Steel Production

m Crude Iron Production in Blast Furnaces Highly Reliant on Coal/Coke as Reducing Agent to Extract Iron from Ore
m Basic Oxygen Converter Turns Crude Iron into Easily Formable Steel / Electric Arc Furnaces Recycle Steel Scrap

The Blast Furnace
%i‘i_q‘lba Charge: iron ore, coke, limestone
51.2%
Hot waste gases Hot waste gases Construction
OTHER SME @ group
EAF 100% SCRAP
DRI (EAF + OBF)
B  srsoF

Reduction of iron ore:

3C0g) + Fe,0,(s)—»2Fe(l) + 3CO,(g) —

Limestone decomposes and sector
slag forms:

CaCo,(s) — Ca0(s) + CO,(g)
Ca0 (s) + SiO,(s) — CaSiO,(l)
sand slag

Carbon dioxide reacts
with coke:
CO,(g) + C(s)—2CO(g)

2,279

Hot air reacts with coke:
C(s) + O,(g)—CO,(g)

Hot air blast

863

411

4 |

. 3.0%
Hot air blast Electrical

equipment

609

112.0% 112.5% 14.5%
Automotive Metal Mechanical
products machinery

2022 2050

m Steel Production Responsible for =8% of All Global Direct Emissions From Fossil Fuels
m Global Steel Demand Expected to Increase from =1.9 Billion Tons/a in 2021 to Over =2.3 Billion Tons/a by 2050
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Global Energy Use Today

m Global Energy Flows — 2021

oil Othertransformation’
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‘ .‘ Trucks
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Other transport

Chemicals

Industry

Hydrogen Iron and steel

\ Cement
Other industry
Bulldmgs
Otherre bl
From hydrogen

foy - S Agriculture. Residential
_/ To other transformation
From power and heat <

Non-energy use Services
Losses

Natural gas

Bioenergy

Hydro 3 Losses
Solar PV \\ Logggs
Wind .
; Source: IEA / Energy Technology Perspectives 2023
Nuclear

m Fossil Fuels Account for = 80% of World’s Primary Energy Consumption
m Low Average Efficiency of Energy Use
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Energy Return on Energy Invested (EROEI)

m Energy Supply Must Provide Sufficient Energy Surplus after Accounting for Own Energy Requirements
m Energy Invested for Production / Transformation / Transportation

Energy Obtained
Energy required to obtain that energy

|

ERWE]I = -> Net Energy = Energy Obtained - (1 - —)

EROEI
v v
Energy embodied Energy embodied 100
in products used in products used .
in extraction in transformation and distribution Energy industry
.EROEI ORI eE
l l Increasing 80
cliff
Energy used Energy used A Investment:
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and distribution l the amount o ener&,
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1 m health, technical innovation ']
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| | Energy used ealth care o
Transiomaton (or example: [ iy the economy | A -5 sssmnsanssomsnssaiisans & 40 Net-energy
an g 1 - o .
distribution gas electricity) | Transportation & - available energetically
- onsumption: unviable region
Food the amount of
energy needed to 20
¥ / Energy conversion \ meet basic human
Transformation . needs
losses Energy extraction 0
50 45 40 35 30 25 20 15 10 5 0

EROEI

m  “Pyramids of Energy Needs” — Higher EROEI Values Enable Medical Care/Education/Technology Innovation/Art etc.
m The “Net Energy Cliff” Indicates the Minimum EROEI = 5...10 Required to Maintain a Complex Industrial Society
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Energy Return on Energy Invested (EROEI)

m Energy Supply Must Provide Sufficient Energy Surplus after Accounting for Own Energy Requirements
m Energy Invested for Production / Transformation / Transportation

E Obtained .
ey A —>  Net Energy = Energy Obtained - (1 - L)
Energy required to obtain that energy

EROEI =
EROEI

EROEI
v v
Energy embodied Energy embodied
in products used in products used /__)
in extraction in transformation and distribution H Oil and Gas Field
EROEI istoric Oil and Gas Fields Global Oil and Gas
l l Increasing Wind Energy Nuclear
Energy used Energy used A Investment: - /-\-’
in production n xgzﬁmf::;" the amount of energy 6 Photovoltaic Energy
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inal energy c
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Transformation (for example, |———> 1 | o N | . o oo i S A S
and ! petrol, in the economy . . BQ
distribution gas electricity) | Transportation
Consumption:
/ Food \ the amount of
energy needed to Corn-based Ethanol
¥ / Energy conversion \ meet basic human -
A & needs The Net Energy CIiff
losses / Energy extraction \

EROEI

m  “Pyramids of Energy Needs” — Higher EROEI Values Enable Medical Care/Education/Technology Innovation/Art etc.
m The “Net Energy Cliff” Indicates the Minimum EROEI = 5...10 Required to Maintain a Complex Industrial Society
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Future Population Growth

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

£

: -

g <°

g

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
T T T T T T T T T T T T — | — [ [ 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)
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Future Growth of Energy Demand -2 Q00 -

m Growing Population & GDP — Increasing Demand for Energy Services in Developing Countries
m +22% Population | +92% GDP/Cap | -37% Energy Intensity - +50% Energy Demand by 2040 Globally

G Business New coal power projects and retirements in China 2022

Capacity, MW
@ 500
@ 1000

Status changes

w
<
=

e Commissioned

e Construction started/restarted
New project started/re-activated
Permitted

Retired

Latitude

w

<

=
°

s
90°E 100°E 10°E 120°E 130°E
Longitude o EREL

2R % CREA

m 106 GW of New Coal Power Projects Permitted in China in 2022 — 2 Large Coal Power Plants / Week
m 50 GW Coal Power Capacity Construction Started / 50% Increase from 2021 | 26 GW Added | 4.1 GW Closed Down
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Energy Dependence / Limited Security of Supply

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

Mexico

Central and United States ik
South America —_—

h\
‘ Others

Asia and Pacific

Main flows
of crude oil
(millions of tonnes)

177

60
30
20
The 4 main exporting countries or exporting areas M.E: Middle East
are represented using various colors. U.AE. United Arab Emirates

. K Kuwait
The arrows represent trading for a volume
of more than 20 million tons, i.e. 78% of the world trade.

© FNSP - Sciences Po, Atelier de cartographie, 2018

m Finite Resources Fossil Fuels are Unable to Sustain Economic Development in the Long Term (!)
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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Global Warming

m Cumulative C0O, Emissions & Global Surf. Temp. — Every Ton of (€0, Adds to Global Warming (!)

Global surface temperature increase since 1850-1200 (°C)

°C

3

25

1.5

0.5

-0.5

awy
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S5P5-8.5
SSP3-7.0

The near-linear relationship
between the cumulative
CO; emissions and global
warming for five illustrative
scenarios until year 2050 SSP1-2.6 4

SSP1-1.9

Historical global
warming

Cumulative CO, emissions since 1850

2000 3000 4000 4500 GtCO,

| —— S5P1-1.9
| ——— SSP1-2.6
L S5P2-4.,
S5P3-7.0
L S5P5-8.5
. N )
© [=X=] o
S 53 3]
HISTORICAL PROJECTIONS

Cumulative CO, emissions between 1850 and 2019 Cumulative CO, emissions between 2020 and 2050

Future cumulative
CO; emissions differ
across scenarios and
determine how much
warming we will
experience.

CO, emissions (Gt)
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B Reserves
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4,000 -
3,000
2,000
1,000 -
N
G O &F
o &
&
F P
O
,00

12 /45 _I%l

Source: Ch. McGlade et al.
d0i:10.1038/nature14016

2°CTarget > 30% of Oil Reserves | 50% Gas Reserves | >80% Coal Reserves Should Remain Unused (!)
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Global Sea Levels by 2100

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

Global Sea Level is Projected to Rise

e

Global Mean Sea Level (m)

Even under the most modest scenarios*, scientists expect
sea level rise to affect Earth’s coastlines significantly L5
in the coming centuries.
F4
a’/’
P
RCP 8.5: High emissions scenario —__ //’ 3
’f
\\""/’
RCP 4.5: Emissions stabilize by 2100 L r2
Pl (] (] Lttt
RCP 2.6: CO, emissions reach zero by 2100 —_\1‘\,;* ___________ »
Historical observations/ .
1900 1950 2000 2050 2100 2150 2200 2250 2300

*Scientists use Representative Concentration Pathways (RCPs) to calculate future projections based

on near-term emissions strategies and their expected outcomes in the future.
The RCFP values refer to the amount of radiative forcing (in W/m?) in the year 2100.
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Where Most People Are
Affected by Rising Sea Levels

Number of people per country living on land expected
to be under sea level by 2100"

M 10-50 million w
M 1-9 million
o

 500,000-999,000
100,000-499,000

< 100,000
No data

* assuming a rise in sea levels of 50-70 cm (2° C temperature increase/not taking
into account ice sheet instability)

Source: Scott A. Kulp & Benjamin H. Strauss: New elevation data triple estimates of

global vulnerability to sea-level rise and coastal flooding, Nature Communications

©@®O

statista%a

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
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Air & Environmental Pollution

m 2018 — Burning Fossil Fuels / Exposure to Fine Particle Matter PM 2.5 Responsible for 8.7 Million Deaths
m Airborne Particles up to 2.5um Diameter Penetrate Deep into Lungs - Enter Bloodstream — Damage Organs

IR Prevention'/eh

Countries with the most polluted air

Average PM2.5 concentration per country in
2022, weighted by population.

A score below 5 meets the World Health
Organization's air quality guideline.

| |
35 25 15 10

Map: Gabriel Cortes / CNBC
Source: IQAIr's 2022 World Air Quality Report EEe

m Links between PM 2.5 Pollution & Cardiovascular Disease / Lung Cancer / Asthma etc. Well Documented
m Further Health Consequences by 0zone Air Pollution or Smog also Driven by Combustion of Fossil Fuel

. . IEEE Power Electronics Society SpEc
ETH:zurich SO
ELECTRONICS CONFERENCE



— =T Advanced Mechatronic %
M1 1 systems Group Tl

Clean Energy Transition

Renewable Energy Utilization
Transmission / Storage / Power-to-X Challenges
The Net Energy Cliff
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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 GtC0,~> éb;cgu;:%gap gf Sources of emission:
ioscd it 2050 - - ETO 2022 CO, emissions
. —— PNZ Total CO, emissions
Sa Overshoot emissions
Sl to limit warming below
Toss 1.5°C carbon budget overshoot of 1:5C
. 7 . -
Carbon 300 GtCO; to be closed by net negative 77 Netnegative emlsmont\s'
budget emissions from 2050 to 2100 ETO DNV Energy Transition Outlook 2022
for 1.5°C I | = PNZ Pathway Net Zero by 2050
I '(‘5552222222222255555555555 - W s -4
Source:
DNV )\
2020 2030 2040 2050 2060 2070 2080 4\ 2090 2100 K(k

~Net-Negative”
Remove Overshoot
of 300 Gt(O,

m Challenge of Stepping Back from 0il & Gas
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Renewable Energy Utilization

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 5000 Historical | Projections
CAG;?S’EOJS cneg';ﬁg—so 21.3% . 1.2%
8000 ; CAGR 2000-18 : CAGR 2019-50 5044 (2050)
: g 500 : 50TW >
7000 0 — |
5 ¢ (4
O 6000 o 4000
£ 3
%3
o
0
E' 5000 ko] d
2 2 3000
D e
£ 4000 E
. £
£ 2840 (2030) H 1787 (2030)
E 3000 T 2000
© 3
E
2000 U :
1000 542(2018) !
480 (2018) ]
1000
1 (2000) I 17 (2000)
' . 0
2000 2005 2010 2015 2020 2025 2050 2025 2010 2015 2050 2000 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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Global Energy Use by 2050

m Global Energy Flows — 2050 / Net-Zero Scenario

o' :
e- "o oil Other,transformation
. .
S -~

Natural gas Cars

Trucks

Transport Trains

Bioenergy Ships

Aircrafts

.\‘ \ \
\ A\ Other transport
Other renewables \ \ \
\ : Industny, Chemicals

From power and heat mm="

From hydrogen wem Iron and steel

Hydro Cement

Buildings
Other industry

Solar PV
= mmm Agriculture

J o Residential
\ mm To power and heat

Wind # , v R mm To other transformation Services
o = \ ) 4 ohses Non-energy use
- = Losses

Source: IEA / Energy Technology Perspectives 2023

Nuclear

m Dominant Share of Electric Energy — Power Electronics as Key Technology (!)
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Efficiency — The 5" Fuel

m Significant Reduction of Energy Demand Through Application of Existing Technology
m Electrification & Electronic Control / Sector Coupling etc.

End-sector efficiency Igllvl\l _

Outlook

100% —

2 Electrification

100% of useful energy demand from electricity

1 Renewables

100% of electricity generation from wind and solar

Powers

80%

- 90% Buildings
60% > 1
oy 46;(f»< 80% /
20%
0 70% [ _ = Total

-

80%

60% Allows renewables to replace end
use demand of coal, oil, and gas

40%

20%

0% Reduces the amount of
2000 2010 2020 2030 2040 2050 cleantech needed to

replace fossil fuels

%
2000 2010 2020 2030 2040 2050 T +
ranspor
60% P

50%

3 Efficiency

Drives out inefficient fossil Drives out inefficient fossil 40%
supply technology 75% of primary demand turned useful end-use technology
o
% 30%
o
o 20%
o
54 10%
40%
M 2000 2010 2020 2030 2040 2050
0,
RMI 0%

1990 2000 2010 2020 2030 2040 2050

m Utilizing the “5% Fuel” Can Enable a Carbon-Free Energy System a Decade or More Earlier
m Positive Feedback Loops Between Renewables / Electrification / Efficiency
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Challenge #1 — Energy Storage

m Solar & Wind Critically Affected by Intermittence & Variability / Day-Night / ,Dunkelflaute” / Summer-Winter
m Energy Storage Mandatory for Ensuring Continuous Availability Comparable to Fossil Fuels

Heat loss: 34

1 year + Latent Heat H Aquifers
| wontl Storage District 2
nonth e b e Heat loss: 13
1 week 4 Sensitive Heat Heating
& 1 Storage Storage Electricity: Electrolysis
= av =4 PR (efficiency 66%) t :
% 1c ay Caverns 100 : Hydroz;n gas: L'ﬁ::‘:f:’?n : lalquld
7 80%) ydrogen:
B : Pumped 53
o i Batteries I
= 1h- Compressed  Hydro
= . Air Storage Storage Heat loss: 34
) Capacitors .
= Systems
]
= 1 min +
a Heat loss: 5
Flywheel
lectricity: :
Lst - 100 [ e .
k , < 3 iqui
S torage Hydrozzn gas: Sop-nhtmg amr?sonia:
efficiency 61
100 ms + e %)
l ] | ]
] T T 1
1 kWh 1 MWh 1 GWh 1 TWh

Storage Capacity

m Conversion Losses & Storage Material Effort Result in Lower Energy System EROEI (!)
m Adv. Scaling of Heat Storage / Sector Coupling & Novel Storage Technologies (Iron Ore/“Rust” as H, Storage)
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Challenge #2 — Power-to-X-to-Power 1/2

m GWs of Green Power Converted into X = Carbon-Neutral E-Fuels Used & long-Term Stored as Fossil Fuels OR Chemicals
m Hydrogen Economy — H, Produced & Used Directly or in Synthesis w/ Nitrogen or Carbon (Ammonia, Methanol, etc.)

D " D
Import of electricity via = “yhd
ammonia then convert . iﬁ
back to electricity using (Rl —— Iy :
gas turbine ! { ] =]
- w - w_

Heat loss: 34

77 units of energy loss along the way
Overall efficiency: 23%

Heat loss: 15

Heat loss: 1
) Q Heat loss: 22

»

Heat loss: 5

Electricity Electrolysis Haber-

: (efficiency Bosch + Air Shipping
100 66%) Hydrogen gas: RNl Liquid (fuel+boil- Liquid Cracking Combined
Unit ammonia: off) ammonia: (efficiency Hydrogen cycle gas
(efficiency 61 (efficiency 60 76%) gas: turbine Electricity:

98%)

45 (efficiency
52% 23

92%)

Medium

m Hydrogen Hype — A Story of Energy Loss (?) / Direct Electrification Superior if Possible
m 60% Efficiency of Electrolysis / 50% Efficiency of Fuel Cells / 42% Efficiency for Liquid Hydrogen Production
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Challenge #2 — Power-to-X-to-Power 2/2

m GWs of Green Power Converted into X = Carbon-Neutral E-Fuels Used & long-Term Stored as Fossil Fuels OR Chemicals
m Hydrogen Economy — H, Produced & Used Directly or in Synthesis w/ Nitrogen or Carbon (Ammonia, Methanol, etc.)

¢ s . . An energy-wasting proposal: Use hydrogen to replace gas for residential heating.
Anaversll snergy flowinahydeogen refusiling swation value chakfor FCEY This idea will never be realized as heat pumps have a “magic efficiency” of 300%
vs BEV il
ss: i loss: 34
Fuel Cell Electric Vehicle (FCEV) Heat loss: 34 75 units of energy loss along the way 2 tieat
. o Heating via hydrogen 38 units of energy loss along the wa
Overall efficiency: 30% ay 9 Y
+7 e L Overall efficiency: 62%
l Heatloss:7 . T
Heat loss: 2 Fisstioes, 32 Heat loss: 3 Heat| 5
eat loss:
. o ) i
Electricity: Electricity: Electrolysis
100 Hyd fhiioce 100 (efficiency 66%) [ — Residential p
thogen oue: 700 bar: 700 bar: Hydrogengas:  IEERTTIEEEE Hydrogen gas: ey ;e:vtmglr
66 66 64 Motion: 66 (efficiency 63 (efficiency comfort:
e 95%) 95%) 62
Heat loss: 5 Overall efficiency: 76%,
Batt: Electric Vehicle (BEV . N
o . Heatloay: 1 more than double Heating via heat pump Overall efficiency: more than tripled than burning hydrogen
................................................................................................... SRR 0 AR hdet
l Heat input: 190
. Transmission (free from .
Electricity: and Electricity: environment) Heat for thermal comfort:
100 distribution 95 Motion: A DS . 285
(efficiency 95%) 76 Transmission
Electricity: and Electricity:
100 distribution 95
(efficiency 95%)
Medium

m Hydrogen Hype — A Story of Energy Loss (?) / Direct Electrification Superior if Possible
m 60% Efficiency of Electrolysis / 50% Efficiency of Fuel Cells / 42% Efficiency for Liquid Hydrogen Production
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Challenge #3 — Long Distance Transmission

m Growth of Transmission in Line w/ Growth of Electricity Generation Capacity | 10 TW - =10 Million km HV Lines
m UHVDC Transmission Lines Connecting Megacities to Remote Wind & Coal-Fired Power Plants / Solar Farms etc.

m 30°000 km UHVDC Links Built Over Last Decade in China / Emerging Nationwide Supergird Interconn. Reg. Grids

LR " IEEE Power Electronics Society spEc
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The Global Grid

m “Super/Mega/Overlay Grid”-Concepts Proposed since 1950s — GENESIS (1994), DESERTEC (2003), etc.
m UHVDC 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
IEEE Power Electronics Society SPEC
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Falling-Off the ,Net Energy CLiff” (?)

m Analysis of Energy & Material Investments for Global Transition from Fossil Fuels to RES in Electricity Sector
m Transition to 100% RES by 2060 Could Decrease EROEI from 12:1 to 3:1 by 2050 / Stabilizing @ 5:1

Cumulated extraction alt techn vs reserves (2060)
Energy flow

Magnesium ‘ Silver

Vanadium ‘

-,
—

Indium F
I

EROEI of Full Energy System Auminim 1
3 Tellurium
18 chromium I i

] 0 200% 400% 600% 800 1000 200%
16 znc I :
1
Nickel :
Share of RES L !
by2060 Molybdenum — :

M . -
g Time .
O e — - GG-50% Caamiym | — !
© =) :
S
§ & = —GG-75% Copper T !
z

& —GG-100% —— i
> ead H
i 1
Manganese R — !
1
- Lithiu i

Construction Decommision Galiur | —
time time N © W O N O W O W g W O wn Q i

(=} (=] o — — o™ ™~ oM o™ < < wn wn el - .

2 2 8 2 8 8 8 28 8 2 2 8 8 =2 0% 20% a0 60% 80° 00% 120%
WGG-100% BGG-75% OGG-50% /P

m Resulting EROEI Level Well Below Threshold Required to Sustain Complex Industrial Society
m Transition Could Drive Substantial Re-Materialization of the Economy / Deplete Critical Mineral Resources

. . IEEE Power Electronics Society SpEc
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“Peak Minerals/Metals”

Raw Material Requirements / Dependencies
Mining Constraints
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~Peak Minerals/Metals” of Net-Zero Scenario 1/3

m Minerals/Metals Intensive Clean Energy Transition will Potentially Face Supply Shortages
m USD 2.1 Trillion Investment to Meet Net-Zero 2050 Demand / 6.5 Billion Tons of End-Use Materials

Figure 1: Market balances for energy transition metals under BNEF’s Economic Transition Scenario and Net Primary copper demand scenarios versus mine supply potential m ﬂggﬂen,ie
Zero Scenario — expected supply surplus and supply deficits
Metal Scenario 2024-2030 2031-2040 2041-2050 i Other possible AET-2 — 2°C Acc. Energy Transition Scenario
e I R R B 45 | "Offradarprojects
Auminum e — m= Probable Projects
Copper I N M— | | o:cc Ceecapabily
L ers  IEEEZ I N . 35  ~——Primary Demand
e nzs [T I N —AET-2 Demand
-
. ers T A R D S 30 -
Graphite
nes [T R N
: ers I T 25 1
ket nes [T R N
— ers I N T 20
ova NZS
Manganese EfS 1
ves [ N
10

Source: BloombergNEF. Note: Year is the first year in which a given metal is expected to enter a supply deficit. Only
primary supply is considered in this table. All supply is mined nameplate capacity, apart from that for aluminum,
graphite, and steel.

2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040

BloombergNEF Source: Wood Mackenzie

m 50 New Lithium / 60 Nickel / 17 Cobalt Mines Required to Meet 2030 EV Battery Demand
m Development of a New Mine Takes 5...15 Years / x100 Million USD (!) - “Valley of Death”
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~Peak Minerals/Metals” of Net-Zero Scenario 2/3

m Major Copper Discoveries are More Rare and Getting Progressively Deeper / > 1000 m Below Surface

Major copper discoveries are becoming less common and getting deeper...
(Selected major deposits, >3Mt contained copper)

0 —————
_____________ |-- — —————— Escondida
W~ —  Spence
Antamina o
(200) AN
*\ﬁ Escondida N
Olympic Dam AN

T (400) ~
= Carrapateena A
S &
8 (600 /
®
E, \
£ \
£
e (800) A
= A}
a \
2 A
Q (1,000)

(1,200)

Resolution —
(1,400)
1900 1920 1940 1960 1980 2000 2020 2040

Discovery year
Source: MinEx Consulting; BHP analysis.

m Higher Mining Energy Intensity / Higher Production Costs
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~Peak Minerals/Metals” of Net-Zero Scenario 3/3

m Declining Ore Body Grades Require Ever-Increasing Tonnage to be Moved & Processed
m Higher Production Costs / Declining Amount of Economically Extractable Mineral

000 tons of copper Mined grade
produced % copper inore . 1kg of commodity . Total ore mined Total material moved
1.400.000 35
Source: ERIG, BHP. Cochilco CO er Production CA]'EHPIL
1.200.000 PP 3 i —ui
1.000.000 2.5
800.000 2
Reserve Grade
600.000 1ooreosereeredeecens . 15
: Mined Grade
400.000 ............ - 1
500000 |\ seeessesseenend 05
0 0
1990 1995 2000 2005 2010 2015 2020
-Phase | to phase IV -New concentrator
Expansion, USD 2.5B -Desalination plant, USD 7.5B
-220.000 tons per day -375.000 tons per day through mill

m Higher Diesel Consumption of Truck/Shovel Fleet | Higher Enerqy Effort for Grinding/Extraction per Unit Metal

. . IEEE Power Electronics Society SpEc
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Critical Mineral Dependencies

m Production of Selected Minerals Critical for the Clean Enerqgy Transition

Extraction Processing m Qatar

» Indonesia

mDRC
= Philippines
. m China
mUS
Saudi Arabia

m Russia
mlran

Oil Qil refining

Fossil fuels

Natural gas LNG export

‘ Fossil fuels ‘

Copper Copper
Australia
Chile
m Japan
Myanmar
u Peru
B Finland
Belgium
= Argentina

- Malaysia

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100% | Estonia

Nickel Nickel

Cobalt Cobalt

Minerals
Minerals

Rare earths Lithium

Lithium Australia Rare earths

Shares of top three producing countries, 2019

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

(sorted largest to smallest)

Sectors

Traction
Motors

Moderate Cobalt

Printing

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
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“Do-More-With-Less” & Max-EROEI Paradigm
Enabling Technologies / Concepts / Scaling Laws
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Power Electronics 4.0 — “Reduce-to-the-Max”

m Today’s Power Electronics Innovation Basically Contributes to Lower Environmental Impact
TIME-TO-MARKET
(Custom Designs) POWER DENSITY
200%
Z
N
v . \%0@
yz N A,
° Va \’pO‘/
m Power Density > Red. of Resources p &,
m Efficiency —> Red. of Enerqgy Use R
m Robustness - Increased Lifetime N
<
AN
A SWITCHING
COST i i/ FREQUENCY
250%
d
7/
4
e
e
7
N 4
N 7
~ 4
b
MQ«@ DSM* A :80% SOURCE:
Hanufacturers Asocaiion N POWER LOSS RELIABILITY (MTBF) MANUFAGTURERS ASSOC.

New Set of KPIs Mandatory to Meet Future Environmental Protection Objectives

an
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Low Rps(n High-Voltage Devices

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

Amount of semiconductor

Si
R* . 4V; material needed to
on — 3 isolate10,000V
e, Ee &
SiC

* 1 * -
R, sic ® ﬁ R, s N—

silicon silicon carbide
1000pm 90um

typical CellR . XA @25°C

10

(Q mmz)

an
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Infineon

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

\.
\
P |\n|

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
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IEEE Power Electronics Society SPEC

SOUTHERN POWER @

ELECTRONICS CONFERENCE



—™T. Advanced Mechatronic
nlid Systems Group

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

an
32 /45 _ it

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 .3 80286 EERG
< 8086
= 104
8080
8008
‘tmec . 103 4004

1970 1980 1990 2000 2010
Year of introduction

m Fully Digital Control / Distributed Intelligence — “Complexity Management”
m AlI-Based Design / Digital Twins / Industrial IoT (IIoT)

ETH:zlurich
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IEEE Power Electronics Society SpEc

SOUTHERN POWER
ELECTRONICS CONFERENCE



—™T. Advanced Mechatronic g,
M1 1 systems Group 33/45 _ it

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
H o o
Ul L+ e '
S . / 400V
5 ~ ~ 20 A
- - AImax N = _2 AImax N=1
\ wk - N -
+ H/u 'L 0
"TIT L
LI T aon .
e 0 5 10 15 t{ms
up s+ 20 400V —
2%
d 200V
| I AUCﬂ=£2(i)2L ! !
c 2 U 32 f N N I S Y Y S S
0O 2 4 6 8 10 12 14 lﬁf[kHz]

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

- Transmission Losses P, | .= 2-(L)2 ‘R, ~ 12
2UDC UDC

48VI DO
+ o
—_— BBOVDC 550y DC
lUDC
llU [ 5
DC

R =L N\

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
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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 P
RAC + RL 1
S
! [] Rpe
OV
UDC T==" === == -
t - 1
_UDC T="" I - i
1 P P PRI
P, ..=3-(—)-R P, =2.(—)R —-—
V,AC UAC L V,DC 2UDC L M
Byne =3 Yy o ooy =075 E———
PV,AC 2 UDC Upc=Uasc=N2Uyc '

THOMAS EDISON
VS NIKOLA TESLA

m Transformation of DC Voltage Level Requires Power Electr. Interfaces / “DC-Transformers” (!)
o IEEE Power Electronics Society SPEC
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Scaling of Electric Machines

m Active Volume Determined by Rated Motor Torque T
m Overall Size Decreases w/ Increasing Motor Speed @ Constant Rated Power P

> Power P=T-w=T-:2nn > Volume L3~T~i

2zn

™

m Gearbox Required for Low Rated Speeds - Adds Volume and Losses
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Scaling of Transformers

® 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

Core* *Wdg ~— n
kW rms- max f

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
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Solid-State Transformer
EV Power Electronics
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Carbon Footprint of 3-® AC/DCSST 1/2

m 400kW Gen.1 & 1.2MW Gen.2 Fully-Modular Solid-State-Transformers (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 AN =g
’ | ansy O M e ' LFT AMDT
] L g A ier 2 A
G 104 "'}l B ”i»i : [ Hl oo 995 _— —\:—"_T_-;_:—f_ﬁ/;i — AC-DC
% ot | ) g 800-1000 V T
2 oy i LB 1V e _oxs [/ <
3 e o B gl - T
i;:) 10 &0 . 5-“] i i”[ I éws LFT AMDT + LV AC-DC\,\;
o ‘3%‘ ® 00 ¢ 1| i I = 156-G
) g "“nu: -;'”—; T "—'4310 kin\ gg7  LFTTier2 + LV AC-DC ]
o D et 5 1 M 5
K ] 96.5 400 kVA
102 e . | - o . ———-1200kVA
1850 1900 1950 2000 2050 0 20 o 80 100
Year
m Evaluation Against Dry-Type LFT-Based MVAC-LVDC Interface w/ Comparable Efficiency Source: 4\ AELTA
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Carbon Footprint of 3-® AC/DCSST 2/2

m 400kW Gen.1 & 1.2MW Gen.2 Fully-Modular Solid-State-Transformers (SST) w/ HF-Isolation Stages
m Lower Raw Material Effort / Lower Impact of Increasing Raw Material Costs

13.2kV MVac LVdc
Swnchgear
and Protection 40 1 LFT+
A e — (AMDT) SST
|,¢ . LW T i
TAC/HDC /3 & AC) e ]
IVAE I AL I |izx :
C ! gl =30l :
" - " g "L = Eﬂ . (]%:;I:) Protection LT

g 10* },'; ﬁ%[ |lﬂz "i_: ¢ % 25t (AMDT)
% .':f ] "E%‘ "[ “[ 800-1000 V %20 -
e ?‘5‘. edE A ||E%‘ "L—,;f}* "l;‘ g
£ .0 & RN I L 15 |
- 2, ¥ , I m==ily
2 v, Lt Gﬁg 25 ] "Lf,”-]_ a 10
= f "‘.“\;‘:‘": T ||[]%;‘ ll[_:ﬁ ipd
- ’ ;.f T e ) ST

02— FAL AL IAlD i

1850 1900 1950 2000 2050 i ﬂ%/ 0
Year
m Massive Improvement of SST Carbon Footprint [kg €O, ,,/kW] from Gen.1 > Gen.2 Source: 4E\ NELTA
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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)

823 \C:rrent trend 286 Converter
mOBC

H Inverter

572 543
385 363
ii 295 ii 278

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

1000

500

Source: IDTechEx

m Transition Si IGBTs - SiC MOSFETs — 25...30% Decrease of Power Electronics Cu Intensity
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Future Zero-Waste Paradigm

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

Take NI
Make @ 7@:

REFUSE RETHINK

Use VA%

Dispose
REDUCE REPAIR

Y /N
LINEAR v Lo
ECONOMY Pollute REUSE RECYCLE

m “Linear” Economy / Take-Make-Dispose > “6 Rs” Towards Perpetual Flow of Resources / “Circular” Economy

The Waste Hierarchy

REDUCE TOTAL WASTE
AVOlD/REDUCE CREATED IN FIRST PLACE

RECYCLE
RECOVER
DISPOSE

RECYCLE WASTE
INTO NEW PRODUCTS

RECOVER ENERGY
FROM WASTE

SEND WASTE
TO LANDFILL

41/45 _I%l

Source:
UTS — Institute for
Sustainable Futures

uTSISE .

m Recycling Aluminum 95% More Enerqy Efficient, Plastic 85%, Paper 50%, Glass 40% — “Downgrading” Problem

ETH:zlurich

IEEE Power Electronics

Society

SOUTHERN POWER [
ELECTRONICS CONFERENCE ‘el




= ™I Advanced Mechatronic
42 /45 _ it

Power Electronics 5.0 — “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
0sses . osses
Primary Raw. Matj Primary Raw. Matﬁ) ~
Raw Material J »| Raw Material —j
Waste / Sourcing \ Waste Sourcing \
Se = .

condary ‘_j w
‘j Second-¥ Recycling

End-of-Life End-of-Life : :
Management| <~ CDesign D Production Management _Design > Production

Remanufacture osses - ‘Remaﬁtjféacture LL(;sses
ﬂm . & Refurbish
Reuse Distribution Collection Reuse Distribution
Repalr Repalr

. -
ﬁ / Losses ﬁ Losses
Use Phase

Use Phase
Losses

Losses
Littering (— thterlng

/l"*

Collection

m “Life-Cycle Cost Perspective” — Potentially Advantageous for Suppliers & Customers
m Quantification of Repairability / Reusability / etc. Still to be Clarified
IEEE Power Electronics Society SPEC
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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 (!)
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IV ETd “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: %

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

2.3" <—0.65"»
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 (?)

A

13" -
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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 4
AI-Supported Design & Operation | N\‘
1 (]

» WBG Semiconductors 5{) Eco-Design
» Digitalization / IloT :
Multi-Cell/Level Conv.
3D-Packaging/Integr. /_
Funct. Integr. 4

» Super-Junct. Techn. / WBG / “Less-is-More”
» Digital Power
Modeling & Simulation 3.0

Performance
A

(Disruptive) p Circuit Topologies
TjCh““"’gY Microelectronics

> Modglationl Eoncepts 2.0
SCRs / Diodes ontrol Concepts

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

Emerging

- Established
-— Mature

Solid-State Devices -
™ Existing 5 1.0
Technology x“ /
» Effort / Time [ ] * 2050
1958 2015
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Thank you!

(1) A

Zero-Waste!
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