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Voies partant du CO,

: CO,, fatal et capture a partir de l'air
(Which CO,, and what routes to sustainable
products should we consider ?)

Philip Llewellyn
CCUS R&D Manager

CO, & Sustainability Program,
OneTech-TotalEnergies, CSTJF-Pau (France)




Avoid — reduce - compen:

e Carbon neutrality by 2050, together with society. TotalEnergies
e 10 % of annual R&D budget is dedicated to CCUS
e Store at least 10 millions tonnes of CO, per year by 2030

NBS &
Direct Air Capture

e 5 A

R —

Carbon Capture &
Storage (CCS)



The scale of the challenge ... HC vs renewables ! *e
bp Statistical Review of World Energy 2022 | 715t edition

TotalEnergies

World consumption
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CC(U)S : a case of source to sink matching

e

TotalEnergies

Circular C-
economy

Compensate

Negative
S :

Emission

Fossil fuel Prefer to Avoid Reductions

Sink

MeOH, SAF Geological storage

Adapted from :
http://research.american.edu/carbonremoval/w
p-content/uploads/sites/3/2020/12/reduce-
remove-recycle_final.pdf
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CC(U)S:
a case of source to sink matching

e Size of the source

 Place of the source

 Point source
 More diffuse sources




CC(U)S : a case of source to sink matching

Assessment of carbon dioxide removal potential via BECCS in a carbon-neutral Europe
Lorenzo Rosa, Daniel L. Sanchez and Marco Mazzotti, Energy Environ. Sci., 2021, 14, 3086-3097

Existing point sources , ; Distributed sources

5% of 2018 European
emissions (~200 MT
CO, /y), could be
mitigated with biogenic
CDR from BECCS

TotalEnergies

-

Facility type: Biogenic CDR potential - -
@ Incinerators (103 tons yr): algai':: CDT( pgter:tl-al Prospective CO, storage projects:
. <5 per km*yr): 1 — Liverpool Bay CCS Project 6 — Porthos
© Pulp and paper . 5.9 [ J<ooos [IMo.1-02 || 2-CaledoniaCleanEnergy  7-Athos
® Wastewater . gg?g g [ 0.005-0.05 [l >0 2 = ch(t)rznero Teesside g B g?:::sgn%gms
PY Bio-power * 100-500 - —— Not C?RI 5 — Humber Zero Carbon Cluster 10 — CCS Ravenna Hub
® >500 potentia

Geospatial distribution of biogenic carbon dioxide removal potential from distributed
sources of biogenic CO, in Europe. Distributed sources of biogenic CO, are livestock manure,
household organic food waste, and crop residues. The figure shows location and name of
ten prospective carbon storage sites that are planned or in start-up phase in Europe.

Geospatial distribution of biogenic carbon dioxide removal potential from existing point

sources in Europe in 2018. The figure shows incinerators, pulp and paper, and bio-power

facilities emitting more than 0.1 Mtons CO, per year,= and wastewater treatment plants
processing more than 100 000 population equivalent of wastewater per day
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https://pubs.rsc.org/en/content/articlehtml/2021/ee/d1ee00642h#cit54

CC(U)S : a case of source to sink matching

e

.. one can argue that ‘transport’ is a deciding factor ... TotalEnergies

Assessment of carbon dioxide removal potential via BECCS in a carbon-neutral Europe

Lorenzo Rosa, Daniel L. Sanchez and Marco Mazzotti, Energy Environ. Sci., 2021, 14, 3086-3097

0.35

Fassil from pont sources

CO;
(10% tons yr' km-")

0.1

Biogenic from point sources

0.05

Emission-based distribution of source—sink (North Sea
Storage) transport amount and distance of European CO,.

For longer transort distances, maybe
geological storage is not the best option

=» Bioenergy / Bioproducts

0 150 300 450 @00 750 900 1050 1200 1350 1500

Source-sink transportation distance (km)
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CC(U)S : a case of l E

TotalEnergies

source to sink matching

e Air : the most abundant & dilute source of
CO,

« Advantage : not site specific
- control transport

« Disadvantage : energy requirement (and
type)



Some worldwide DAC ‘projects’ today ...

Integration levers:

9

Green (or low-carbon) energy CARBFIX Carbon Removal
Plot space Start 2021 0.5-1 MTPM
Storage site (DACCS) | > storage
-> storage
()
HURON CLEAN ENERGY MOU
> Fuels STORREGA .. Northern Lights
. 0.5-1 MTPA
° - storage ° HINWIL
US DOE DAC HUBS % ‘ 900 TPA
3.5B%/ 4 hubs ® . - Greenhouse
1 MTPA each hub ° .. O o
- Storage ¢ °® VALSER
S —> Carbonated water
1PointFive ‘ LANZATECH
40 hectares land _{ 0.5-1 MTPA
0.5-1 MTPA (2024) > Ethanol
- EOR, Storage
HARU ONI
- Methanol/Fuels
Pilot :130 000L (2022)
Aim : 55 ML (2024) https://www.catf.us/2022/07/direct-air-capture-growing-around-world-more-policy-support-needed/
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® Carbon Engineering
® Climeworks

® Global Thermostat
e Other




What energy should we use for DAC ? ﬁ

Map of renewable energy source potential and geological storage

TotalEnergies

Renewable energy considered :
- Wind
- Solar

Should also consider at least :
Geothermal
Hydro

Potential CO, storage

Plants
© Direct air capture (DAC)

* Onshore/offshore wind and
solar PV. Max between onshore
wind and solar PV for onshore
installations.

IEA. All rights reserved.

Notes: This map is without prejudice to the status of or sovereignty over any territory, to the delimitation of international
frontiers and boundaries and to the name of anv territorv. citv or area.

IEA / Direct Air Capture, A key technology for net zero
https://iea.blob.core.windows.net/assets/78633715-15c0-44e1-81df-41123c556d57/DirectAirCapture_Akeytechnologyfornetzero.pdf
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Haru Oni : Qe LS. gy CNC
e-H, + CO,y,y > MeOH - gasoline <

Magallanes Region, Chile
* Siemens Gamesa wind turbine = 3.4 MW

S

air
Ex¢onMobil ﬁ ENAP (©)EMPRESASGASCO

Global
T ostat

@ A
=/ i

* H,O Electyrolysis = Silyzer 200 PEM .5 _%ﬁ-’_, Oo oo (:ﬁ': @ o
« DAC = Global Thermostat B bl =3 &1

. cO2 Renewable Water Green eFuel eGasoline Carbon Neutral
® MeOH SynthESIS 9 MAN /JOhnSOH Matthey Electricity H20 Hyd:;gen eJet Fuel (SAF) Applications

> 750 000 L/y (2022) | N

* MTG (ExxonMobil) = 130,000 liters per year P — )

Phase 2++
* Wind Farm = 280 MW - 2,5 GW

* 55 million liters e-gasoline per year by 2024 and over 550 million
liters per year by 2026

* Ship transport (MeOH powered ?) to Europe =» One container has ——.. I
a loading capacity of 25,000 — 30,000 liters. ]

(https://www.haruoni.com/#/en)
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Fuels

= methane

= methanol

= gasoline/diesel/aviation
fuel

A Chemicals
= chemical intermediates
(methane, methanol)
= polymers (plastic)

Q Building materials
= aggregates
(filling material)
» cement
= concrete

Urea (57%)

EOR (34%)

Beverages (3%)

Food (3%)

Fab. metal (2%)

Other (4%)

Fossil fuel ™ Industrial process

@ Biomass

25 Air

—— Conversion

&% Underground

co,

deposits

Non-conversion ——
(direct use)

Yield boosting
« greenhouses
* algae
« urea/fertiliser

Solvent
« enhanced oil recovery
* decaffeination
= dry cleaning

2 Heat transfer fluid
= refrigeration
= supercritical
power system

coo Other
« food and beverages
= welding
» medical uses

e

CC(U)S : a case of
source to sink matching TtEnergies

 Market for the sink

* Today use ~230 Mt(CO,)/y
« 130 Mt/y - urea

e Others : EOR, food & drinks, metal, fire
extinguishers, greenhouses.

* Future
- CO, to energy
- CO, to sustainable products



Should we consider CO, to chemical energy as a
long-term energy storage solution vs batteries for ex.

TotalEnergies

Size and time scales of energy options
1year ________________________________________________________Mgthgqg_
Hmonth T T T T T e = What are the best energy vectors ?
Compressed air .
i CH,, or other chemicals from CO,
1 day -_Is-liljgpbés:g%;gi:yitb_r;_"ﬁéft_e_rfés: “““ Capture . EthanOI, methanOL C2H4
1 hour ~--- " & T _H_;:i ——————————————————————
ydrogen ydrogen .
Fuel cells (power to gas) What is the best energy source to
convert CO, : heat, H,, e ?
1 min - | — — — — — — - |~ — — —_ oo Mechanical storage
Flywheel E:ectrica|I1 storagle
Electrochemical storage : - : H :
i Hydrosen related storoge Quid : integration, intermittency ...
_ En R , Other chemical storage
! supercapacitors
1 kWh 1 MWh 1 GWh 1 TWh
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What should we transform CO, into ?

Market price / USD tC™!

What is the market need ? ... and future market ?

TotalEnergies

Maersk can’t find enough green fuel
to power its carbon-neutral ships

On Jan. 10, Maersk confirmed that it had ordered four more carbon-
neutral container ships, on top of the eight green ships it had already
ordered from South Korean shipwright Hyundai Heavy Industries.
The ships, which can either run on fossil fuels or a low-carbon fuel
called green methanol, are set to be delivered starting in 2024,

The trouble is, Maersk isn’t sure if it can find enough green methanol
to fuel its new green ships. Maersk will need over 450,000 tons of
green methanol a year to run the 12 low-carbon ships it has on order.
The current global output is 100 million metric tons per year.

“I'm still optimistic that we will get at least some of these big ships
operating on green methanol in 2024,” Morten Bo Christiansen, head
of decarbonization strategy at Maersk, said at a Dec. 8 press
conference, “2025 is looking a lot better. Will we get it for the maiden
journey for the first ship? I cannot promise you that.”

Maersk secures green e-methanol for the world's
first container vessel operating on carbon neutral
fuel

19 August 2021
Denmark  Europe  Decarbonisation

Sustainability Share g

European Energy will establish a new e-methanol facility in Denmark and provide renewable energy
to fuel it.

Copenhagen: A.P. Moller - Maersk has identified its partners to produce green fuel for its first vessel to operate on carbon
neutral methanol: REintegrate, a subsidiary of the Danish renewable energy company European Energy.

REintegrate and European Energy will establish a new Danish facility to produce the approx. 10.000 tonnes of carbon
neutral e-methanol that Maersk's first vessel with the ability to operate on green e-methanol will consume annually.
Maersk will work closely with REintegrate and European Energy on the development of the facility.

11 This type of partnership could become a blueprint for how to scale
green fuel production through collaboration with partners across the
industry ecosystem, and it will provide us with valuable experiences
as we are progressing on our journey to decarbonise our customers’
supply chains. Sourcing the fuels of the future is a significant
challenge, and we need to be able to scale production in time.

Henriette Hallberg Thygesen,
(CEO of Fleet & Strategic Brands, A.P. Moller - Maersk

-formic acid
2500 1 GtClyr propanol
30 MtC/yr
O 1 MtClyr ethanol
20001 oOC,, acetaldehyde .
o o ®
ethylene
1500 - co (p.ure) methanol
55(1'&“:“—"
captured g ol
500_/(:02 ‘——',——' .-§29lM.w.n._..---;.-........'-
“f-’--—-"‘f"'"""""""""
A’ co (syngas)@@) C (coal) methane (NG)
~ T Y y ¢ T T L} : E
0|0 2.5 5.0 7.5 00 125 150 175 20.0
Energy content / MWh tC~?
Zhenyu Jin et al., Sustainability 2022
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Projects @ CCU R&D  tetenersis

« Pathways to sustainable air fuel

* Choices made by our program
Methanol

\/ L t - Ethylene

NV ?t"féggye - Direct conversion to liquid
W % - Electrochemical

) - - [ C0Cn % hydrocarbons

X
Chemical =] ‘
feedstocks E Fuels

De Luna et al., Science 564, 350 (2019)

‘/

°
power emissions \\l :lrgnmsi)
oo JERR O T

=



Various pathways from CO, to sustainable molecules *e

Type of Energy :  Electrochemical . Thermochemical [l Biochemical &) TotalEnergies
C
S
0Q
=S
Q
Q
D)
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Sustainable methanol € -

TotalEnergies

Winner: 2022 Environment, Sustainability and
Energy Division Horizon Prize: John Jeyes Award

“ The discovery offers a technically viable
solution for recycling carbon dioxide to
produce methanol as a key chemical and

energy carrier in a sustainable manner. ’ ’

Javier Pérez-Ramirez
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CO, thermocatalytic conversion to platform molecules
—> getting some energy back into “C” = e-methanol

~e

TotalEnergies

* 1 MWe electrolyser,

e 21 L catalyst reactor,

* 0.6 CO, t/d converted,

* 240-360 kg H,/d used,
=» 0.4 MeOH t/d

Fraunhofer
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Various pathways from CO, to sustainable molecules *e

Type of Energy : Electrochemical . Thermochemical [ Biochemical TotalEnergies
7)) : C
O i o
= SYNGAS O
T 3
)
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CO, electrocatalytic conversion to platform molecules
- getting some energy back into “C" = e-ethylene

Ethylene "

|
b 0 H ""NiFeSeO-N
\ 3
© 0o T 9%
5 H, V\
Pr—— ‘cHO %
. ZO
e g 7’ pH =X pH=Y
QY C:.
GDE

D
nylene

Membrane Anode

o . Lawrence
ﬂ UNIVERSITY OF gﬁg_]h EP%R[;KEN%E . Iﬂive_rmolre
& TORONTO Tl oy

*Ma et al., Nature Catalysis 3, (2020) 478487
** Peugeotet al., Joule 5, (2021) 1-20
*** Dinh et al., Science, 18 (2018)783-787
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* New ‘Cu-based’ catalysts

* Reaction mechanisms

* Gas diffusion electrode (GDE)
* Membrane
* Anode

* GDE construction

* Device development




Various pathways from CO, to sustainable molecules *e

TotalEnergies

Type of Energy : Electrochemical . Thermochemical [l Biochemical

Olefins

Liquid
hydrocarbons

opeJs3dn
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CO, to hydrocarbons with dual bed Fe,0;@KO, & zeolites

Catalytic performance of the Fe,0;@KO,/zeolite bifunctional material catalyzed hydrogenation of CO, process

e

TotalEnergies
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We find that the dn‘ferent zeollte topologles can be cIaSS|f|ed into four dlstlnct groups in terms of selectivity:
(i) light olefins (MOR, SAPO-34, ZSM-58, BETA, Y), (ii) paraffins (FER),
(ii) long (olefinic) hydrocarbons (ZSM-22), and (iv) aromatics (ZMS-5)3.
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ethylene
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Final thoughts

parameters

- Quantity & origin of the CO,

* Point source

 Diffuse source / DAC
- Market need and price for sink

* Energy vector

« Sustainable products

e

TotalEnergies

« A guestion of source to sink matching with some key

- Energy requirement and type for CO, transformation

* Electrification

* Process Integration

- Transport will be one decision factor in CCS vs CDU



e

TotalEnergies

Want to know more about GHGT mitigation

A The Greenhouse Gas Control Technologies (GHGT) conference series was formed in
Steering Committee 1997 following the merger of the earlier series of ICCDR and the Greenhouse Gas: Technical Programme Committee
Mitigation options conference.

Q vl ‘
Florence Delprat-Jannaud, (co Mr Tim Dixon (co-chair) - IEAGHG Caroline Guillot, TotalEnergies Sophia Chorazewiez, IFPEN e ieaunu "
chair} Club CO2 )
Philip Liewellyn, (co-chair] Tim Dixon (co-chair), IEAGHG Carlos Abanades, Spanish National  pr Mohammad Abu Zahra, Khalifa
- . o t Research Council niversity
. The IEA Greenhouse Gas R&D Programme (IEAGHG) is the guardian of the conference series. The dEat S SRy
f GHGT conferences are held every two years in IEAGHG's member countries. The conference series rotates
o between North America, Europe and Asia -
- .
Frédérique Léandri, IFPEN David Nevicato, Club CO2 Philip Liewellyn, TotalEnergies Suzanne Killick, IEACHG
The GHGT conference series is established as the principal international conference on greenhouse gas P-4
o . . . e . Andrea Ramirez, Delft University of y Sean McCoy, University of Calgary i i ? o
mitigation technologies, focussing on Carbon Capture, Utilisation and Storage. ooy, e s IEA0HO SEHERITEYTOEY aentobie e Uniee
P sy Each conference will be a forum for technical discussions related to the field of greenhouse gas control
1sabelle Czernichowski-Lauriol, BRGM ; .
technology. :
Lincoln Paterson, CSIRO Matthias Raab, CO2CRC Paul Feron, CSIRO

https://ghgt.info/

n t-lﬁ 16™ GREENHOUSE GAS CONTROL
TECHNOLOGIES CONFERENCE

23 - 27 OCTOBER 2022

A Hosted by ClU @‘2 With . ebrjm (ifP s s

TotalEnergies



