CO2 utilization:

Does it make sense?
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The Main Question
What do you do with the CO2?

Reca rbonisation
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:THE CARBON CAPTURE AND STORAGE PROCESS
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EXECUTIVE SUMMARY

CO, utilization will be a $550 billion dollar market by 2040,
driven by the building materials sector

GLOBAL CO, UTILIZATION MARKET
Market size (billion dollars, USD)
$600 -

$500
B Carbon additives
$400 - m Protein
$300 - ® Chemicals
® Polymers
200 -
$ Fuels
$100 ~ B Building materials
$_ _
2020 2025 2030 2035 2040

eeeeeeee



_—
Q
N

-

—a— Total publications
* Article

CO2 CONVERSION £ Roven '

A

400 -
w 4 .
SIGNIFICANT OF SCIENTIFIC INTEREST 2 o .-
- .
L |c!es co2 reguction ..g 200 - d”
/gamsm i B
‘ ) =
” = °
st@am *‘\ 4 = o 2 100- ’
N s , '.Xj'.d r/ ‘ ne®
¥ ‘ "‘v X‘
01 enlvesenavsll 13 £ SSPEL I
1995 2000 2005 2010 2015 2020
VaAane
sim
13 ﬁ,,‘ dlmethyl@arbonate (b)
natu"‘gas* “N“" “ '. e RS A ‘ T : 12000 -
4 .\_ ' e A - " _ : e iy 3 L 10000 -
8000 - a
cycloaddition
transfw'natnon cyclic ca;;bonates -g 6000 - .
° 4000 - r
SaERSN | chemical fixation "
sequestration 2000 - .
W T .
0 - I.IIIIIIII......
mineral c&bonatuon mlcr‘gae — —
i 16505 2000 2005 2010 2015 2020

& VOSviewer

Year



INDIRECT ROUTES Direct routes
VIA H2 electrochemistry

Electroreduction of carbon dioxide
Methanol N

+28 h +128

J $2a m +12g

+Ee‘l lme—
Modified

Fischer-Tropsch

Fischer-Tropsch Formic acid Carbon monoxide Methanol Methane Ethylene Ethanol

Raw materials HCOOH co CH,OH CH, C.H, C,H,OH
for chemistry

CO + H, e

C

Fuels

Water splitting

¢

ﬁ) - H2 ‘L Methyl formate Coal gasification Syngas conversion Stearn cracking Ethylene hydration
hydrolysis C+H,0-=CO+H, C.H. +HO=CHOH
(900-2,200 K) o il ¥

(223-573 K, 6-8 MPa,

CH,OH + CO — CO +2H, - CH,OH Maior C.Hy = CH, + Wasrb e idsili |
HCOOCH, Steam reforming 1473-573 K, mmpnrﬁent of other cracking RESE H]FICtaTI tjEI g
(353 K, 4.5 MPa, 2.5 wi% 5-10 MPa, products catalys
sodium methoxide catalyst) | | CH, + H,O — CO + 3H, Copper=zinc natural gas (reaction in a tubular Farmentation
(1,000-1,100 K, 1.5-4,0 oxide-alumina reactor with 773- C.H..0. = 2C.H.OH + 2CO.
HCOOCH, + H.O - MPa, nickel-potassium catalyst) 953 K inlet, 1,048 6 2 {using i.ie::ﬁts;- 2

HCOOH + CH,OH 1,148 K outlet)

oxide catalyst)

i Current industrial production methods

Formic acid

Methane
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FROM A THERMODYNAMIC PERSPECTIVE
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EMISSIONS SAVED
WITH 1 MWH OF
ZERO-CARBON
ELECTRICITY IN
DIFFERENT
APPLICATIONS
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CHALLENGES ENERGY & CHEMICAL INDUSTRY

Feedstock
Recarbonization

Energy

Decarbonization
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CO, INFRASTRUCTURE
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Fuels (=10)

Raw materials (+£10)

LPG, gasoline, diesel
Kerosene, ...

Oil, natural gas, coal
Rock, salt, sulfur, air,...

Fossill-Chemistree

Plastics, electronic materials,
Fibers, solvents, detergents,
insecticides, pharmaceuticals

Acetic acid, formaldehyde,
Urea, ethene oxide,
Acrylonitrile, acetaldehyde,
Terephtalic acid

Ethene, propenr, 1,3-butadiene,
Benzene, synthesis gas, ammonia
Methanol sulfuric acis, chlorine
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— chemicals : 1%
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a Bulk
chemicals

Green electricit

Hydrogen, methanol,

2
\.g

N7 S RSt es)] ammonia, ethanol,
(L LS oxygen ...
S water, waste, biomass
' Raw materials (£10) ’ ’ ’

)

Electrification of the chemical industry is defined as the use of electricity to drive
chemical processes including conversion, separation, and purification, and providing the
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necessary materials and utilities to assist in operating and controlling such processes

MRS Bulletin volume 46, 1187-1196 (2021)

air, bio-gas, salt, CO, ...
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FROM AN ECONOMIC PERSPECTIVE: METHANOL AS AN EXAMPLE
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BLUE CIRCLE

OLEFINS

AN\

—

|
=P

Power2X Selects Honeywell Methanol-1Vjoneo to use Honeywell UOP's
Technology For eFuels Project In Rotterrmethanol-to-olefins technology for
Antwerp plant

1/13/2025 1:00:00 PM

fIX]inf2 =

4 * Vioneo plans to produce plastics from green methanol at new European facility, to be powered by renewable
energy
T U D e I ft * Honeywell’s advanced methanol-to-olefins technology selected for the production process



FROM A LIFE CYCLE PERSPECTIVE

PARIS COMPATIBILITY CRITERIA FOR CCU TECHNOLOGIES

50 -~

— Paris-compatible mitigation pathway Paris compatibility criteria for CCU
=
§ 40 A
=
(%]
C
.g 30 A E
5 2030 TRL > 6 ¥ <50%
v Esubsitute
O 20 qHalfof2020emissions_ N\ __ ———— " ___________.
O
S
00 2050 TRL = 1 I <0
S 10 - ccu
=
-
=
— 0 ;
o - : o
= Limits to Paris compatibility

1o of CO, capture and utilization

2010 2020 2030 2040 2050 2060 gi{mﬁéjﬁgleiineﬂf Steef V. Hanssen,' Lester van Dinteren,' Mark A.J. Huijbregts,’ Rosalie van Zelm,' and Heleen de

1Department of Environmental Science, Radboud Institute for Biological and Environmental Sciences, Radboud University, P.O. Box 9010,
6500 GL Nijmegen, the Netherlands
Technology, Innovation and Society Group, Department of Industrial Engineering and Innovation Sciences, Eindhoven University of

Technology, P.O. Box 513, 5600 MB Eindhoven, the Netherlands
I U D e I ft *Correspondence: kiane.dekleijne@ru.nl
https://doi.org/10.1016/).oneear.2022.01.006 l 5



FROM A SUPPLY CHAIN PERSPECTIVE

Average Freight Rate Assessment (AFRA) 5Scale - Fixed =

Cargo type

Refined products

Refined products
or crude oil

Crude oil
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Vessel class, capacity (thousand deadweight metric tons)

= \"‘W{"&t\\x : \\ LR

GF (Geners| Pupose)  10-25 DWT
MR [Medivm Range) 25-45 DWT

LR1 (Long Range 1) 45-80DWT

AFRA [AFRAMAX)* 80-120 DWT

Lets say 200 kton of oil is 8,5 EJ (108 J)

B0-160 DWT

Lets say off loading is 24 hr

VLCC (Very Large Crude Carmies) 160-3200WT 100 TW (during the 24 hrs) or 1,2 TWh

ULCC [Ulira-Large Crude Camrien

320-550DWT

140 average off shore windmills northsea
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Crude import rotterdam is
currently around 100 Mton

Equivalent of 500 VLCC yearly

WHAT'SIN A
BARREL OF OIL?

BY PERCENTAGE

| . . B B
Equivalent to 700.000 windmills 35.8%
22.2% — _B%
lubﬁg’ﬁ,‘ii: | Marine fuel
polishes
4.77%
2,3% Jet fuel
Asphalt
(for tar)

test tubes to toys: Source: Aboutpipelines.com

]
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Where do we get the
green CO2 from?

Just for kerosine
(NL), this would be
~12 mton CO2

And

~70 TWh
(20 * Borssele

nuclear power plant
480 MW)

ELEPHANT IN THE ROOM

A Sources of CO , B Capture of CO, C Utilization of CO , D CCU categories E Substitute F CCU lifetime
| [ 5, é N : days to years
AP R terrestrial biomass 1 s
(.-\’. )j) 5 . direct use direct uses of CO,
.\\— LSS Pag N )—.
atmospheric CO,
—_— D G years to centuries
direct air capture enhanced hydrocarbon
recovery
() E - indirect carbonation = s months to centuries
GRGA | GrEA | E@ED
e > -direct carbonation -—-_ -_—
4 3 g ] - curing of cement

biogenic

fossil

v
absorber

b4

\_J </

microalgae cultivation

capture from point |
sources

- thermochemical conversion
= - electrochemical conversion

- photocatalytic conversion .
- transesterification

- hydrothermal liquefaction

mineral carbonates and

construction materials

ﬁ
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fuels and chemicals
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months to decades
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~To be inspired or not to
be inspired
materials

from thin air

o ®
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Synthetic fuels Platform chemicals Complex molecules

(¥ 2 o &

hydrogen carbonmonoxide alkanes alcohols carbohydrates lipid's

o~ ¥

ammonia  Fisher-Tropsch ethers carboxylic acids proteins nucleic acids



GREAT TO HAVE YOU ON BOARD OF THE CHANGE

Let’s energise innovation together
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