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‘ The energy transition is on-going...

It has to address 2 objectives in contradiction:
= Limit GHG emissions
= Meet the worldwide increasing energy demand!
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Meeting the increasing demand is already a

challenge in

itself!
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CO, Budget

Budget by 2050 for having 80% chances to stay below 2°C

36

m 1850-1999
m 2000-2015
= Carbon budget

1010 m 1-year emissions

Note: Values in Gt CO, eq
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At european level...

Fo— ]
The EU Green Deal Cooling it

EU, progress on greenhouse gas targets

= Carbon neutrality by 2050 Emissions, gigatonnes of CO, equivalent per year*

m - 55% COZ by 2030 Target baseline 2
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Historic ® 20% reduction
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Projection with ™ - Existing target

The Eu ropean current policies \® 409% reduction 3

Proposed new target :
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Green Deal 2
von der Leyen Commission 1
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Source: Climate Action Tracker *Excluding land use and forestry

The Economist
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‘ CCUS forecasts

= CCUS = Carbon Capture, Utilization and Storage

H sector in the Sustainable Development Scenario relative to the Stated Policies Scenario

CO02 emissions reductions in the|  energy
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2. CO, Capture
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CO, capture

= It's a question of fluid separation!
a Sources usually contain CO,, N,, H,0, H,, CH,, O, ...
a CO, concentration varies between 0.04% and almost 100%
o Mature (exist for >50 years) & flexible, but cost only!
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CO, separation technologies

= Avoid fluid mixtures

= Absorption 24
o Physical a : : Physical Solvent
: S Chemical |
o Chemical = .
9 '
. g |
= Adsorption S ! | :
0 | Favours Ph ysical Solvent
& |

<

Favours Chemical Solvent:

I
= Membranes

Partial Pressure
[ Cryogen iC se paration Threshold value ~15 vol-% in flue gas,

or 4 bar of P_CO2

= Others...
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‘ CO, capture configurations

Industrial Processes

Process .
Value added products,
Raw Process carbon stream CO: i.e.ammonia, NG,
materials release 20-95% CO, |_removal transport fuels,
cement, steel, etc
CO;
Post-combustion capture
: 2 Power Flue gas CO: CO:
Air-c tion ;
—p| Air-combustion [—p andheat [ oo oo, ol
A 4
o
Fuel Pre-combustion capture
. mle/ 0 Transportation
eg.Coa 3 3 H: , 2 Pipeli
Gasification/ Syngas co, Power e.g. Pipeline,
Coke/NG/ |—2P» A —p : - : Compression =P ;
Heavy Oil/ Reform'ng 20-40% CO; removal combus"on and heat Shlpe,;réuck.
Bitumen/ £
CO:
Syngas
0:/Steam ‘
Oxy-fuel combustion
h 4 Storage
Power Flue gas CO; CO:
Oxy-combustion R e.g. EOR,
—>| Oxy P andheat [ aoco. 7] removal ECBM,
Saline,
Aquifier
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Energy [kWh/tonne CO2)

CO, capture thermodynamics

= Thermodynamic study on energy costs and penalties

400 + 25.0
post-combustion energy ’ post-combustion energy
350 20.0
N oxy-combustion energy g : B oxy-combustion energy
300 - =
) i £ 150 -
H pre-combustion energy = B pre-combustion energy
250 $ | |
b .
& 10.0
g
200 5.0 -
150 . . 00 | '
natural gas fuel il coal natural gas fuel oil coal
Fig. 2 Energy cost for different methods for CO, capture. Fig 3. Target energy penalties for different methods of COy capture.

? . : CHEMICAL Energy 103 (2016), 709. http://dx.doi.org/10.1016/j.energy.2016.02.154

# LIEGE
. 2 ENGINEERING 12 Qg et



‘ CO, capture bench
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Technical performance
Gross power output (MW)
Auzaliary power (MW)
Net power output (MW)

Net plant higher heating value

efficiency (%)

Net plant lower heating value
efficiency (%)

CO: generation (t/h)
CO; enussion (t/h)
CO; emussion (FMWh)
COz capture (t/h)

Equivalent energy
consumption (MWh/tCOz)

Economic performance

Total capital requirement
(mullion €)

Specific capital requirement
(e/kW)

Fixed operations &
maintenance (O&M)
(million €)

Variable O&M (million €)
LCOE (§/MWh)
CO; avoided cost (€/tCOz)

900
83
8§17
425

44.4

604
604
0.739

13428

1647

377

7.54
516

mark — Power sector

900
266.1
6339
3297

3448

604
61
0.095
543
0.337

1681.1

2654

463

201

87.0
55.0

W/O PCC = without post-combustion capture

900
215.6
684.4
35.59

3723

6033
59.1
0.084
544
0.244

1659.5

2424

459

17.8

79.5
428

878
52.66

58.25

310
310
0.353

341
529

890

161.8
7282
4391

48.57

310
31
0.042
279
0.506

11728

1611

397

119

77.6
793

890
128.2
761.9
45.94

50.82

310
31
0.040
279
0.423

1166.3

1531

395

9.1

73.8
67.1

IEAGHG, 2019. Further assessment of emerging CO, capture technologies4
for the power sector and their potential to reduce costs
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Focus: research at ULiege

= Modeling and optimization of processes =
= Stability of chemical solvents

......................................................................................
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‘ PROCURA ETF: Decision support tool

The appropriate CO2 capturing method

Goal:

KPI: TRL Capture CO2 avoided CAPEX/ Safely/

rate cost OPEX Acceptance

Technology: | Absorption | | Adsorption | | Membrane Cryogenic Looping
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Direct Ailr Capture (DAC) Elon Musk promet 100 millions de

dollars a celui qui pourra l'aider a
: S résoudre ce probleme
= Negative CO, emissions 0~ re _
Elon Musl @elonmusk - 22 janv. 2021
D BECCS Or DAC tAeTh?,?)Fj;Tg $100M towards a prize for best carbon capture
“ElonMuskﬂ
@elonmusk

Details next week
12:08 AM - 22 janv. 2021 @

Q 98k O 89k & Copierle lien du Tweet

\
L

L

: . .: CHEMICAL K.S. Lackner, CNCE ASU, 2017.
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Direct Air Capture

= Motivations
o Address non-concentrated CO, emissions
0 Close the carbon cycle of synthetic fuels
o Reduce the need for transporting CO,,

= No Nimby effect, you can go wherever you want, incl.
close to use or storage sites

o Long-term considerations: remove C from the atmosphere

o Cost mostly due to sorbent regeneration, not from air
contacting

o Sorbent regeneration has similar cost whatever the CO,
concentration in the gas stream

' -
: . . ° CHEMICAI— WWW.pnas.org/cgi/doi/10.1073/pnas.1108765109 « * LIEGE
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http://www.pnas.org/cgi/doi/10.1073/pnas.1108765109

Direct air capture

= ~ 410 ppm in the air
0 Adsorption / Absorption
o Temperature-swing, moisture-swing
0 Expected costs vary between 100 and 800 $/ton

Sherwood’s rule for minerals
10°F ~ $10/ton of ore Va1 Racwm
L
g 104 U from seawater
A Penicilin .
e 10°[ .
£ y
: ' Uranium from Ore _Y_ Factorof2
L Magnesium .mn Seawater T differential in price
ZLW od Bl % Bromine from Szawater
10°
3,“,,, Air capture aspirations
l 1
100 1 percent 1 thousandth of 1 millionth of 1 billionth of
percent 1 percent 1 percent 1 percent

Dilution (expressed as percent concentration)

00 ‘
: : CHEMICAL War_lg et _aI, Environ. Sci. Technol., 45, 6670-6675, 2011 18 w uLnllvEeernE
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Cost of CO, capture

= Estimated cost for different industries

0 Opex ~75% of the cost

180 |
160
140
& Osyluel
g 120 Combustion
:g ® Amine
Z 100 Scrubbing
E’j ® Mineralisation
= 80
%’ ® Calcium
3 Looping
& I
o0 . ® High Purity
Sources
40
” ST
0
Iron and Steel Refineries  Polp & Paper  Cement MNGP H., ™H; Ethanol Ethylene oxide
00
. - @ CH EM ICAI— Leeson et al, 2017, DOI: 10.1016/j.ijggc.2017.03.020

‘ -
Abu-Zahra M., 2009. Carbon dioxide capture from flue gas. PhD 19 m uLanEeer.l'E
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CO, market
= European Emissions Trading System (ETS)

= CO, price now reaches > 30 €/t!
EUA Price =
Zoom Im 3m ©6m YTD 1y All From  Apr 7, .' Week from Monday, Jan 25, 2021
® Price: 33.28
k' 4
L
20 5
o
10
0
2010 2012 2014 2016 2018 2020
Date
I Il
2020 l
4 mn 3
Highcharts.com
https://ember-climate.org/data/carbon-price-viewer/ g LI E G E
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3. Storage and/or re-use of CO, ?
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Storage Is state-of-the-art

= Potential for storage exceeds by far the needs
o 5000 - 25 000 GtCO, vs. ~ 2000 GtCO,
o Pure storage: ~ 5 Mtpa
o Capture and EOR: ~ 30 Mtpa in 2016
= Storage costs ~7-30 USD/, large infrastructure costs needed!

produced oil

e i o Production well
injection we —
C‘Oﬁj \\\ 1/
/.:é s eyl CO, \Qif iy
——_— | |
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— |
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Northern lights

= Norway, off-shore field, saline aquifer

- A ship based solution means access for

H U p tO 5 Mt C O 2/ y CO2 emitters across Europe

Il Norwegian full-scale CCS Project

M 3rd party volumes of CO,

— Northern Lights M Atternative storage projects

RT
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uRE | TR |
co,- CAPT '

.........
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Porthos

= Rotterdam, off-shore depleted gas field
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Antwerp@C

= No storage capacity offshore of Belgium

o Antwerp@C studies the infrastructure for connection to Norway
and The Netherlands

o => Pipelines, intermediate storage, liquefaction unit...

CO, capture CO, local transport CO, international transport CO, storage OR CO, utilisation
Antwerp@C
8 players in chemical €O, ppetnes T
& energy sector P (o 0,
. . oL spe Emitter CO, torminal Otfshore storage North Sea
InveStlgate feaS|b|I|ty [ AnTweRP A |
of carbon capture,
utilisation and storage Shippes b 65 00 O, hsation

in Port of Antwerp

Our Ambition

CO, capture NORWAY

18 million tons

IRELAND K‘"‘"‘" » | NETHERLANDS
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CO,, waste or feedstock?

= Sequestration or re-use?
o Consider CO, as a resource, not as waste

Main uses of CO2 (Mtpa)

= World emissions
m Urea

= EOR

m Others

= CO, re-use potential up to ~ 4 — 16 Gtpa

= So far, sources for CO, are high-purity ones
o Industrial (Ethanol, Ammonia, Ethylene, Natural gas...)
o Natural (Dome)

: . . : CH EM ICAI_ Global CCS Institute. Global Status of CCS 2016: Summary Report.

Stat . # LIEGE
. . . Koytsumpa et al, 2016. https.//d0|.org/lO.1016/].supﬂu.2017.07.02926 b
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Main CO, re-use pathways

= Direct use, no transformation

140

%68 ah}etlmgenl I I I
= Biological transformation 50
50’: mnethane e’rh}iene e‘rllj:});};e :f
= Chemical transformation = [ =eudoi  plaol ]
o To lower energy state 2 L ehanol i ethyiene |
. 5 mcoal terephthalate
= Carbonatation N torch =
g 20 : lactic acid |
5 " glucoge C::) pol}dtactic-
o To higher energy state o ad
n Fue|S ° foss;l raw I biobasl-ed Iin‘re:nnedl.'at_es | 1)1‘0chllc’rs
Chemicals e ok
[ |
m ...

=> At large scale, need to make sure that energy comes

from renewables!
: . ‘ : CHEMICAI— Frenzel et al, 2014. D0i:10.3390/polym6020327 <
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Perspective ULiege: FRITCO,T platform

Federation of Researchers in Innovative
Technologies for CO, Transformation
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4. Conclusions and perspectives
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State of technology CCUS

= Capture of CO,
o Mature but limited application yet

= Storage
o Commercially applied (mostly EOR)

= Re-use
o Maturity depends on technology, from TRL 1 to 9

= Big acceleration due to Paris COP21 agreement and environmental
urgency

o European Green Deal
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‘ Perspective

Alberta Carbon Norway announces
UK commits GBP 800 Trunk Line starts (NOK 16.8 billion) USD
millionf(ugl?: l1J Sbillion) operating :n Canada 58 Biilion for the
or i j
sl Petra Nova coal plant Longship GCS pr?ject

* suspends CO, capture due
to low oil prices

Equinor announces plans
to build CCUS-equipped

hydrogen facility in Climeworks
OGCl investment Northemn Lights Scotland announces USD 110
partners announce

*
[
|

plans for gas-fired :
| USD 700 million
[
[
|
[
[
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I
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I I

I I

I I
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I | * million in private
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| CCUS plant in :
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|
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capital raised for DAC :
|
[
|
|
|
|
|

[
[

: i 1
Unltec’i States commitment : Furopean Innov§tlon 1
| ' i Fund opens: |
[ [ | 1 EUR 10 billion |
! ! |1 (USD 11.9 billion) :
| | I '

Mar - Apr — May ——Jun 1 — Jul U , rAug Sep Oct

[ [ | | | | [
! ! . | | | | |
| ' Australia plans to I ' l { |
: | make CCUS eligible | ; | Singapore announces |
| | for clean energy | | | CCUS technology hub |
: [ : [ | | [
fund H
Mcaolntes LoD 2e : NG PIESTETTES JI. : UK announces GBP 139 :
e { 10 new large-scale CCUS : million (USD 181 million) :
! facilities added to GCCSI | to cut emissions from [
US announces USD 131 tracking . heavy industry, including :
million in CCUS grants ! through CCUS 1
UK commits GBP 100 US announces USD 72

million (USD 130 million)

million in CCUS grants
for DAC research

o0 <
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Perspective

= We live in a carbon-based society, with very good reasons for that !

= A CO, neutral future is in sight with passionating (and huge)

challenges for engineers!

Days to months sun

CO, storage

lants -
:ugae Ni (Sequestration)
Millions of years J e
Renewable .O 8
fossil % energy sources g g u
carbon reserves 7 q; "
@ 5 X | combustion

Milliseconds

oil, gas, R
‘J. fuels
CT] ki

0 . C H EM I CALMartens et al., (2017) The Chemical Route to a CO,-neutral world, ChemSusChem
’ Saeys (2015), De chemische weg naar een CO,-neutrale wereld, Standpunt KV/SBZ
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Thank you for your attention!

d.leonard@uliege.be
chemeng.uliege.be
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