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The Challenge

Net-Zero by 2XXX
Clean Energy Transition Costs
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Industrial Revolution 1 - 4

m Technological / Economic Advances Linked to Exponential Increase of Fossil Fuel Consumption
m Continuous “Energy Addition” — Adoption of Larger Share of Higher Energy Density Fuels — Wood - Coal - 0il & Gas

Global direct primary energy consumption Per capita CO, emissions, 2022
Energy consumption is measured in terawatt-hours, in terms of direct primary energy®. This means that fossil Carbon dioxide (CO,) emissions from fossil fuels and industry. Land-use change is not included.
fuels include the energy lost due to inefficiencies in energy production.
’ o Modern biofuels
woootwh ==~ 160°000 TWh / 2.6 kW,,,, per Capita ---- S
Solar
140,000 TWh Wind
Hydropower
Nuclear
120,000 TWh Gas
100,000 TWh
80,000 TWh el
60,000 TWh ’
10 Tons/
40,000 TWh .
) Coal cap’ta
20,000 TWh \l/

Traditional biomass Nodata Ot 01t 02t 05t 1t 2t 5t 10t 20t

0TWh

2000 2023

m 2024 % of Global €O, Emissions / % Global Population — China 32%/18% | USA 13%/4% | India 8%/18%
m Poorest Countries Contributed Least to Historic C0, Emissions/Climate Change BUT Are Most Vulnerable to Impacts
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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 GtC0, Budget Left for +1.5°C Limit

Units: GtCO,/yr

40 GtC0,>

22%%'“&%93‘3 gf Sources of emission:
. t 2 to be . o
closed in 2050 ETO 2022 CO; emissions

—— PNZ Total CO, emissions
Overshoot emissions
to limit warming below

1.5C
N 1.5°C carbon budget overshoot of 7/ N . .
300 GtCO; to be closed by net negative et negative emlssn:nr\sr
emissions from 2050 to 2100 ETO DNV Energy Transition Outlook 2022

| = PNZ Pathway Net Zero by 2050

-
- -
- -

DNV

2020 2030 2040 2050 2060 2070 2080 2090 2100 {((

)

VI\

~Net-Negative”
Remove Overshoot
of 300 Gt(O0,

m Challenge of Stepping Back from 0il & Gas
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Clean Energy Transition Costs
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NGFS — Network for

m = 9 Trillion USD Annual Spend on Physical Assets for Energy & Land-Use Systems in NGFS NZ 2050 Scenario Greoming the Financal

m Power | Industry | Mobility | Buildings | Agriculture | Forestry | Etc.

Energy use accounts for 83 percent of the CO, emitted across energy and land-use systems.

System, 114 Central
Banks, 2017

Annual spend on physical assets for energy and land-use systems,' $ trillion per year

CO, emissions per fuel and energy and land-use system, 2019, share'
B Hydrogen, bio- Agricutture M Industry W Forestry M Fossil fuels WM Buildings W@ Power W Mobility — ====: Average

Oil Matural gas Coal Non-energy? fuels, and heat

31% 17% 36% 17%

00
o — 0y
90
W Industry
10
70 9

8
Source of
0 emissions, )
W Mobility % share 6
0 4
M Buildings :
+McKinsey
Forestry ] - & i
C & Comy
and other 0 1 20 40 parry
land use

Emissions, billion metric tons per year

m Total Cost of U.S. “Moonshot” =300 Billion USD (in 2020 $)

ETH:zlrich

NGFS Net Zero 2050 scenario*

Total around $ 2 7 5 Trillion

=

cKinsey
& Company

©2021- 26— 31— 36- 41— 2046-
45 50

25 30 35 40

% of GDP
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Utilizing Renewable Energy

Renewable Energy Sources
—— Long-Distance Transmission ————
Short & Long-Term Storage
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(2009) 16 TW-yr

ETH:irich

Note: Graphical
Representation Assumes
Spheres Not Circles

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

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

The Opportunity

. 16 Tw-yr
per year

Renewable energy resources per year

27 TW-yr (2050)

Solar
23,000 Tw-yr
per year

Fossil energy resources - total reserve left on earth

Coal

900 Tw-yr Uranium
| strole
total 90-300 Twryr Petroleum
total 240 Tw-yr
tal
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Global Distribution of Solar & Wind Resources

SOLAR RESOURCE MAP

POWER POTENTIAL @ worosamorow L ESMAP

DB 0% " aen e

Long-term average of photovlaic power potential (PVOUT)

Daily totals: 20 24 28 32 36 40 L4 48 52 56 6.0 6.4
KWh/KWp
Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337
ONSHORE & OFFSHORE WIND RESOURCE MAP @) worwosanceroue T

WIND POWER DENSITY POTENTIAL _ESMAP

® vorrex

Wind Power Density @ 100m ~ [Wim
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Challenge #1 - Low PV/Wind Capacity Factors

m Ratio of Actual Energy Output Over Annual generation MW-h

: - : - Capacity factor =
/?42/;',171 Z en';mcg ‘,’__]:l l’;"ﬁgnt;‘;’g;etzr gg’;al L aits (365 days) x (24 hours/day) x (Nameplate capacity MW)

Monthly capacity factors for select utility- e@
scale generators (Jan 2017-Dec 2019)
U.S. solar PV capacity and direct normal solar irradiance percent
0,
< 100% nuclear
¥ ) 90%
S s . o 80%
23 . - ;?" 70% natural gas
2 : L i combined
x & 60%
'é’ﬁz‘g’! cycle
SN PSR 1 50%
: .*" 40% St
o e 1 2 30% hydro
irect normal solar irradiance 8
?kWh'ldeay’) i &. 20% solar .
less than 4.34 photovoltaic
iTTosz oW 10% (PV)
520105.92 ® 200
B greater than 5.92 @ 585 0% - T T
2017 2018 2019

m Capacity Factor of Renewables Dependent on Geogr. Location & Day/Night & Summer/Winter & Transm. Capacity
m PV & Wind Partly Complementary — Typ. Annual Avg. =30% for U.S. Wind | =20% for U.S. Solar (12% in Germany)
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Challenge #2 - Low PV/Wind Areal Energy Density

m Energy Density — Determined by Power Density | Intermittency &/or Capacity Factor | Buffer Zones | Storage | etc.
m Land Footprint of Renewable Energy Sources Massively Larger Compared to Fossil Fuel / Nuclear Power Plants

} I T I T I I T T T T T

10'F T 410408
Annual Generation of 1 TWh (Smaller City) < J_ o
% 10°F -5.104.03 §
3 km? 3 5
53 km? Z . H
. Hydropower B ~ 2 2
Onshore wind power — T §o'k = o =10 [l Wavg /mé] e g
Offshore wind Gas power ¥ = T 1 i
power 0.15km’ 210%fF 711408 §
11 km* Nuclear 2 J_ ] 2

ﬁg\'ﬁ""ér power g ]
-3 b= =0.
| 4 10 . . S

Nuclear Natural Hydro Solar Solar  Wave Geo- Wind Tidal Wind Biomass
gas (CSP) (PV) thermal (offshore) (onshore)

(n=159) (n=26) (n=451) (n=26) (n=17) (n=11) (n=8) (n=11) (n=12) (n=148) (n=63)

m Low Energy Density of RES — Large Land Use / Collection Grid / Long Distance Transmission for Powering Load Centers
m =1.7 10° TWh of World's Annual Energy Consumption (2023) — PV @ =0.09 TWh/km? - 1.9 106 km? = Algeria
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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 U-HVDC Transmission Lines Connecting Megacities to Remote Wind & Coal-Fired Power Plants / Solar Farms etc.

m 30°000 km U-HVDC Links Built Over Last Decade in China / Emerging Nationwide Super-Grid Interconn. Reg. Grids
e#29 Asiq
ECCE
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Challenge #4 - Storage Requirements

m U.S. Cost Benchmarks for Utility-Scale PV-Plus-Storage Systems (4 Hours) / DC-Coupled & AC-Coupled

ZINREL
A » [JEPC/Developer Net Profit
Source: TESLA Ml"lons
$250 PV Plus Battery @ Developer Overhead

Individual PV and Battery Storage Co-located PV Plus Battery in Different Sites @ Contingency (3%)

| Transmission Line
$202
$200 - $186 $188 0] ® Interconnection Fee
. ] O Permitting Fee
10 &7
E O Land Acquisition
$150 - ) 10 10 &
10 9 19 0 Sale Tax
19 16
7 19 O EPC Overhead
13
O Install Labor & Equipment
. N Ed | B .
—4 @ Electrical BOS
1
14 5 @ Structural BOS
10 50 50 50 o
$50 - : m Bidirectional Inverter
= 0 Solar Inverter
35 35 35 35 O Lithium-ion Battery
100-MW One-axis 60-MW / 240-MWh 100-MW PV + 100-MW PV + 100-MW PV + mEY Modil
Tracker Battery Storage 60-MW / 240-MWh  60-MW / 240-MWh | 60-MW / 240-MWh
PV System System | Battery Storage Battery Storage Battery Storage
DC Coupled AC Coupled in Different Sites

m Comparison of PV & Fossil Fuel Power Gen. Must be Based on “LCOE” (Panels/Inverter/Cap. Factor/Transmission/Storage etc.)
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Remark The Global Grid

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

Norwegian Sea Kara SeaWind Lopkoy Sed Wind Chukehi Wind Greentand
Power Bas ukchi een

To Greenland  \jngpowerBase  Barerts SeaWind  Power Base N Power Base ¥
\oeland N Power Base *
o Iceland

m Example of the “Global Energy Interconnection Backbone Grid” (GEIDCO) Proposed by China in 2015
ed29) Asia
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Power-to-X-to-Power

m Hydrogen Economy — H, Produced & Used Directly or in Synthesis w/ Nitrogen or Carbon (Ammonia, Methanol, etc.)
m Prod. @ High RES Intensity Locations — NH, Transp. by Ships — Use for Long-Term Storage & Hard-to-Abate Sectors

NHj

Turbine |§| NH,Tutine Niotar™ 13%
NH .
2 ICE |§| WHolcE 15%
=%#Enaex cnGie Chilean generation potential H,0 NH; SOFC g NHLSOFC 21%
carries to date an excess of +70x =]
the actual installed capacity. water treatment /
. . Q
desalination lNZ Transport —s  AFC |3| NHyH-AFC 26%
o =]
B Mejillones Solar CF 37% +1800 GW. +160 Mt/py of H,0 Haber- |NHs | storage . | He
= -+ vaporisation m| n =}
The driest / highest 5 Green H, production Bosch (oldiciokied) po decompositio | g N H,SOFC 28%
desserts, with the best solar 275 Wlm electrolysis Hy 8
radiation of the world. . o o PEM-EC
evelized cost O 2 .
by 2050 ~ 1USD/Kg liquefaction |—» Storage _lyaporisation Turbine |§| H.-Turbine 15%
) (cold-liquefied) [}
I the cheapest worldwide H
( H ) by 2030 2
‘ 3 —> ICE |§| HlcE 13%
AN .
> Magallanes Wind CF + 70% @S- 1
The southen uninterrupted w ‘ - 7 EleCtnc POWQI' g 2 o
corridor. The best wind / tides .
conditions of the world. 2 WAY FOR E.?(PORTS —* SOFC E R SOFC 8 /0
Pacific or Atlantic Ocean
Q
L PEM-FC || H-PEMFC 26%
o

Storage/Boil-
Off-Losses Not
Considered

m Hydrogen Hype — A Story of Energy Loss (?) / Direct Use of Electricity Clearly Superior if Possible (!)
m Low-Efficiency Processes — 60% Electrolysis / 70% Liquefying Hydrogen / 60% Fuel Cells / etc.
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Multi-Carrier Energy System

Electricity / Heat / H, / E-Fuels / €0, Infrastructure
Aviation etc. / Green Steel / Cement / Chemicals
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Hard-to-Abate Sector #1 — Aviation

m 2.5% of Global CO, Emissions / =1.2 Billion Liters of Aviation Fuel/Day in 2024 / =35% SAF by 2050
m 30000 New Commercial Aircraft & Freighters in 2021-2040 incl. Replacements — 4.8 Trillion USD

ﬂ ) Long-term global passenger traffic forecast Commercial Aircraft demand 2021-2040
o (2016-2053) Asia-Pacific, China, Europe and US continue to be major drivers for growth & replacement

N
3

coviD-19
Pandemic

~N
@

2053
x2.4 of 2024 level

1160
860 150
2042 > 2045 - o SSIRE
x2 of the 2024 level - < 1440
. 6960
3 ~ 4 years of lost growth potential ™7 < s
due to COVID-19 pandemic. 3 b s0  CIS
Europe 740 o
: 6890
North \ e
America -

b/ 200
1 860
-l Middle
2024 , : . - gy chna % N
recover to 2019 level 150_am . 2170 S 1730 9400
Medium
= J — 2460

5,340 1 Africa Asia-Pacific
““““““““ R EEE R S =N @ Source: Airbus Market Forecast 2021-2040 AIRBUS

NNNNNNNNNNSNNNNNCNNNNNNNNNNNNNN NSNS SN NN S

NN
® o N &

&

Passengers (billions)
2 =z = 8

-
(=N

14 Yo rmssimsi s o Latin
America

e N & o o

m Growing Air Travel Demand Driven by Growing Middle-Class & Desire to Explore / Connect Globally
m E-Commerce Drives =5%/Annum Growth in the Freight Sector — 200 Million Tons of Global Air Cargo
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Hard-to-Abate Sector #2 — Shipping

m 2.8% of Global €0, Emissions / =85% of World Trade Carried by Sea / 12.3 Billion Tons / 100°000 Vessels
m IMO Strategy on NZ Shipping around 2050 incl. Green H, & Derivatives (E-Ethanol, E-Ammonia)

m Ultra-Large Container Vessels (ULCVs) — 20°000 Twenty m 80 MW @120 rpm / 2300 Tons
Foot Containers / 15°000 Liters of Heavy Fuel 0il per Hour Largest Diesel Engine Used in ULCVs
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Hard-to-Abate Sector #3 — Iron & Steel

m Crude Iron Production in Blast Furnaces Reliant on Coal/Coke as Reducing Agent to Extract Iron from Ore/Fe,0,
m Basic Oxygen Converter Turns Crude Iron into Easily Formable Steel / Electric Arc Furnaces Recycle Steel Scrap

The Blast Furnace

Steel production in 2050 (in million t/year at constant a steel consumption per capita)

Siima Charge: iron ore, coke, limestone
51.2%
Hot waste gases Hot waste gases Construction
OTHER SMS B group
EAF 100% SCRAP
DRI (EAF + OBF)
BN srsoF
¢ Steel production in 2050 (in million t/year at

Reduction of iron ore:
3CO(g) + Fe,0,(s)—>2Fe(l) +3CO,(g)

constant a steel consumption per capita)

Steel used by

Carbon dioxide reacts .
with coke: Limestone decomposes and sector 2,279
€O,(g) + Cls)—»2CO(g) slag forms:
CaCo,(s) — Ca0(s) + CO,(g) 2.0% ) 1,884
Hot air reacts with coke: Ca0 (s) + SiO,(s) — CasSiO,(l) s
Cs) + 0,(g)—CO,(o) sand slag . . an
Hot air blast Hot air blast S / Elactisal
’ | o 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

. @@Asia
ETH:zirich BECCE



AT Advanced Mechatronic 1433 _ 1
Hard-to-Abate Sector #4 — Cement

m Cement — Key Ingredient in Concrete / Chemical Process & High Heat / 8% of Global €0, 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

soo0 = =- 5 Billion Tons / Year ---
eﬁi%gig?wls S 4500
9 Co, . g 4000
‘\ £ 3500 Remaining
_§ 5000 Global South
7 E’_,h' 2500 . India
i ‘ - *— [Hot:ait g 2000
Ground limestone P vﬁ-b =S = 1500 China
+ clay ' L | 8
f \ | \ == é,_? Clinker > 1000
- = DL § 500 Global North
Source: Carbon Brief, Chatham House BIBIC] 01960 1970 1980 1990 2000 2010 2020 2030 2040 2050
m China & India Account for Around 50% of Global Cement Production
m Intensity of Cement Use Declines After Initially Rising w/ Increasing GDP/ Capita
o ed29) Asia
ETH:urich iE
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Hard-to-Abate Sector #5 — 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 Sold/Minute)

Other chemical
Chemicals from refining - 180 Mt production

Foodgrain Production and Fertilizer Use
Before and After Green Revolution

e

FIRST GREEN REVOLUTION HARVEST\

] 8 2
Tons Fertilizer per Ton Foodgrain Produced

0
1960 192 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982

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 C0, Emissions after Steels & Cement
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Multi-Carrier Energy Society

m (0,-Free Electricity / Electrification — Viable Pathway for Reducing Emissions !&! Costs (Long Term)
m E-Fuels & P2X for Long-Haul Transport / Aviation / etc. & Short Term / Seasonal Storage

0, M. Direct solar H
- Cx HyOz co. 17 fuels SClenceA
S. Demand for aviation and HQ N H3 S.J. Davis et
Long-distance RN o long-distance shipping N, a l
road transport R Demand for -— P NH, { 0. Ammonia Hz (2018)
1% industrial ~ CHOS \ plant
materials | e 0N
Q. Demand for il = C,H,0, . .
highly-reliable CHO N = Nl M. Synthetic P. Electrolysis
electricity 4 ) gas/liquids 1o
o —N X N
Residential, cop N 1} Hoo N H \{.
commercial Short-distance '—agni‘i’":‘::: \ ™ Hz \
ihe Short-distance med/heavy gosria ’ > >
Other light road transp. road transp. *
1% 5% H0
industry A —
14%

3
‘\ H,0,

J. Geologic K. Cement i ,! RN

w/ capture
storage and alt. Steel _ ' 0.
: e
‘\“2
e / 4
002 /

co,

co™ % N ’o 3

Combined ~ 1. Direct Air /
heat oprre -
o 27% of Difficult-to- ~
&ele;:;:ncnty 7 /) Of m / -

@ G. Nuclear

Capture XN
S . Hydropower/ F. Compressed
. . o . ’ \ \ pumped slorage 3;:: air energy
Eliminate Emissions Co\;‘ 4> N ~ N O
Global fossil fuel & v 7 N ’
industry emissions, 2014 - C. Natural gas/

(33.9Gt CO,) biomass/syngas . Other centralized

w/ capture energy storage

e- A. Wind B. Soler (e.g., thermal, batteries)

m Integrated Net-Zero Multi-Carrier Energy System — E-Energy | Heat & Cold | etc. | Storage | C0,C&S
m Missing Multi-Discipl. Research on Cross-Sector Converters / Technologies / Geogr. Diversity / Economics etc.
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Critical Raw Materials

“Blind Spot” of Clean Transition
Requirements & Geopolitical Dependencies
Mining Constraints
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~Peak Minerals/Metals” of Net-Zero Scenario 1/2

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

BloombergNEF

Figure 1: Market balances for energy transition metals under BNEF’s Economic Transition Scenario and Net
Zero Scenario — expected supply surplus and supply deficits

Metal Scenario 2024-2030 2031-2040 2041-2050
ers I
Steel
VNN 00 2024 [ |
. s I
Aluminum
ETS
C T
ppst NZS 0 0 i
L ETS
Lithium
nzs [T N
. ers T N .
Graphite
nes (T R N
, ers I T
Nickel
nes (T
— ers I N T
oa NZS
Manganese &S
° vzs [ N

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.

2024 2050

Primary copper demand scenarios versus mine supply potential

50 -
45 -
40 -
35

= 30 -
25

20
15
10

2020

m ﬂgggenzie

wm Other possible
mm | ower risk possible
wm Off radar projects

= Probable Projects
mm Base Case capability
——Primary Demand
—AET-2 Demand

AET-2 — 2°C Acc. Energy Transition Scenario

2022

2024 2026 2028 2030 2032 2034 2036 2038 2040

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”

ETH:irich
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~Peak Minerals/Metals” of Net-Zero Scenario 2/2

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 3.5
Source: ERIG, BHP, Cochilco CO er Production [:A]'ERPIL
1.200.000 PP 3 ; =SCLAR
1.000.000 2.5
800.000 2
Reserve Grade
500,000 1o s oo sesediennas . 15
: Mined Grade
400.000 Tl sveeeeeeses .. 1
200.000 ---------- —— 0‘5 é
Source: ERIG, BHP, Cochilco
0 0 SRR
1990 1995 2000 2005 2010 2015 2020 Caterpillar 797F — 350 tons payload / 3 MW
-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
o ed29) Asia
ETH:urich ECCE
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5L BT Critical Mineral Dependencies

m Production of Selected Minerals Critical for the Clean Energy Transition

Extraction Processing = Qatar

» Indonesia

mDRC
m Philippines

. m China
mUS
Saudi Arabia

® Russia
mlran

Qil Qil refining

Fossil fuels ‘

Natural gas LNG export

‘ Fossil fuels ‘

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

Nickel Nickel

Cobalt Cobalt

Minerals
Minerals

Lithium

- Rare earths

Rare earths

Lithium Australia

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

Shares of top three producing countries, 2019

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

19/33 _I%l
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The “Net Energy Cliff”

Energy Return of Energy Invested ————
Fossil Fuels vs. Renewables
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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 E i 1
ER®ET = - gy - = ! —>  E, = Net Energy = Energy Obtained - (1 - —)
Energy required to obtain that energy E, EROEI
EROEI
H i (2 tullett prebon
Gy o E % Energy Out

in extraction in transformation and distribution loss

V ' 100% q) Q @
Exiry 43 Energyused a0 il & gas find
: in transformation 5 .
in pro(:ucllon E L nadepmaen Coal (at mine) 1970s oil & gas finds Wind power

1930s oil & gas finds Current oil & gas finds

Pri 60% P
rimary energy Eiral ety - Hydroelectricity Nuc_lear
Tvans'or;nahon """:’;?:"p'“' T in lhegeconol“y Ez Photovoltaic solar
an ]
distribution gas electricity) 40%
EROEI
; 20% Tar sands
Shale gas
Transformation .
losses Biofuels
0%
100 90 80 70 60 50 40 30 20 10 1

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

Energy flow

EROEI of Full Energy System

18

16

14

12 Share of RES

I Time by 2060

En(yPecom

—GG-100%

o
3
&
8
H
2
2
Iy

5.0~

Construction Decommision 0
time time

m Resulting EROEI Level Potentially Below Threshold Required to Sustain Complex Industrial Society
m Transition Could Drive Substantial Re-Materialization of the Economy / Deplete Critical Mineral Resources
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Power Electronics 4.0

_— “Do-More-With-Less” _—
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Power Electronics 4.0 — “Reduce-to-the-Max”

m Today's Power Electronics Innovation Inherently Contributes to Lower Environmental Impact

TIME-TO-MARKET
(Custom Designs) POWER DENSITY

m Power Density - Red. of Resources
m Efficiency —> Red. of Energy Use
m Robustness = Increased Lifetime
\ SWITCHING
COST f/ FREQUENCY
250%
d
/7
e
/7
A 4
N Ve
b y
b

Mﬁ @ :)SM ] qeo% SOURCE:
Manuiaclurc?sw.:l;;é::i::i‘;; i POWER SOURCES
—— N POWER LOSS RELIABILITY (MTBF) MANUFACTURERS ASSOC.

m New Set of Key Performance Indicators Mandatory to Meet Future Environmental Compatibility Objectives BT Asia
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Example of 3-® EV-Charging

m Isolated Controlled Output Voltage

m Buck-Boost Functionality & Sinusoidal Input Current
m Applicability of 600V GaN Semiconductor Technology
m High Power Density / Low Costs

3¢ | AC/DC DC/DC LRV
Grid ! Vienna Rectifier 5 Stage i Battery
: - ' M .
I x X [ = ZOp
i T T T
U L + uSaya
a _ . o.S8. . —=u
a,za a a ; ~ ~aya Xy
|4 e be
: b b VL. i |y [ Jr___
,b_p N M > M -
B s o v
E c c |_
3 L3l L u, | PC
b -
: 11 ' :
i
& D, b DC o1
< ’

m Conventional / Independent OR “Synergetic Control” of Input & Output Stage
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Two-Stage Isolated 3-® AC/DC Conversion 1/2

m Synergetic Association of PFC Rectifier & DC/DC Converter Stage
m 1/3-Modulation - Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM Ay
m Conduction Losses of the Switches = -80% Sector Sector | “\\¢~
m Switching Losses = -70% o or o o =
= 200 F u u
- 1 T
36 | AC/DC pe/pe RV E
Grid Vienna Rectifier Stage ! Battery 50
M s
Z.x X [ = iop E.'; 0
Dy, > DC ——3-0—1 :E 25
o1
a —— Y | o M D 11l 'i ‘ | ' |
: Ty DC ERP L ™ v
- = L e b | | .
A M, = s = i, L TeyDa
c e Son 50 : . - -
DC = o ]
e L Uyz . S0 i
A . g 9% ] "w:.
ngli T T = DC n S 0 | | | . ! | | | . .
Z 0 60 120 180 240 300 360 0 60 120 180 240 300 360

wt (°)

wt (%)

m Operating Point Dependent Selection of 1/3-PWM OR 3/3-PWM for Min. Overall Losses
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Two-Stage Isolated 3-® AC/DC Conversion 2/2

m Synergetic Association of PFC Rectifier & DC/DC Converter Stage
m 1/3-Modulation - Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM Ay
m Conduction Losses of the Switches = -80% Sector | Sector 1 - N\~
m Switching Losses = -70% o o ‘ =
TR o]
T3 | b e (N EE T E :
elﬂl l—l—l—l—.".l—l—l—l—o §71
J‘ - .
Fo a1 [ i) R
11 ST T G
AC/DC . Dual Active Bridges =
Vienna Rectifier (DABs)
0 60 120 _Jf?o) 240 300 360 0 60 120 :fﬂ((i) 240 300 360
m Operating Point Dependent Selection of 1/3-PWM OR 3/3-PWM for Min. Overall Losses
é29 Asia
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Single-Stage Isolated 3-® AC/DC Conversion 1/2

m 3-O Matrix-Type AC/DC Converter w/ Three-Phase Transformer — i3X-Rectifier
m Advantageous for Future 20...50kW AC/DC Power Supply Modules

- -
a b c N
1L —r
P s g Ir - DBM gate drive Isolated
" transmitter chip dividing
G f ,_i s
B JH% }:
G""'j\__‘ If p
R BEob ek A (MK (4K |
o o o H H p o GaN integrated
bidirectional
Vszsi,| . . switching chip
— || — — 1
L) ! Vanes I —_\—:1_1— \
atel  Gate2?
Source/ (G1) (G2) Drain/ Il = H 1
P-GaNﬁ Source (i ___ T R _ ~
(51) T T (52) _| . .
I-AlGaN 4 F‘ |_- : %
Al o o Jink Jok J |
Panasonic Si substrate H} H—i H} e
i : . ¢ n i

m Use of MBDS GaN Power Transistors — Eliminates Factor of 4 Chip Area Penalty (!)
m Lateral GaN Device Technology — Facilitates Monolithic Integr. of Matrix-Type Switching Stage & Gate Drives
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Single-Stage Isolated 3-® AC/DC Conversion 2/2

m 3-O Matrix-Type AC/DC Converter w/ Three-Phase Transformer — i3X-Rectifier
m Advantageous for Future 20...50kW AC/DC Power Supply Modules

V7
o B A3
_____ G g v DBM gate drive Isolated
- (Eof;_i' Jllsﬁ 3_"{'!' % % -%S P transmitter chip dividing
_— f;fhg = Jag Jag s
2 . E E}F
Versi Gat:i|= Gate2 Vaasz b 7. = .7 T B
9 Sourpeit)&ti) GaNﬁg‘iDrainf ojg-g- . N \
[Eéa;;] I-AIGaN L ' T S?SU;E ¢ A_—— == j— _ojg-g_ - L : i
i-GaN —III_ —?f"___ J# J:# J# W 8
Pal'lasoflic Sisubstryale °‘_|é__£_ o l l ! '. :
T
m Use of MBDS GaN Power Transistors — Eliminates Factor of 4 Chip Area Penalty (!)
m Lateral GaN Device Technology — Facilitates Monolithic Integr. of Matrix-Type Switching Stage & Gate Drives

ETHzirich ECCE

Bengalury



—™1T. Advanced Mechatronic
nlid Systems Group

ETH:zlrich

Power Electronics 5.0

— “Zero-Waste” Paradigm
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The I8 81V in the Room

I S - S m Global Population by 2050 — 10bn VIR 2.5 kW/ Capita
coususmon B T : T & conusmon m 25°000 GW Installed Ren. Generation in 2050
fﬁ HVDC &l
et i | ""‘"S'i"“”"l =T m 4x Power Electr. Conversion btw Generation & Load
i - TRANSMISSION m 100°000 GW of Installed Converter Power
m oo e i m 20 Years of Useful Life
‘jP PV >’\;r—;\IIND @ ;HEV
: -
BEL B =s]7A|
s w
AC DISTRIBUTION AC DISTRIBUTION
(— nECC | (—nECC
PV WIND wev WIND
e T
i il S T T -
pECC pECC
:‘ CONSUMER " CONSUMER -
Q; ey ELEE;’:S;JICS @VP eV ELEEg:Sglcs
5°000 GW,, = 5°000°000°000 kW,, of E-Waste / Year (!)

|
G R — m 10°000°000°000 $ of Potential Value
o eé25) Asia
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Power Electronics 5.0 — “Closing the Loop”

m Infinite Consumption form a Finite Resource Base is Impossible (!)
m 80% of Environmental Impact of Products Locked-In @ Design Stage

Losses L Losses L
. osses . osses
Primary Raw. Matﬁ) ) Primary Raw. Matﬁ) ~
»| Raw Material ‘)‘ »| Raw Material J
Waste Sourcing \ Sourcing \

TN Secondary » By
Raw. Mat.

End-of-Life

End-of-Lif : :
oot | <~ Design D+ >|| Production Management i zesign >

1Ly

Management

" emanutacture T8 Locces ) Remanecie -
& Refurbish - & Refurblsh

Collection Reuse Distribution Collection Reuse Distribution
Repalr Repalr
/ osees \ / osees
Use Phase Use Phase

/Iﬁ

Losses
thterlng

Losses
Littering '(_

m “4R” Included Into the Design Process — Repair | Reuse | Refurbish | Recycle
m “Life-Cycle Cost Perspective” — Potentially Advantageous for Suppliers & Customers
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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

Performance
A

Emerging
o« Established

™ Existing
Technology

Replacement

(Disruptive)

Technology
/

ETH:zlrich

>

AI-Supported Design & Operation | ﬁ
! (L) bt

» WBG Semiconductors 56 Eco-Design
» Digitalization / IloT :
Multi-Cell/Level Conv.
3D-Packaging/Integr.
Functional Integr.

» Super-Junct. Techn. / WBG / “Less-is-More”
» Digital Power
Modeling & Simulation 3

» MOSFETs & IGBTs & IG(CTs /
p Circuit Topologies
Microelectronics
» Modulation Concepts ,

ot SR/ iodes T
10 —
Effort / Time - * -
1958 2015
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Economic Challenges of NZ by 2050

m Globalization / Global Trade — Complex Couplings / Interdependencies of Main Economies
m No Immediate Reward BUT Massive Costs / Political Challenges of NZ-by-2050 Trajectories

Billions of dollars
NORTH
AMERICA
N—. W '\

LATIN
AMERICA

Intraregional
trade:
EUROPE
1,00
70 %
MIDDLE
= EAST
Interregional
trade: \
- 1,030 S \ Only trade for a value
of more than 20 billion dollar
s 500 AFRICA is shown on the map.
e 300 Database accessed:
100 November 2017
20 © FNSP - Sciences Po, Atelier de cartographie, 2018

m Environmental Impact Aggregates Over Time — No Serious $$3%-Consequences / “Tragedy of Commons”
m “Prisoner’s Dilemma” — Why Take Action If You Can’t Be Sure Other Countries Will Act As Well?

ETH:zlrich
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[ 304 The NZ-by-2050 “Marshmallow Test”

” I

m “You Can Have One Marshmallow Now, OR, If You Wait, You Can Have Two” (!)
m Experiment Measuring Children’s Ability to Self-Control / Delay Gratification (W. Mischel / Stanford / 1960s)

Source: https://www.edbatista.com/ (&) HIGHBROW

z X 2z

m “You Can Have One Marshmallow Now, OR, If You Wait, Others Will Take It” (!)
m “Instant-Effortless-Everything”- Society Might Face Serious Challenges Passing the NZ-by-2050 Marshmallow Test
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(,

Develop a Global “Clean Energy Moonshot Spirit”

m Aim for a Net-Zero/Environmentally-Neutral Integrated Multi-Carrier Energy System Tl )
m Full “Circularity” (Closed Carbon Cycle & Raw Materials Cycle, etc.) / Sustainability / etc. ) -

»We choose to go to the Moon
in this decade, ... , because
that goal will serve to
organize and measure the
best of our engineers and
skills — because that
challenge is one we are
willing to accept, one we are
unwilling to postpone, and
one we intend to win!”

m Power Electronics Engineers are the Rocket Scientists of the 2020’s g!
m “Transformational Industrial Clusters” (El. Energy, Chemistry, Microbiology, etc.) & “First Mover Coalitions”
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