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The Obligation

Our World
in Data

Global greenhouse gas emissions by sector

This is shown lor the year 2016 - global greenhouse gas emissions were 49.4 billion lonnes CO,eq.

Note: GtCO,eq also incl.
Methane (CH,) etc.
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m Pathway to “Net-Zero” Emissions & Gap to be Closed

Energy Transition
DNV Outlook 2022

Zgbzsc’G'”é%gaP gf Sources of emission:
ciose; in ;ztoosoe --- ETO 2022 CO, emissions
A — PNZ Total CO; emissions
Overshoot emissions
~Je to limit warming below

T 1.5°C carbon budget overshoot of 1.5°C

300 GtCO; to be closed by net negative
emissions from 2050 to 2100

/7 Net negative emissions

W ETO DNV Energy Transition Outlook

PNZ Pathway Net Zero by 2050
2050 2060 2070 2080 2090 2100

™

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

Estimated U.S. E C tion in 2021: 97.3 d B Lawrence Livermore
stimate nergy Consumption in Quads T

Net Electricity  0.05
Imports ~

on

1.0

n=35%

Nuclear
8.13
Hydro
2.28
Rejected
Energy
Wind 65.4

3.33
Geothermal
0.206

Natural Gas
31.3

Energy
Services
Coal . 31.8
10.5

0.44

Biomass . :
4.83 Transportation

0.2 269

Petroleum
351

m Low Share of Electricity in Industry Energy Consumption
m Low Efficiency of Electricity Generation / Massive Use of Natural Gas & Petroleum
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Note: ,Rejected Energy”

includes Waste (Recoverable, e.g.
Waste Heat) and Losses (e.g. Cond.
Losses, Not Recoverabe)

Average
Efficiency

of 33% / 2x More
Energy Wasted
than Used (!)

Quads -
Quadrillion
British Thermal
Units (BTUs)

1 Quad = 290TWh
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The Opportunity

(2009) 16 TW-yr —o @ 13 e— 27 TW-yr (2050)

Note: Graphical
Representation Assumes
Spheres Not Circles

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

Source: R. Perez et al.,
IEA SHC Program Solar
Update (2009)
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Renewable energy resources per year

Solar
23,000 Tw-yr
per year

Fossil energy resources - total reserve left on earth

Coal

900 Tw-yr Uranium

total Petroleum
90-300 Tw-yr .
total

m Global Distribution of Solar & Wind Resources

SOLAR RESOURCE MAP

PHOTOVOLTAIC POWER POTENTIAL

N asem e

O TR

@ WORLD BANK GROUP

Long-term average of photavlaic power potential (PVOUT)

Daily totals: 20 24 28 32 36

Yearly totals: 730 876 1022 1168 1314

ONSHORE & OFFSHORE WIND RESOURCE MAP
WIND POWER DENSITY POTENTIAL

40 L4 48 52 56 6.0 6.4

ESMAP

KWh/kWp

1461 1607 1753 1899 2045 2191 2337

@ 'WORLD BANKGROUP

_ESMAP

DITU Wind Energy

Depart ¥ind tnergy

® vorrex

y

3/12_|ﬁ




1C I Power Electronic Systems
= Laboratory

ETH:zUrich

The Complexity

%‘. 7#4%‘&?)

Population Autonomous (7S
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Government Fosail fuel
Refueling i NS /" production
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Lifetime l . = O b \
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Retirements
Vehicle sales

by type

Vehicle floot ‘/. J,

Energy use
of vohicla
additions

Cumalative EV
sales

Energy use
of fleet

Fast recharging
density

Pipelines for low-carbon gases

EVs and grid integration Energy

prices

GDP pov capita '“""°"

rid Mnmlm

Rail
d-m.nd energy
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d-mand

by y carrier

Battery price

.
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investmants

Electricity
demand

Accumulated
storage.
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Fum upa:l!y
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Eloctricity
lhblllty
\\-DIN
°\) Gs Capacity Storage &5

Nﬂuemm\h additions TR
~ Inshllud 8 i o

Pwmr n.m 4 capacity :fi"';'f;:'

oces denis e hemel ¢
variable renewables |
shown Profitability i eapatity Variability
in electricity

1 Accumulated
ost i j
Carbon capture
he

and storage

Waste to fuel

Variable
cost

Green hydrogen

m Example of Comprehensive Energy Transition Outlook Model
m Complex Coupling of Energy Systems / Technologies / Economics

Power grid \ Meshed
Rrength HVDC grids

DNV

4/12_|ﬂ|




5/12_|ﬁ

1C I Power Electronic Systems
I"— Laboratory

The Solution (?)

m Global Grid / “Top-Down” Approach

Source: Y. Kuwano / SANYO (1994)

EnglandZ?

Europe

bal network |

a (Glo

Asia y A
//
@ountry network]
GENESIS
Source: G. Andersson / ETH Zurich (2013)
m Globally Interconnected HVDC-Network (2013)
CPES

m PV & Global Superconducting Grid (1994)

ETH:zUrich
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The Solution

m Fractal Grid / Facilitates Integration of “Bottom-Up” Approaches
m 20°000°000°000°000 $ (=GDP of USA) Global Electric Grid Investments Until 2050 / Decentralization & Digitization
m System of Independently Operable Coordinated Systems | Local Gen. & Storage | Distrib. Monitoring & Control etc.

Source: D. Hurst et al. / Imperial College ‘:g\;'olarworx
H L L L Il Rl Hl gl
I FH T ] R RE R
HIFH I | L Wlle = [HH
HH FH)y\ e 9 5 = 41
H )\ HL R [ Foguel
HHI|FHJFH | HEIRS H (S
HI1HL L HY HE [ [
HH HH HFH 4 5 3 3 (B
m Load Management / Demand Response / Peak Shaving etc. m Decentralized Smart 60VDC Pico-Grid in Zambia
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The Comprehensive Solution (!)

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

c H 0 0, N. Direct solar Science
1 fuels -
S. Demand for aviation and xyEz €0, _H0 NH; S.J. Davis et al.
LY long-distance shipping <& ' 2018
R Demandfor | T P CathO T' H ( ) Long-distance
industrial = ) x NH, Q. Ammania 2 road transport
a.D di materials Pyl CHO, N\ plant 1%
h.'gh'i;r_'::.ah?; 4 — Hyaagh v&'" O . synthetic P. Electrolysis
electricity CH,0, b gas/liquids 10
P \ 9 H\ 10z
co, 1 : \L Residential
L Biomass \ ™ esidential,
x_  gasfiquids = & commercial Short-distance
AH,0; . e Short-distance med/heavy
J. Geologic K. Cement i l H:0 Other light road transp. fﬂagngaﬂsrl-
storage w/ capture industry 1% _—
d alt. Steel
and al E 14%
E G. Nuclear 7
2%

Electricity
1. Direct Air 26%

Caplure \E . Hydropawer/ F. Compressed Corbi?m N
umped slorage air ener eal 2 Lre
cc\,\ pumpe ¢ slturagegy & electricity 27% Of D" ﬁCUlt-tO-
s Eliminate Emissions

Global fossil fuel &
industry emissions, 2014
(33.9 Gt CO,)

B. Solar w/ capture energy storage
" (e.g., thermal, batteries)

o 'S
C. Natural gas/
biomass/syngas . Other centralized

A. Wind

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

ETH:z(rich
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The Comprehensive Solution (!)

m Power Electronics ‘% A Key Enabler !

?, :!?:ect solar Science
€0, _H,0 NH; S.J. Davis et al.
long-distance shlpplng cH N, (2018)

0xHyoz

S, Demand for aviation and

R. Demand for } H Long-distance
industrial | W Q. Ammania 2 road transport
Q. Demand for materials | SHO, ' plant -
hign|y.ra||ah|g 3 o M. Synthetic P. Electrolysis
electricity - \ ‘ gas/liquids N 1
Hz
L Biomasscgz n . \, Residential,
. - ;
gasfliquids V4 ‘3\’ C°m1merc'a| Short-distance
N e = ., e Short-distance med/heavy
J. Geologic i H.0 Other light road transp. road transp.
storage [ industry 1% L 5%

14%

'M

I. Direct Air
Capture P dropowert Co?bi?ed P
4 pumped slorage eal orre
;\ I: \’ storage & electricity 27% Of DTfflCUlt- tO'
A 5%

Eliminate Emissions

Global fossil fuel &
industry emissions, 2014
(33.9 Gt CO,)

C. Natural gas/
:llol:a:slsyngas . Other centralized
capture energy storage

B. Solar (e.g., thermal, batteries)

m Ren. Gen. & Cross-Sector Conv. — Heat-Pumps / Electrolyzers / FCs / etc. - All Power Electronics Dependent !

ETH:urich CPES

Cantarn for Poser Blctronca:
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The Restriction

m 2050 - No Fundamentally New Concepts in 20+ Years Time Frame (!)
m Main Barriers to NZ-MCES Deployment are Social & Political & Institutional

A From silicon devices to WB devices? >

IGCT SJ-devices/new generation LV

New generation IGBT

Silicon New generation

* : ) .
%, SiC device -

-
*
L)

4 MOSFET
E ---------- R R ] I" am
*

/] S0 *e
93 . ‘e "o

*
o . All %,
S % Si devices
S
<
o
o

GaN device

L4
*ay

1970 1980 1990 2000 2010 20-20 2030 2040

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

ETH:irich CPES
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The Elephant in the Room

m 53°000°000 Tons of Electronic Waste Produced Worldwide in 2019 - 74 000 000 Tons in 2030
m Increasingly Complex Constructions - No Repair or Recycling

GreenIT
Solution

E-waste flow

:
-
g

Venezuela

E-waste generation in 2014
(kilograms per capita)

42 MILLION
TONNES

E-waste generated|
each year H

WORLD ASIA AMERICAS EUROPE AFRICA OCEANIA

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

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

ETH:z(rich
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The Paradigm Shift

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

Source:
https://circularphila
delphia.org

RECYCLING &
MATERIALS
RECOVERY

RAW MATERIALS g :

DESIGN

ATS
COLLECTION CIRCULAR
ECONOMY

MATERIALS
ASLONGAS
POSSIBLE

2
=
E)
e
=)
=
=
L
=

£

§

CONSUMPTION PRODUCTION &
@* (RE)MANUFACTURING

2@

DISTRIBUTION

¢g] 3|

m Geographically Concentrated Production of Many Energy Transition Critical Minerals

ETH:zUrich

Fossil fuels

Minerals

Oil refining

LNG export

Copper

Nickel

Cobalt

Lithium

Rare earths

0%

m Qatar

»Indonesia

mDRC

H Philippines

m China

mUS
Saudi Arabia

m Russia

mlran

= Australia
Chile

mJapan
Myanmar

m Peru
Finland
Belgium

m Argentina
Malaysia
Estonia

Share of top three producing countries, 2019

Source: IEA
The Role of Critical

Minerals in Clean Energy

Transitions (2021)
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The Future

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

Environmental
Impact
v h
Mission Manufacturing & State-of-the-Art

m Complete Set of New Recycling Effort

Performance Indicators Energy Loss : }ggﬁﬁfnﬁgﬁt
— Environmental Impact [kgC0,eq/kW] ' :
— Resource Efficiency  [kg,./kW] Yg‘ffnleggg ;) of Failure Rate
— Embodied Energy [kWh/kW] ‘ k
~ oy i S/KkW] Future
— Power Density kW/m?]
— Mission Efficiency (%]
— Failure Rate h]

— N\ —
T

an
12 /12 Nt

Gt for Poowen Bactronica Sywterms.



“IC I Power Electronic Systems %
I" = Laboratory 1

Source: P. Aylward

Thank you!
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