
/43

June 16, 2026

³Netto-Null-2050´
 

Energy Moonshotoder Mission Impossible?
Johann W. Kolar*|** 

* Technical University Vienna, Mechatronics & Power Electronics Institute
**ETH Zurich, Advanced Mechatronic Systems Group

www.tuwien.at/en/etit/mpei/pes



/43

Outline
Ʒ  Introduction
 
Ʒ  Net-Zero CO2 by 2XXX 
Ʒ  Renewables & Storage
Ʒ  Hard-to-Abate Sectors
Ʒ  Raw Material Constraints
Ʒ  The «Net Energy Cliff» 
Ʒ  Power Electronics 5.0

Ʒ  Conclusions 

Acknowledgement
Univ.-Prof. Dr. Jonas Huber
Univ.-Prof. Dr. Uwe Drofenik  



/43

Still Increasing Use of Fossil Fuels 
Increasing CO2 Emissions / Global Warming 

Net-Zero by 2XXX / $$$$

The Challenge
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ƴ   Technological / Economic Advances Linked to Exponential Increase of Fossil Fuel Consumption
ƴ   Continuous ºEnergy Addition» ¹ Adoption of Larger Share of Higher Energy Density Fuels ¹ Wood Ą Coal Ą Oil & Gas  

Industrial Revolution 1 ̧ 4

ƴ   2024 % of Global CO2 Emissions / % Global Population ¹  China  32%/18% | USA  13%/4% | India  8%/18% 
ƴ   Poorest Countries Contributed Least to Historic CO2 Emissions/Climate Change BUT Are Most Vulnerable to Impacts

Ą

10 Tons/
Capita

160 ╡ 000 TWh
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ƴ   Direct Relation of Energy Use & GDP/Capita ¹ There are No Low-Energy Intensity Rich Countries (!)
ƴ   Lower Energy Intensity (Energy per Unit of GDP) Pot. Resulting from Offshoring Energy-Intense Manufacturing   

Growth of Population & Energy Demand  
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ƴ   Growth of World Population / Increasing Energy Use in Developing Non-OECD Countries
ƴ   1980 ¹  4.4 Billion |  Ć 10 TW.yr   Ą  2022 ¹ Ć 8 Billion | 20.4 TW.yr  Ą Ć 2.6 kW Continuous/Capita

Ą

2050
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ƴ  106 GW of New Coal Power Projects Permitted in China in 2022 ¹ 2 Large Coal Power Plants / Week
ƴ   50 GW Coal Power Capacity Construction Started / 50% Increase from 2021 | 26 GW Added | 4.1 GW Closed Down

ƴ   Growing Global Population & GDP ¹ Increasing Demand for Energy Services in Developing Countries   
ƴ  +12% Population | +45% GDP/Capita  | -36% Energy Intensity  Ą +21% Energy Demand by 2040 Globally 

Growth of Energy Demand in China 
3
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ƴ   Links between PM 2.5 Pollution & Cardiovascular Disease / Lung Cancer / Asthma etc. Well Documented 
ƴ   Further Health Consequences by Ozone Air Pollution or Smog also Driven by Combustion of Fossil Fuel 

ƴ   2018 ¹ Burning Fossil Fuels / Exposure to Fine Particle Matter PM 2.5 Responsible for 8.7 Million Deaths 
ƴ  Airborne Particles up to 2.5um Diameter Penetrate Deep into Lungs - Enter Bloodstream  ̧Damage Organs

Air & Environmental Pollution 
4
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ƴ   Different Warming Rates for Different Locations / Land is Warming Faster than Oceans (+0.8ÁC) 
ƴ   Due to Climate System Feedback Loops Arctic Ocean Shows Highest Warming / +4ÁC  since 1960 (!)

ƴ   Combustion of Fossil Fuels  ̧Increasing Atmospheric CO2 Concentration / +50% Since Industrial Revolution 
ƴ   Gradual Increase of Tropospheric Temperature of  Ć +1ÁC  since 1960  

Global Warming

aŀǇ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ ŎƘŀƴƎŜǎ όмфсмςнлмфύ

{ƻǳǊŎŜΥ 

ȹ=0ÁC
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https://factsonclimate.org/assets/generated/map-temperature-change_6000.png
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40 GtCO2Ą

Decarbonization / Defossilization

ƴ   Challenge of Stepping Back from Oil & Gas 

ƴ ºNet-Zero» Emissions by 2050 & Gap to be Closed
ƴ  50  GtCO2eq Global Greenhouse Gas Emissions / Year  Ą  280 GtCO2 Budget Left for +1.5ÁC Limit

ÇNet-Negativeº
Remove Overshoot
of 300 GtCO2

¦

Ą

ETO  DNV Energy Transition Outlook 2022  
PNZ Pathway Net Zero by 2050 

Source:  
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Monumental  Challenge (!)

ƴ   Low Energy Density / Transport / Storage / Raw Materials / Economic / Political Aspects as Major Challenges
ƴ   15µ20x Solar & Wind Generation ¹ 25 Trill. USD / 2.5x Expansion of Global El. Grids ¹ 20 Trill. USD

ƴ   Massive CO2 Red. by 2050 ¹ 3x Faster Than Previous Energy Transitions / Adoptions (!)
ƴ   Renewables Must Rise from 12% of Energy Supply in 2021 to 50µ70% by 2050

Boston Consulting Group logo (PRNewsfoto/The Boston Consulting Group)

Ą
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https://www.prnewswire.com/news-releases/the-green-energy-transition-must-happen-roughly-three-times-faster-than-previous-fuel-transitions-to-maintain-a-livable-planet-301918478.html
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ƴ   Total Cost of U.S. ºMoonshot» Ć300 Billion USD (in 2020 $) 

ƴ   Ć 9 Trillion USD Annual Spend on Physical Assets for Energy & Land-Use Systems in NGFS NZ 2050 Scenario
ƴ   Power | Industry | Mobility | Buildings | Agriculture | Forestry | Etc.

Clean Energy Transition Costs 

bŜǘ 
½ŜǊƻ 
нлрл

LŘŜŀΥ ±Φ {Ƴƛƭ

NGFS  ¹ Network for 
Greening the Financial 
System, 114 Central 
Banks, 2017 

Trillion
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Renewable Energy Sources 
Long-Distance Transmission  
Short & Long-Term Storage

Utilizing Renewable Energy
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The Opportunity

Ą

ƴ  Global Distribution of Solar & Wind Resources

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

(2009)  16 TW-yr 27 TW-yr  (2050) 

100% Conv. Efficiency
Excl. Oceans

Note: Graphical
RepresentationAssumes
SpheresNot Circles

Primary Consumption:
16TW-yrĄ27TW-yr
Final Consumption:
11TW-yrĄ15TW-yr

Ą
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ƴ   Capacity Factor of Renewables Dependent on Geogr. Location & Day/Night & Summer/Winter & Transm. Capacity
ƴ   PV & Wind Partly Complementary ¹ Typ. Annual Avg. Ć30% for U.S. Wind | Ć20% for U.S. Solar (12% in Germany)

ƴ   Ratio of Actual Energy Output Over
     Given Period of Time to Theoretical
     Maximum @ Full Nameplate Cap.

Challenge #1 ̧ Low PV/Wind Capacity Factors
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ƴ   Low Energy Density of RES ¹ Large Land Use / Collection Grid / Long Distance Transmission for Powering Load Centers 
ƴ   Ć1.7 10 5 TWh of WorldËs Annual Energy Consumption (2023) ¹ PV @ Ć0.09 TWh/km2 

Ą1.9 10 6 km2 Ć Algeria   

ƴ   Energy Density ¹ Determined by Power Density | Intermittency &/or Capacity Factor | Buffer Zones | Storage | etc.
ƴ   Land Footprint of Renewable Energy Sources Massively Larger Compared to Fossil Fuel / Nuclear Power Plants

Challenge #2 ̧ Low PV/Wind Areal Energy Density

Annual Generation of 1 TWh (Smaller City)

Source: https://www.sciencenorway.no/
J. K.Nøland, NTNU, 2023 

Ć10 [Wavg /m2]

{ƻǳǊŎŜΥ ƴŀǘǳǊŜΣ WΦYΦbǄƭŀƴŘ Ŝǘ ŀƭΦΣ нлнн 
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ƴ   Growth of Transmission in Line w/ Growth of Electricity Generation Capacity | 10 TW Ą Ć10 Million km HV Lines
ƴ   U-HVDC Transmission Lines Connecting Megacities to Remote Wind & Coal-Fired Power Plants / Solar Farms etc.    

Challenge #3 ¹ Long Distance Transmission

ƴ  30Ë000 km U-HVDC Links Built Over Last Decade in China / Emerging Nationwide Super-Grid Interconn. Reg. Grids

12
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ƴ   Considerable Overdesign of Optimal PV & Wind  & 12 Hours Storage Still Leaves Considerable Power Supply Gap (Germany) 
ƴ   Islanded Megacity Ą Power Supply of 10 Million People x 2.6 kW x 1 Hour = 26 GWh Ą 86Ë000 Tons of 300 Wh/kg Batteries

ƴ   Variability of Renewables & ºDunkelflaute» ¹  Batt. Storage | HVDC-Links | Sector Coupling | Gas/Coal/Hydro Plants
ƴ   WorldËs Largest Battery Storage / Pumped Hydro Storage ¹ 3.3 GWh @ 0.875 GW / 40 GWh @ 3.6 GW  

Challenge #4 ̧ Storage Requirements  1/3

Source: nature communications
https://doi.org/10.1038/s41467-021-26355-z

Dan Tong et al., 2021

13
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ƴ  Comparison of PV & Fossil Fuel Power Gen. Must be Based on ºLCOE» (Panels/Inverter/Cap. Factor/ Storage/Transmission etc.) 

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

Challenge #4 ̧ Storage Requirements  2/3

{ƻǳǊŎŜΥ ¢9{[!
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ƴ   Opt. Use of Cross-Energy Sector Flexibility ¹ Coupling of El. Power / Heating / Nat. Gas or H2 or Methane
ƴ   Direct or Indir. Storage ¹ Grid Conn. Batteries / CHP & Heat Storage / H2 Ą Methane  ̧Long Term Gas Store

ƴ   Ensure Reliable Supply @ High Share of Intermittent RES ¹ Power Balance on Different Time Scales
ƴ   Accurate Forecast / Local Storage / HVDC Interconnectors to Neighboring Countries / Sector Coupling

{ƻǳǊŎŜΥ ƘǘǘǇǎΥκκŀǇǇΦŜƭŜŎǘǊƛŎƛǘȅƳŀǇǎΦŎƻƳκƳŀǇκтнƘκƘƻǳǊƭȅ

Challenge #4 ̧ Storage Requirements  3/3

Ą Ą

00:00 MEZ 12:00 MEZ
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The Global Grid

ƴ   Example of the ºGlobal Energy Interconnection Backbone Grid» (GEIDCO) Proposed by China in 2015

ƴ  ºSuper/Mega/Overlay Grid»- Concepts Proposed since 1950s ¹ GENESIS (1994), DESERTEC (2003), etc.
ƴ   U-HVDC Trans-Continental or Multi-National Supply & Trade of Clean Electricity  

Source: GEIDCO 2018

16
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ƴ   Hydrogen Hype ¹ A Story of Energy Loss (?) / Direct Use of Electricity Clearly Superior if Possible (!)
ƴ  Low-Efficiency Processes ¹ 70% Electrolysis / 75% Liquefying Hydrogen / 60% Fuel Cells / etc.

ƴ   Hydrogen Economy ¹ H2 Produced & Used Directly or in Synthesis w/ Nitrogen or Carbon (Ammonia, Methanol, etc.)
ƴ   Prod. @ High RES Intensity Locations ¹ NH3 Transp. by Ships ¹ Use for Long-Term Storage & Hard-to-Abate Sectors

Power-to-X-to-Power 

(!)

ɖtotal Ć 13%

15%

21%

26%

28%

15%

13%

28%

26%

Transport

Storage/Boil-
Off-Losses Not 
Considered  

Electric Power
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Electricity / Heat / H2  / E-Fuels / CO2 Infrastructure 
Aviation etc. / Green Steel / Cement / Chemicals 

Multi-Carrier Energy System 
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ƴ   2.5% (3.5µ4%) of Global CO2 Emissions / Ć1.2 Billion Liters of Aviation Fuel/Day in 2024 / Ć35% SAF by 2050 
ƴ   30Ë000 New Commercial Aircraft & Freighters in 20212̧040 incl. Replacements ¹ 4.8 Trillion USD

ƴ   Growing Air Travel Demand Driven by Growing Middle-Class & Desire to Explore / Connect Globally 
ƴ   E-Commerce Drives Ć10%/Annum Growth in the Freight Sector ¹ 60µ65 Million Tons of Global Air Cargo/Year 

Hard-to-Abate Sector #1 ╖  Aviation

Ą

Ą
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ƴ   Ultra-Large Container Vessels (ULCVs) ¹ 20Ë000 Twenty 
     Foot Containers / 15 ╡ 000 Liters of Heavy Fuel Oil per Hour

ƴ   3% of Global CO2 Emissions / Ć85%of World Trade Carried by Sea / 12.3 Billion Tons / 100Ë000 Vessels
ƴ   IMO Strategy on NZ Shipping around 2050  incl. Green H2 & Derivatives (E-Ethanol, E-Ammonia)

Hard-to-Abate Sector #2 ╖  Shipping

ƴ   80 MW @120 rpm / 2§300 Tons
     Largest Diesel Engine Used in ULCVs

{ƻǳǊŎŜΥ ƘǘǘǇǎΥκκǿǿǿΦǎƘƛǇπǘŜŎƘƴƻƭƻƎȅΦŎƻƳκ ƘǘǘǇǎΥκκǿǿǿΦǎƘƛǇǎƴƻǎǘŀƭƎƛŀΦŎƻƳκ
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ƴ   Steel Production Responsible forĆ8%of All Global Direct Emissions From Fossil Fuels
ƴ   Global Steel Demand Expected to Increase from Ć1.9 Billion Tons/a in 2021 to OverĆ2.3 Billion Tons/a by 2050

ƴ   Crude Iron Production in Blast Furnaces Reliant on Coal/Coke as Reducing Agent to Extract Iron from Ore/Fe2O3 
ƴ   Basic Oxygen Converter Turns Crude Iron into Easily Formable Steel / Electric Arc Furnaces Recycle Steel Scrap  

YΦ IŜŀκ [ƛ ²ŀƴƎ όнлмсύ  ƘǘǘǇΥκκŘȄΦŘƻƛΦƻǊƎκмлΦмлмсκƧΦǊǎŜǊΦнлмсΦмнΦллт  

Hard-to-Abate Sector #3 ╖ Iron & Steel 

Ą

20502022
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