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Carbon neutrality by 2050: the most urgent mission in the world

) RAETONETZRO

CARBONNEUTRAL GOALS BY COUNTRY  Thismapbreaks downpiedge by target year and level of commitment

In 2019, EU leaders endorsed
the objective of achieving a
_climate-neutral EU by 2050.
o

SWEDENS 2045TARGET
is the earfiest commitment

THEUS. COMMITTEDTOA 2050 TARGET,
with a 50%-52% reduction emissions by 2030,
after rejoining the Parts Agreementin 2021

CHINAS 2060 TARGET
is one of the most impactful,
covering an estimated 25% of
global emissions.

are only underdiscussion,
g ~ with nofirmplan of action.
-

have carbon neutral ambitions for
the second half of the 21stcentury,
but noconcrete date.

MEXICO AND OTHER MEMBERS o : = %

ofthe CarbonNeutrality Coalition R o
10 target et zeroemissions 2

by 2050, but commitment is

wpto

Target Year
URUGUAY'S 2030 TARGET () BRAZIL'S 2050TARGET BHUTANAND SURINAME
(under discussion)is the earfiest was one of many new pledges are the only two countriesthat
carbon neutral pledge. made during the US. Climate are carbon negative, removing
¥ Summit in April 2021. morecarbonthan they emit.

https://www.motive-power.com/npuc-resource/carbon-neutral-goals-by-country/
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REUSING CARBON DIOXIDE

Companies are turning the greenhouse gas into many products. Some
products lock CO, away for decades, but others are short-lived solutions,
so the gas quickly ends up in the atmosphere.

Source

The CO, in some products " 2
comes from fossil-fuel-fed “ .
power plants. In others, it From industrial Fiomithe
comes directly or indirectly and power-plant athiasoheis
(through plants) from the emissions P
atmosphere.
Capture
CO, can be pulled
from waste ; Chemical 1 ,
streams or the air Micro-algae Saibion Direct air Trees
in several ways. cultivation capture capture and plants*
Reuse
Different
products made
with CO,.
Catalyst-
Fermentation assnstedv g
X electrochemical 5 use (no
(by microbes) materials

or chemical

2 (mineralization)
conversion

Fuels Enrich airin

(methanol, Polymers greenhouses
ethanol, (polyols) to increase
methane) . > plant yield
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Feedstock
chemicals
(methanol,
formic acid)

D

Building TirsEs

materials
(concrete)

ﬁ‘

Lifetime
How long CO,
is locked up in
reused products.

conversion)

underground to
help recover oil

v
Months Months to Days Years to
Decades 5 :
to decades centuries to years centuries

*Some crops can be converted into fuel. *Chemical conversion of CO, into fuels or feedstock
chemicals often requires hydrogen (H,) from industrial waste gases or from electrolysis of water.
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fVltO REDUCTIVE AND NON-REDUCTIVE PATHWAYS FOR CO, CONVERSION

Non-Reductive . .
. Enhanced Oil Recovery  Food & Beverage .

Concrete, Carbonates, i m
Structural Materials \..e?-“
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Fertilizer
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Polyacrylates butyrate
Polyeurthanes
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Reductive () =DirectPathway (1) =Indirect Pathway

Grim et al., 2020. Transforming the carbon economy: challenges and opportunities in the convergence of low-cost

26/09/2022
electricity and reductive CO, utilization. Energy & Environmental Science, 13(2), pp.472-494.
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LEVELIZED COST OF SOLAR AND WIND DERIVED POWER VERSUS DEPLOYED CAPACITY

a) ® Solar PV @ Concentrated Solar Power @ Onshore wind © Offshore wind

040 ?o:ag:l
2011 2010
0.35 - @ &}
° 2012
2010

0.30 - 2016 .2011
Mol [
2025 20139%® 2012 o
B 3 © HCOOH
& 020 9 208 2015 2013
:9' 2010.. @ 2016 ® .2014
S 0.15 - Lo % 2015
N 2012 ] .2016 y X

0.10 - 2020 2020 2017 Methane Forr;:eldeh

O S0 ‘ HCHO
; < : 2010 200 gq 2020
0.05 {Fossil Fuel Cost Range 2015
2020
Acetic acid Methanol
0.00 : T CH;COOH CH5OH
1000 10000 100000 1000000

Cumulative Deployment (MW)
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fr \"/1{eB POWER2X DEPLOYMENT ROADMAP
Small Scale/Household Application Utility Scale Application
Electricity A= Fresh Water [ _ Dedicated Renewable Plants
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alyan et al., 2020. Opportunities and Challenges for Renewable Power-to-X. ACS Energy Letters, 5(12), 3843-3847.
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VALUE-DRIVEN CO, CONVERSION @ caproic Acid
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Global Market Volumes (kta)

. Isobutanol

O Formic acid: small market, but H, carrier and ‘liquid syngas’
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O Oxalic acid: small market, but high value/volume derivatives

) Fuels:

egislation, incentives / large market
Profit potential relates to:

Market price

Value Ratio =
Unavoidable cost

26/09/2022
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‘ CO,+H,0 C, Building Block

O Carbon Monoxide
” Formic Acid i

Electrolyzer

$0.8B Market : |
g o Sustainable BB Consumer
Formic Acid Chemicals Products

$25B Market $400B Market
100 Million MT/yr of CO, in the United States

26/09/2022
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7 vito CCU EARLY DEMONSTRATORS

Power to Liquid : methanolisation

S . . @

| CH,0H
2H,0% F=0, + M, + ‘i"@_ﬁ
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[ |

| Source : http://www.carbonrecycling.is/ |
last access 16th March 2015

O
Plant Capacity dj?{sm e l/%\

i — 52KtCO,
i ; 5 MUyr methanol R
B3 B 5 Qg,\
I Current Capacity

1.8 Kt CO,
1.7 MUyr methanol

» Methanolisation of carbon dioxide coming
from geothermal power plant with renewable
hydrogen (geothermy)

» Operational since 2011

N ‘ o
George Olah Plant Svartsen i, Reykjanes L
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http://www.carbonrecycling.is/
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Current Opinion in Biotechnology
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Kdpke, M. and Simpson, S.D., 2020. Pollution to products: Recycling of “above ground” carbon by

gas fermentation. Current Opinion in Biotechnology, 65, 180-189.
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DREAM PRODUCTION
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CO2 ELECTROLYZERS

= H2020 LOTER.2M and ETF PROCURA projects TRL 6 - 5 kW pilot in progress today
= ECO2FUEL Green Deal project: 50 kW electrolyzer in 2023

= Towards renewable fuels — ranges (e.g. methanol, C;-C, ...), also gasses: H,, CO, ...
= 50 kW (5000 h/y): 20 t methanol/y (100 % select., 50 % nenersy)
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DEMONSTRATOR CONSTRUCTION
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f \V/1fel] GLOBAL PIPELINE OF COMMERCIAL CCUS FACILITIES OPERATING & IN DEVELOPMENT
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IEA, Global pipeline of commercial CCUS facilities operating and in development, 2010-2021, |EA, Paris

26/09/2022 https://www.iea.org/data-and-statistics/charts/global-pipeline-of-commercial-ccus-facilities-operating-and-in-
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PROPOSED TIMELINE OF CO, UTILIZATION METHODS

5 to 10 years

10 to 50 years

70+ years

e

Electrocatalysis | Photocatalysis Biohybrid gls:t?::rﬁg:t Chain Insertion m:fh(;:g
Flexible « Direct solar to Coupling of Catalysis of * Metal catalysts |+ Artificial
electricity fuel conversion enzymes to hydrocarbons for enzymes with
source « Portable inorganic water achieved in polymerization dynamic
Closest to scale|« No CO, splitting zeolites and through chain components
and solubility issues Microbial MOFs insertion. « Potential for
commercial - Efficiencies and | synthesis High + Currently highly | tandem
application activities are still | ©+ Complicated temperatures adopted by catalysis with
Dependent on low molecule and pressures | industry high selectivity
the cost of synthesis required + Have yettobe |+ Has yetto be
electricity Stability is still demonstrated demonstrated

an issue with CO,

26/09/2022
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Bushuyev et al., 2018. What should we make with CO, and how can we make it? Joule, 2(5), pp.825-832.
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f \"/1{eJll CONCLUDING WORDS

» Thermochemical and bioelectrochemical routes offer the most technically feasible near-term
opportunities for CCU, representing immediately deployable pathways to high-value and
relatively high-volume products = face inherent challenges with respect to lower equilibrium
conversion (thermochemical) and a limited C1-C3 product distribution (biochemical),
potentially hindering their long-term viability

» Direct electrochemical pathway show long-term promise and can theoretically overcome these
limitations, yet currently face numerous technical barriers preventing near-term market
adoption

» The products with the highest ease of formation were CO and methanol based on relative TRL
and conversion metrics, representing immediately deployable entry points for CO2R.

» For the efficient conversion of electrical energy to chemical bond formation in seasonal or off-
peak energy storage applications, CO and formic acid represent the top near-term targets.

26/09/2022
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