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Marginal abatement costs differ as a function of the industry
for the different pathways towards carbon neutrality
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i L ’ Falko Ueckerdt, Christian Bauer, Alois

Dirnaichner, Jordan Everall, Romain
Sacchi, Gunnar Luderer. Potential and
risks of hydrogen-based e-fuels in
climate change mitigation. Nature
Final energy consumption (EJ), Climate Change, 2021;

non-electric end-use sectors DOI: 10.1038/s41558-021-01032-7
(OECD (2014) incl. teedstocks)
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Same idea of CO, abatement cost is used in the IPPC report
published in April 2022:

Many options available now in all sectors are estimated to offer substantial potential to reduce
net emissions by 2030. Relative potentials and costs will vary across countries and in the longer
term compared to 2030.

Potential contribution to net emission reduction (2030) GtCO;-eq yr'
Mitigation options 0 3 4

3 pathways towards
carbon neutrality
(order is
important!):

1. Increase
efficiency

Electrify what is

possible (far
beyond our cars)

Need for

molecules (both
bio* and e-based!)

* Biomass/biowaste based solutions (preserving carbon
sink function & avoiding competition with
food/agriculture) will be part of the solution but are not
discussed here, focus on e-molecules.

Buildings

Transport

[ Wind energy

Solar energy

Bioelectricity

Hydropower

Geothermal energy

Nuclear energy

Carbon capture and storage (CCS)
Bioelectricity with CCS

Reduce CH emission from coal mining
L Reduce CH, emission from oil and gas

Carbon sequestration in agriculture
Reduce CH: and N;0 emission in agriculture

Ecosystem restoration, afforestation, reforestation
proved inable forest

Reduce food loss and food waste

L shift to balanced, sustainable healthy diets

[ Avoid demand for energy services

Efficient lighting, appliances and equipment
New buildings with high energy performance
Onsite renewable production and use
Improvement of existing building stock

L Enhanced use of wood products

[ Fuel efficient light duty vehicles
Electric light duty vehicles

Shift to public transportation

Shift to bikes and e-bikes

Fuel efficient heavy duty vehicles
Electric heavy duty vehicles, incl. buses
Shipping - efficiency and optimization
Aviation — energy efficiency

L Biofuels

[ Energy efficiency
Material efficiency
Enhanced recycling
Fuel switching (electr, nat. gas, bio-energy, Hz)
Feedstock decarbonisation, process change
Carbon capture with utilisation (CCU) and CCS
Cementitious material substitution

L Reduction of non-CO; emissions

[ Reduce emission of fluorinated gas
Reduce CH: emissions from solid waste

L Reduce CH. emissions from wastewater

Reduced conversion of forests and other ecosystems

GHCOeqyr’

Net lifetime cost of options:

I Costs are lower than the reference

[ 0-20 (USD tCOy-eq)

I 20-50 (USD tCO.eq")

[ 50-100 (USD tCO-eq")

I 100-200 (USD tCO;-eq")

[ Cost not allocated due to high
variability or lack of data

—— Uncertainty range applies to
the total potential contribution
to emission reduction. The
individual cost ranges are also
associated with uncertainty
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IPCC, 2022: Climate Change 2022: Impacts,
Adaptation, and Vulnerability. Contribution of
Working Group Il to the Sixth Assessment
Report of the Intergovernmental Panel on
Climate Change [H.-O. Portner, D.C. Roberts, M.
Tignor, E.S. Poloczanska, K. Mintenbeck, A.
Alegria, M. Craig, S. Langsdorf, S. Loschke, V.
Moller, A. Okem, B. Rama (eds.)]. Cambridge
University Press. In Press.




= .
NERSITY CNGiIiC CCU in the energy sector: more than hiding CO, for a while

Wind & solar hit record 10 % in 2021; All clean electricity
reaches 38 % overtaking coal which remains at 36 %

Wind and solar hit a record 10% of global electricityin2021 EMB=R
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Source: Ember's Global Electricity Review 2022. See report for full dataset; Circle size based on 2020 total electricity generation




Hydrogen is a low carbon energy solution with
a lot of potential but ...
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Has a very low energy density
and is thus extremely hard
and expensive to store and (20C. 350 b s

~7.7LofH,

move around (20°C, 700 ba), gas

~4.2L of H,
(-250°C, 1 bar), liquid

- Need for synthetic
hydrocarbons!*

=1.7Lof CH, N
(-160°C, 1 bar), liquid

* Mertens, J., R. Belmans and M. Webber, 2020. Why the carbon neutral transition will imply 5%
the use of lots of carbon. C-Journal of Carbon research, 6 (39), 1-8




Today’s Gas System
Takes C From The
Earth’s Crust and
Puts It Into the

Atmosphere

CCU in the energy sector: more than hiding CO, for a while




Tomorrow’s Gas
System Could Take
Carbon From The
Atmosphere To

Make The Gas

Energy
Source
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The Day After
Tomorrow’s Gas
System Could Take
Carbon From The
Atmosphere And Put
It Into Products or
The Crust
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Power - to - e-methane: example of Methycentre
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CCU: more than hiding CO, for a while

GHG emissions; Reduced GHG emissions | Net-zero GHG emissions

Low carbon i A Low carbon DAC/Biogenic
energy ' ‘e energy co,
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Y o

Fossil hydrocarbons

Current system . Near future | Long-term
+2 COZ/ /. +0 coZ/

But save a seat for?
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Transport (kg/vehicle)

Electric car

The recent rapid deployment of clean energy technologies
implies a significant increase in demand for minerals

Conventional car

m Copper

= Lithium

m Nickel
Power generation (kg/MW)
Offshore wind
Onshore wind

B Manganese
m Cobalt
1 Graphite
m Chromium

= Molybdenum

Solar PY )
m7ine
Muclear
m Rare earths
Coal .

= Silicon
Matural gas

nOthers
Motes: kg = Kilogramme; MW = megawatt. Steel and aluminium not included. See Chapter 1 and Annex for details on the assumptions and methodologies.

IEA. All rights reserved.

IEA, WEO special report, 2021. The Role of Critical Minerals in Clean Energy Transitions.
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Sustainable mining will be crucial: environmental and
societal challenges.
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Critical materials challenge getting traction for renewables
and batteries (e.g. IPCC, 2022) but awareness must increase
for hydrogen and CCU! —

Conventional catalysts Alternative catalysts Tomorrow’s catalysts

[#] Fossil fuel feedstock Renewable feedstock [F] Renewable feedstock
Harsh reaction conditions [ Mild reaction conditions [ Mild reaction conditions
Low process flexibility [ Higher process flexibility [ High process flexibility
B Low catalyst activity [£] Higher catalyst activity High catalyst activity
[ Abundant and cheap materials [X] Rare and expensive materials Non-transition metals

A0E00°E <400°C 250°C
150-250 bar <20 bar 10 bar
H,

Box 10.6 Critical Minerals and The Future of Electro-Maobility and Renewables Hz
kon
55

* + I
The global transition towards renewable energy technologies and battery systems necessarily involves N, Soror
matenials, markets, and supply chains on a hitherto unknown scale and scope. This has raised concerns e
regarding nmuneral requirements central to the feasibility of the energy transition. Constituent matenials ‘Eg“,,";c ey
required for the development of these low carbon technologies are regarded as “critical” materials (US H,
Geological Survey 2018; Commonwealth of Australia 2019: Lee et al. 2020; Mannaro et al. 2020; + m
Sovacool et al. 2020). ‘Critical materials™ are critical because of their economic or national security co
importance, or high risk of supply disruption (UK Government 2019). describes many of these materials v 280-300°C
and rare earth elements (REEs) as “technologically critical” not only due to their strategic or economic A =] i H, 0100 car
importance but the risk of short supply or price volatility (Marinaro et al. 2020). In addition to these )
indicators, production growth and market dynamics are also incorporated into screening tools to assess co
emerging trends in material commodities that are deemed as fundamental to the well-being of the nation PAR RA RIERIS AR

(NSTC 2018). ; i

+

IPCC, 2022: Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of
Working Group Il to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change [H.-O. Portner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck,
A. Alegria, M. Craig, S. Langsdorf, S. Loschke, V. Mdller, A. Okem, B. Rama (eds.)].
Cambridge University Press. In Press.

Anastasia Gavrilova and Sara Wieclawska, 2021.
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Water as a resource for hydrogen

Figure 5.3 Water consumption of hydrogen In 2050 compared with selected sectors today
{blllion cublc metres)

ol

Agriculture Industrial Municipal Desalination Hydrogen
production production
(2018) (2050)

IRENA (2022), Geopolitics of the Energy Transformation: The Hydrogen Factor,
International Renewable Energy Agency, Abu Dhabi.
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Figure 5.4 Heat map of water stress levels
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Source: Based on Rystad Energy RenewableCube (2021).
Map scurce: Matural Earth, 2021

Disclaimer: This map is provided for illustration purpeses only. Boundaries shown on this map do not imply any
endorsement or acceptance by IRENA.

“The catch is that sunnier locations also tend to be the driest.
More than 70% of planned electrolyser projects will be in
water-stressed regions, such as Australia, Chile, Oman, Saudi
Arabia and Spain (Figure 5.4). As a result, over 85% of the
planned green hydrogen projects may need to source water via
desalination (Rystad, 2021). Desalination of seawater would
add USD 0.02-0.05 to the cost of a kilogramme of hydrogen
(Blanco, 2021; Caldera and Breyer, 2017). And most
commercial-scale desalination today is powered by fossil fuels.”
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So we should start seeing CO, as a resource
but save a seat for raw materials and water!

MICHAEL E, WEBBER

The 90 natural elements that make up everything T H I R S -I- f?l"“
FOR &
POWER

How much is there? Is that enough?

WS e B OS5 [omeee WS D00,
next 100 years increased use future risk to smart phone
supply

Read more and play the video game http://bit.ly/euchems-pt & EuChemS

(PO This work is ficensed under the Creative Commons Attribution-NoDerivs CC-BY-ND European Chemical Society
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