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Peter Westh DTU Bioengineering

CO, capture - challenges and opportunities from a research
perspective.

Does life science have a role to play?
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CORC

= The Novo Nordisk Foundation CO, research center
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Key research areas

Chemistry
Life Science
Systems modeling

Goal:

Develop new fundamental
understandings and early technology
platforms for capturing and
converting CO, for storage and
utilization.
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Research in CORC
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Major research themes

Direct CO, capture from air

*Microbial/chemical conversion of CO, to C1-8
compounds

‘Homogeneous, heterogeneous, and enzyme
catalysis for CO, capture and conversions

*Electrochemical reductions of CO, and CO,-
derived multi-carbon compounds

*Novel carbonate (bio)chemistries for CO,
capture and conversion




=
—]
—

W

Current emissions are around 40 Gt/y

he

Novo Nordisk Foundation
CO; Research Center

Fundamental research and technology -
with potential for upscaling

Carbon utilization: CO, reduction with H,

Sabatier reaction: CO, +3H, > CH,+2H,0

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)

But: H,0->H,+%0, 40 kWh/kg H,
« Reduction of 3 Gt CO, requires 0.15 Gt H,

M w
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« Current annual H, production is 0.07 Gt.
« 0.15 Gt H, requires 7500 TWh
i * Current green production in the US 1500 TWh.

« Global production of plastics 0.4 Gt.

The average temperature increases by 1°C per 2000 Gt CO,

Rojas et al., Technoeconomics and carbon footprint of hydrogenproduction
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= Scaling challenges: energy and area problems
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Direct air capture
Hypothetic facility for 1 Mt CO,/yr

{B} Air contactor with

: : L To $1aFa
1 m3 air Con1/2taInS 07 g C02 Chermical plant with . frontal area of
H'F"I"I'II"T.I‘I or and oom PrEshir ]ﬂu’m e
I \ 1 mabar

— | | 1 meter

250 m region of
< depleted 0D

CO,(air)——> CO, (1 atm),
AG 130 kJ / mol (0.5 GJ /ton)

Absorber removes
half of incident
CO,, 20 100,/

Estimates for industrial processes
hover around 5-10 GJ/ton

(1.5-3 MWh/ton CO,)
Six systems would be required to compensate for the emissions of a

1 GW coal plant.
APS Report 2011

Title 5




01U

Life science and CCU/CCS

CO2
Sunlight ha= Annual 2 "
: . $ consumption :
Annual irradiance level food Annual consumption
S 10,000 g

0.05 of fossil fuel 1

Stock of biomass &5
S5 on the earth
R 100

H20

‘ Anr{ul production . =
COz - &

of biomass 10
Decomposition

The numerical values are &

relative values of amounts of l \ \ e

energy when the annual

'!rrad'rance level of sunlight 002 Urjdergrounc;l 00 Tresenft stock of
is set to 10.000. organic matter ossil fuels 100

Global Crop Residues (Gton) 33

Atmospheric CO, Uptake (Gton) 6.1 9.2

Cost of biomass ~ $60/dry-ton

Cost of atmospheric CO, Capture ~ $33/tCO,
Carbon value of crop residue is more than its fuel value

Oil Seeds
Tubeys (Potato; Sweet Potato)

4.57%

Cereals i
(Barley, Corn, Wheat, Rice) Arun MaJ u mdar’

_ Soil Man. Clim. Change (2018), 323
Sci. Agric. (2018) 75, 255
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Life science and CCU/CCS
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« Extremely efficient catalysts (accelerate
processes 1010-1015 times)

« Highly specific
* Moderate price
« Limited stability

» Reduced activity for industrial substrates
and conditions

Two paradigms

Free enzymes

Microbes
« Complex, cascade reactions
 Enzymes produced in situ.

« Simple processes — breakdown and
one-step conversion

» Industrial production
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= Targeted production of biomass
Free enzyme
Carbonic Anhydrase
cA _ .
Microalgea cultures CO,(g)+H,0——=HCO, (aq)+H
\ H,m
HED,
FAST \*. HCG

Algeal biomass for food, feed Microbes
and chemical feedstock light + CO, — biomass

Xu et al. (2021) ACS Sust. Chem. Eng. 9, 9698

Title 8




=
—]
—

W

Biotransformation between chemical and electric energy

Electromethanogenesis - Integrating chemistry and life science

Bio: CO, @- CH,

M. maripaludis

Micrgbial electromethanoggnesis

Hydrophobic/ | Stirring b;ar,,Ii ]
H, permeable —-—
membrane
H; +«— Flow plate
Cathode —
Electro- PEM — 2H* 2e}

Anode —

chemistr
Y H0+%0,+—= 50,  H,0 +—H0

<«— Flow plate . .
Novo Nordisk Foundation
CO; Research Center

Spormann, Daasberg, Angenent
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Other chemical-electric biotransformations

Microbial approach Free enzyme approach

Extracellular electron transfer (EET)

@)

Il
) H/C\O‘(_—:) O=C=0
B Formate co,

Electrode Microorganism

™~

EET direction o Mediator molecule
El

lectron Output | Electron input.
1

Product

£4T 06 H5 H4 HI 02

Substrate conversion

i — o EIN S SHE .
L /Nanowire | imm l
v.‘ndz : Cathode /
Hernandez & Osma (2020) Front. Environ. Sci., 12 Malmagro (2021) ACS Appl. Mater. Interf. 13, 11891
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Enzyme assisted carbon capture
CO, scrubbing of flue gas

W

CO, may be absobed and carried by amines.

Abs*orber Heat exchanger Desorber
: AHO 0
CO, + Aminex > Carbamate

Low-CO,

Scrubbing
flue gas

solution

CO,

Typical sorbent MEA binds CO, rapidly OH
and tightly (AH=-70 kJ3/mol). HzN/\/
This provides easy absorbtion, but generates a requirement
of high temperatures in the desorber .

Flue gas ’
i Scrubbing
Y solution
and CO,

Healing steam

CH,

|
Other sorbents, e.g. MDEA, binds less tightly. HO/“\/”\L

This facilitates desorbtion but leads to slow MDEA
absorption

Scrubbing
solution

OH
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Scaling of kinetics and thermodynamics

:

:

:

N Carbonic Anhydrase (CA)

._.
[
:

€O+ HOE==2HCO; +H"

Rate Constant (M1 51)
2
g

BOOO
-.____.-'
6000 #_;"f : 4 6 -1
= maximal turnover, k., around 10* — 10° s
2000
] i Fit 4] &0 & k) 120

Heat of Reaction (k)/mol)




DTU Main challenge: Physical instability of enzymes
= (high temperature and pH)

Enzyme engineering

Molecular biology

Natural enzyme _
Sequence analysis

MaCh.me l(.eammg Enzyme variant with desired
Protein science .

- properties
Microbiology

Crystallography
High-Throughput screens

Primary structure
amino acid sequence

Residual activity after storage at 60 C

———

ACTIvIlY

Kelative ;

Engineered enzyme

Natural __~» ¢ variants

enzyme Fradette et al. (2017) Energy Procedia 114, 1100.
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Molar GO, flux N__ / mmolm®s”

Enzyme assisted capture: lab and pilot scale
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Kunze et al (2015) Applied Energy 156, 676
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Gladis (2019) Int. J. Greenh. Gas Control. 82, 69
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Closing remarks

Life science offers promising CCS/CCU technologies.

A range from:

From low tech. deposition of lignocellulose

over enzyme assisted carbon capture

to advanced chemical-electrical transformations

Do these technologies scale to the Gt range?
Are Mt technologies relevant?
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