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How to reduce Carbon Footprint ? A holis*ic approach !
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- Stakes
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CO2 chemical valorization overview

* Technologies & Actors

« Economics and Environmental challenges

CCU




Focus on Carbon embedded in chemicals and derived materials™

* Nova Inst. scenario 2023

- Carbon demand for fossil feed - Nova’s scenario for 2050
stock 2023 * 100% increase of the C demand
« C embedded in chemicals and derived materials * No more fossil
« 550 Mt in 2020 (5% of global fossil C demand) * CO2 based Target = 25 %
* Fuels not included * Ambitious (300 MT!)

Carbon Embedded in Chemicals and Derived Materials

Products from the Chemical and Derived Material Sector in our Daily Lives . . . .
updated nova scenario for a global net-zero chemical industry in 2050
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| ess ambitious for others

Procéde =
conversion du CO2 ou CO en méthanol

+ transformation du méthanol en Oléfines
(éthyléne, propyléne)

1t de plastique = 2,8 t de méthanol

65% de plastiques circulaires en 2050

Circular plastics use by European converters and their feedstock
2050, estimates, Mt

% of circular plastics compared to total converter's use

PLASTICS
EUROPE

Enabling a sustainoble future
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ARKEMA

Through reuse, 12 Mt of plastics
can be reduced by 2050

* Mechanical reeycling has the
highest technological maturity and
coslt effectiveness, hence we project
that it can steadily grow towards 2050

Chemical recycling is expected to
have its breakthrough by 2030, and
grow exponentially from there
towards 2050

*+ Plastics made from biomass will
grow steadily until 2040 and will play
a key role onwards

+« \While plastics based on CCU and
hydrogen are poised fto grow
towards 2050, the limited maturity of
the technologies and the high costs
will not enable it to reach significant
quantities




CCU in a nut shell

CO, sources Capture Technology Utilisation
T::(U Decarbonized or renewable energy is required for all processes to be sustainable ARKENA
’ BUILDING MATERIALS *
| Atmesphece
1‘ -
| e
3 NUTRIENTS
S : 1
POLYMERS .
Process :
industry CHEMICALS
- Syngas
. THERMOCATALYTIC - Formic acid

co, HYDROGENATION

Biogenic
industry

Power
panis

FUELS

ELECTROCHEMICAL

REDUCTION - Methane / Methanol
- Liquid fuels
r - fuel
PHOTO-(ELECTRO) 4 —= Jot fue

* CHEMICAL REDUCTION

@ DIRECT USE
- Food and Beverages

- Greenhouse
- Cooling

- Current technology
=== Technology under development
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CO2 chemical valorization overview

- Chemistry - Main classes of products\
 Challenge - Depending on the “reduction level”

* high thermodynamic stability of the CO2 « Everything possible vs TRL
* New chemistry that requires  Numerous academic work

 significant energy input
» Development of new efficient and selective

catalysts 1
. R R
» Development of new technologies Aldehydes “
Hs.c & Ketones
Alcohals Acids &

{:IH!F -_ @ ﬁ-— ”

Hydrecarbons Ei} “OR
& Carbon Carbonates

Carbon Day - CCU- D. Garrait 20/11/2025 .




CO2 chemical valorization

Carbon Dioxide Utilisation and Renewable Energy

& {&
CARBON CAPTURE  co, | RENEWABLE ENERGY
et CHEMICAL CONVERSION Jl BIOTECHNOLOGICAL CONVERSION e
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available at www.renewable-carbon.eu/graphics

TRL information refer to the technologies using captured carbon

& Institute.eu | 2023




CO2 for polymers

Wauys to Use CO, for Polymers

[ several educts |

epoxides:

propylene oxide,
ethylene oxide,
limonene-based epoxide

alcohol:
glycerol, others

olefins:

Renewable Energy

s Vi

\

available at www.renewable-carbon.eu/graphics

ARKEMA

Carbon Day — CCU- D. Garrait

I Chemo-catalytic reaction

| chemo-catalytic reaction

a‘?—b [ different intermediates

polyesters, polyureas,

non-isocyanate polyurethanes (NIPU),

others

B

—>

I Chemo-catalytic reaction a?

[ Syngas production

>

cyclic/acyclic carbonates:
glycerol carbonate, others

| bisphenol A

| isocyanates

]_

I palyols

aliphatic polycarbonates or
polyalkylene carbonates (PAC):
polypropylene carbonate (PPC),
polyethylene carbonate (PEC)

cycloaliphatic polycarbonates:
polylimonene carbonate

— [ aromatic polycarbonates

— [ polyurethanes (PUR), others

| acrylates

aﬁ‘—b | Fischer-Tropsch :Iﬁ‘—b [ naphtha

olefins:

Gas fermentation,
Electrofermentation,
Two-step hybrid process

ethylene, propylene

] g [ polyacrylates

| ——— | polyolefins, others

— [ polyolefins

"
”»/)_b I Methanol production a?—b MTO
A,

I Electrochemistry

% Chemical conversion

i

— | lactic acid, succinic acid, adipic acid | ———

— [ ethanol, butanol, isobutanol, others ]_l_’

monoethylene glycol (MEG), ethylene,
others

Q# Biotechnological conversion

P [ polyhydroxyalkanaoates (PHA)

polylactic acid (PLA),
polybutylene succinate (PBS(X))

polyethylene terephthalate (PET),
polyethylene furanoate (PEF),
polyethylene (PE), others
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CO2 chemical valorization overview - Drivers

- Examples of Technology Readiness Level (TRL) by product (best technology)

Fomicacis | co Jramevren
Methanol
Acetic acid Polycarbonate

PET

IDTechEx BE==te:

Carbon nanotubes

Paraxylene Carbonate esters

E Polyols

Building materials

Key

n butanol

Ethylene Isocyanate

Fuels

=
®

isopropanol Polyurethane

Polyethylene

Chemicals Concretes/

Carbonates

Biological yield boosting




Renewable Carbon from CO2 capture : Players

ARKEMA

- Start-ups : non exhaustive
* Around 120

Number of Start-up vs product
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Start-ups TRL overview
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Renewable Carbon from CO2 capture : Players

- Producers
* Mainly for fuels
« Examples of producers :

« Celanese (MeOH 130kt/y)
Jiangsu Sailbot (MeOH 100kt/y)
Covestro (polyols 5kt/y)

LG Chem (Poly Ethylene Carbonate)

Perstorp Project Air (Methanol)
Total Energies e-CO2Met (Methanol)

- Technology providers

« Topsoe,

* CRI

* Johnson Matthey (importance of catalysts)

 Lanzatech

amaa | e



CO2 chemical valorization overview - TRL

- Technology Readiness Level - Players

« 3 at industrial scale * Numerous start-ups >120
 larger companies mainly on chemical processes
 IP activity on CO2 as a raw material since 2009

Process TRL Drivers » China positions itself as a leader
Thermochemical 3-9 MeOH, fuels, polyols... + Highest number of commercial plants
Electrochemical 3-6 CO, syngas, formic acid - Highest IP contributor by far today
plasma <6 CO
Biotechnology 3-9 Ethanol
Photocatalytic... <3

9 Carbonates, concretes N/




CO2 chemical valorization overview :

MSP and CFP

- Minimum Selling Price

* Highly depends on the:
« Technology
« CO, source cost (capture and purification)
« Energy costs (nature, location)
» Available government incentives

 Examples of available MSP ranges

Product MSP vs fossil
Methane ~ 2X
Methanol ~ 2-4X
Ethanol ~ 2-4X
Fuels ~ BX
Treated Aggregates < 1,5x
Cured Aggregates ~ 1,5X

- Today, most customers are not ready to pay for premium

- Carbon Foot Print (CFP)
 Expected to be less but depends on the:

» Technology, CO, source, Energy mix
e Can be up to -100% by 2050

» technology improvements and economies of scale

* Fully decarbonized renewable energy, 2050




OUTLINE

- Case Study of CO, chemical valorization :

* MeOH
« Ethanol
» Polycarbonate (polyols)

Carbon Day — CCU- D. Garrait 21/11/2025 .



CO2 chemical valorization detailed example : Methanol 1/3

- Application
* Fuels : maritime, aviation (e-SAF),
* Chemicals, building block for PP, PE, POM..

Renewable and low-carbon methanol project pipeline, Mt Geng
60 4

539

% C C U G rad eS 50 ™ Low-carbon methanol

e E-methanol: CO2/renewable H2 m Biomethanol

* Low C methanol: CO2/non renewable H2 40| wE-methanol

30

- plants and projects by 2030 2

» Today fossil capacity > 140Mt/y (fossil) »

* 2030 CCU grades : 47Mt 08 09

* 265 for renewable and low-carbon methanol D s 2024 2025 2026 2027 2028 2029 2030 2030
. 50% On e_Methanol, > 50% in China, Sowrce. GENA Soluwlions, www genasolulions corr. Nole. As of Seplember 2025, Bassed on announced siarup dales. l '

* Producers : Celanese, Mitsui, CRI, Jangsun Sailbot...
* licensors and catalyst providers
» Established : Haldor Topsoe , Air Liquide, JM, Axens

 New : CRI, REintegrate, bse methanol




CO2 chemical valorization detailed example : Methanol 2/3

- Plants operational in 2025 - Plants feasibility, engineering, under
- Mainly Low C projects construction and operational by 2030
« 370kt/y (GENA'’s project) « Higher capacities announcements (total 21Mt/y capacity)
« China (1800kt/y) start planed 2028
Celanese/Mitsui 2024 (130kt/y) l:ﬂ*:ﬂ""‘l" - USA (1400kt/y) start planed 2029
Kasso 2025 (42 kt/y) -
| Duolun 2025 (28 kt/y) , £
&‘x%; | g 5 ikj, . g fj;.;?.
A Y N e - ",-jw‘,o & . #5 . ®
S fe L 28
. o
®
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CO2 chemical valorization example : Ethanol

- Applications - Focus on Lanzatech

* fuel additive (main driver) 5 i
» solvent

- starting reagent for chemistry, polymers Global Capacity Buildout D)

- Technologies

B ol

. 0 & ’ Ferroalioy

Thermochemical 4 = \\ ) ”
Electrochemical 3 b Plastics ‘ “ﬁ—
Biotechnology 8-9 | ng;.‘c;.s}::m
Others <3 Source : Lanzatech"zozy \ ¢ Reforery
> | -

* Lanzatech leading biotechnology provider

» Capacity >300kt/y vs existing plants, > MSP Lanzatech
+ few available data about Chinese producers

« e-Ethanol ~ 1 to 2*bioethanol ~ 2 to 4*fossil

ARKEMNMA Carbon Day - CCU- D. Garrait 20/11/2025 .



CO, chemical valorization example : CO, based polymers

- Direct synthesis : CO, copolymer

* Aliphatic polycarbonates, PC based polyols for PU foams and CASE
 Chemical processes (TRL 9) — Procéde sans phosgene I , ‘ 3

O
« Examples of polyols producers CO;
p p y p EOE — /PJ\O/\l/Oi\ Foam Elastomer
- Covestro/Cardyon® R Cat. Il

- Saudi Aramco/Converge® (ex Novomer)

. ]
Adhesive Coating

« Econic/Carnol™ —
2 Acteurs industriels clés

= Asahi Kasei : pionnier du procédé non-phosgéne a base de CO; (commercialisation depuis 2002, >150
000 t/an). springer

» CHIMEI + ITRI : technologie « Fixed Carbon PC » (conversion CO, — dialkyl carbonate — diphenyl
carbonate — PC). chimsicorp

» LG Chem : pilote DRM (Dry Reforming of Methane) pour produire polycarbonates a partir de CO; capté.

plasticstoday
* Monument Chemical / Econic Technologies : polycarbonate polyols pour polyurethanes (Poly-CO, ®).

econic-technologies
» Chine (Hangzhou Puli) : plus grande unité mondiale (300 000 t/an) de polycarbonate polyols a base de

COZ- chemanalyst




OUTLINE

- Conclusions & Pespectives

Carbon Day — CCU- D. Garrait 21/11/2025 .



| @ = Conclusions

- CCU essential for 2050 Carbon neutral goals - strong contributor
 PROs and CONs vs bio-based products

* Almost unlimited potential * Competition on renewable energy (Food > Fuels > Chemicals)
* Low demand for land and water * High CAPEX needed
* High TRL techno available * High OPEX needed

- Economics still far from market => Much too high premium prices
- China CCU technology and market leader
- Key Requirements for Successful Development

 Enhance competitiveness and visibility * Ensure the availability of renewable energy
* Financial incentives (e.g., CO, tax). « Allocation, infrastructure, energy storage
« Supportive regulatory and policy framework < Ensure the access to renewable CO, sources
* Improve technology (catalysts etc. )  Purification, transportation, storage
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The Carbon tree
Compounds that have been
made from CO2 from lab
to commercial stage;

« The CO2 tree », H.
LeClerc and al., ACS 2025




