%
m
®)
-
=
Z
5
®)
Z
>
—
C
Z
< |
m
s
2
X
n
_|

?JIH%Fé'J .' _







!
|

=X}
[=Xe]

KAIST

o

K1

= E}
—_ -

IILICE O]9+ ZH0| KAIST:

|.

[=)
=

A7t

| =AESEX

510

HMAMC=Z

= Pl U= ZHYULILE. Olof MIA| 2=2

=
—

AEHH.

G

El9)

JEE2ER L

SHIE olidst/| 2

o /7121 7]

ZO=2 MELHQ} KAISTI} 25 %5

o
e

N3
(]

N

M8 FAANTE

=
mo

2|

A

=
=

2| ML K| 2020

7] 9lsh = cf

2 236

=l

SH A

= F2l0lgt A7(0]

k|0
._./H
[hY
N
o
o)l
<
Ml
Ot
Al

k= S5t stA
HOF otlEU

S

Of 2H ==

10 oy
2oICt 2 330l 01 S

KAIST=

st

M 7IE &

5]

oz I

5t
Ao |2 EJUSLICH Z12HM A= 7HESH CH

(<)

=SS

Al
(=}




(44 -
1% 282 54 et
HAAE E 7192 tsto]
259 Aol 2w A4s
- b2l
Fotg A3 52 71

“olegi 249 3l0] ol x ¢ Teeee
‘] R R

ZIAFSe
— Oood
7S Meustm 2 2050EH4 SR RS BELIRY
Ol EAZH Mol 7|8 QM SR, ,2 Maiiet  of g3, Y0l 221 © MANCRZ 0|20 &+ Wl = AMZTHetu et KAIST, KAISTRE MEStstulZt 218924 KM= J7h HASEHN K 41 4715282 'Eat0|
KAISTZt gfot= 2 Aflletd 2Ly, 0[240] of  Eot= 0| 22| Hets2] Hgt 2|1 e AR 9 *= D0 EASE SMIE A S VIsdt O S A= M S MBSO SHXIT Of=fer M0l
HO| 0| OfL{1] %O = A& LT Relbet 20l YR d SSEES MSO2 /2o H0l o= X2 L0l M= ¢ 2 A 0| Ol= 29 7+ S8t 2210] &
Ol 2ePqo= S0t Ofw0 el ZEA=2 WXL O ofl MZRLC Sof, ZE UM F ef2 22010 A2 YL Hef2 uss Solf Uete| S
W0| ALE=E 4RS0| HEUL MetM, O At 2RE @5 HHO0| 1243 2X2Als 20| SRt EWH 2 X0 0| Qo Aiet= 2E2 U S 719c S9¢ s o2 UE HASHAUO| Z5h=
21 g0] Of L YO = A% X&ati/tz HIgLLE E8H 0 229 OIS Gi= A17|7H SRS H SLT DIHefAtE o| 2 =&0| s, At Eets geell 2 7 [tHRiLL, 01F 2¢o= Ea
o W50] SH0| HHA W= A0 ZHHI Z2HES O] 7Y O|2HOl] CHokhA Z2 HYS otk| SELITE 7 O St =MIT0[ 2fHot= SehA/t HE ietl=, Fisrt
= Tl 7k= 20| S2ote|etl Y2 AET|Ofefa] Hofop/ | U 230 XM= 1 0= Ol QIX{ 2 Ol HASES Pfet QME Lot #1 KoreaZ 7h= HE0| 2 AL
Z28d X0[ Ot X 2|2 {=e] 2Lt 1 off 4ot A0 2% 525 2O &5 I i Sol= &
=¥ MSCt KAISTS &S, B3 AlET Ot g O L7 227t 0 8Eis o=/t JTE SLEUH 1 LU0 & MA == A7 IPF AT LT B 202, 01243 QX 2 =97t @501 JIX[X| 4 X%
Z HRI0IA ot 2E A2 ZH0A & (cooperation)O] 2|l 1 MEE HEE MERULLE JRS floiM XS SEHEMIYREIt S dels e s 2de Y /ISt EES YOl HUCH EsUL a0, 25 &
SEUL. JA2 227t 380 AU 2L APIME 71 S &S ZO0[0F & Tfetal M2failh ZARRILC. S opEUC. HASHEE H2 S40| Ofd 308 0f St Tfsta 7| =0t OfLi2t Tf B2 =LHS| Tt} 7| /=0
e/t 25 gl &N 1 97|18 =50 M= /IS oS et ol DIEtE 4 ZaUM 2R A2 2 =82 &Ooll 20| QU =Cl= A=/t =2 s et gt 1
1eM Pe| MZH-KAISTS] 0] ot ZZ0[4l of 7t OfHet= A 25 ois o HOX| oW e = gt ASet A20f| HASE=MIYRAEE 5 ekl
Lt Sf(0MS] 2|1l B 2 Ate] 2= H0|A 02 BlsU. SO ZARILL
6 ME-KAIST 83 EtASE SiV|E QMY 23 o=2 RS 7



—_A

SAt

“71% 9171 ulr} ot A2

= b2
Y v, SN2 A

“F37} by}

B A7 HolA]
223 A%

AbQd Ayt st o] Zojop”

HI7 |2 misty QUAIRER!

o
OelE, ergokuuUzt @5 MEtHeu®t KAIST/F 5
OtM HASES ?let 7zt QY S FH= 55

TS Jlzloks XS TY2= Fot=gLH.

Il
4

r

g AStstl S5, 018Y KAIST &Y T12(41 0
Ab2(ofl &HB = wE BN 2H et HAR| EE
= SEEUL. Otz 7=t S0 ZofotAl= &
S ZEuSHE e, v S0 MM ZAI=EUT
FEY el |gIZR g, Lot LGetet BelgE,
ML HGTA A, 382 SK E&S AHH, 253 2t
ASAt BARSEHE HAe] ZEE ol E8U. 2|
L= SH2 AelE AEEe 2000 A SE=MG R He]
O o SSHEY 2eiil MFA AR GeEHE =
ofet =] F=EgUH

8

ZZot= Q) 7 02, 7129071 Dl
0| i, 5 MRS S| S|
57} OfLi2t 23t AP} 0N 22 2R}

o>|

> ol of
12
=
-4

1%
[l
=
rulo

BBIAI7 | T QUL

0j=9l QIZ20|8 A=-(IRA), EUS O2E

A
NI

OtL{=2t Xz

UCH Eas

Mep 3

(Green Deal Industrial Plan)2| A0 250]| M%7 ZTH

FLI

i
~
_1-9
ro r

IIIIH

=
ol
b

0
mjo
>
o
rd

rr
rr
1%

N oo
JEL
o
>

i
o
=

[m]

i

ol
Ho
~
mjn
Ju
T
ol
40
:OII:
>

F

=

EIooN
30
>
T
o

=

r
fLI|I'I

MEH-KAIST 33 EaA

Fli
e
D
wn
0
Q)
©
o)
ou

So HPEXOI XIFS SUGHA B

o

=z|o o
==

—
Bt =440

—

= QXYY 23

rir
]

A

LIt =2 010] MAHA EOUARIRE 7 INSALE 71
0] total QU=H| %E'—%HEUSQI A2 2 MA | 201 18HI7 EEI7ER] 2+

HOHE QM7 H= B&QLICH

021 AOIM H £2S N XS 22Y DSTSIWS0| Y CHEO| QIKHY
e

J0i| LhMAT ACh= HYUCH ARSI AR X 98 =0 XI5/ Kstist

(Doerr School of Sustainability) 2 A& ai=0 & =0{(John Doerr)2t= HIKE
A2 2ithet 71232 20F £ 22 S QI AT2E0]| SRS
10 BfLC} SHHECHSIW T 2,0009] HS F2lohA 21 71201 A7ist ‘Al2tEt 7|
£ X&7ks H7A(Salata Institute for Climate and Sustainability)’, & 7|5 H#
st Cilel MBS Sglohs ZetMA E3ES 2Fotl USL T

OR0| SATICIYtIE WNAR| SMBE D]S M6t D 53 Hsithet

et U= SHUStU HA| XML =AY QUIHFGO RIS 715t QST ASt

= /171 =

Sfuet KAISTZH 2fHsk= 25 0] A2/t Zt&et o|b|2 L Q= Ol7 L. A+
ofLt gl =01 (717K & 4= UAE A2 HIZ QAHE L&V | U=
M WES ?eliM 2 g2 7120 2 REg9 W]E0| o= X9 7 |1Hs T
£ HsH0AsH

Z45t= HYl O2iE, Xz UNAIRSECZ Z2261HH 20123 98 wso| MY
ATS 8%t B LI2 O|2HE Fol| floiM 224 us M O|LMEE
(global education first |n|t|at|ve) QI GEFIE F2fotHt JISLICH BASE =AM
A= oh=2 22 =228 FUHUM M2 AT 3 M22 XA, M2 7|
=2 Mds Bt Z QX HiMO2 HQSILICY Ol= o=0] 71 & & =

U= E0ffL Y2

KAIST= 0[0] 10 H =MgETHetEs 272 Ol 0101 O[X| tHE =23s S42
= 0|Z of At Y12)0|=02 = Aoz U AU MSstu= AE 28
=710 S HEet Ol 010 A&7tset OI2HE 0F QMg S

_ oz

S= ot ASLCE MEUefdl =710 ATH0= M7 F HOEE
o = |

Ol ZHS SollA MSTHE W2t KAISTE =& Hei=e| ISus7[4S0] Al
AE OIBOUZE =MY |53 /HE0l] RSS! QIS Ydots 252t AVIE MiS

op/|E HigHH. 118 oJ0joM g 20| d8H2= /h2=)V|S 7 [—F U

AL



=
K
™
™
c
R
[72]
(7, ]
()]
(72]

X7t HEHHA 7=

SH|E| X2}

EH K]

Bt HA

QUXHSE M7k

=13
=



Session 1
EIASE]

SiA|

-1 L.

ifelllE

A2l O|Z{ KAIST Y afstEshilt

7|28t S35 KAIST 331} 1%
P71 43 NS seeIsrs 14

X7 HEHHA 7= JE KAIST 20| 2HH2FTsH W

3N 2953 M=t At ESsiE ue

DUalE| QImaL 24 KAIST ARAl DUREIER i

EH ST LRE M2 K2 EEHE w2
B HA T=XH KAIST M58k} W4

CCS7lsat M F=23 M3 HHXItEES S w

O|XHS> kAIST Aimstatmsta ma

K{5|7} QHEO ELAZERI0N ChSHA S2IE2(open discussion)
= o1l M=, Al 7H20| StAIRF 210 HROoA &
O &Oo =AA ZIARILICE

Ri= 15 T517 501 CHop Fraig o
2oL} @ HRIUS TS|
TS BHEIO] QBLICE OIRRE M2 DESIBIN RSt

AZ10] EHO

—

o
rlo
S
]
o
=
40
- Rl

re
O
]
>
i
o

KC ST
R[S F A e

TEEE
TR
|

..




= oI ‘.‘:’.'EEI

0| REAMBIA A S ChA 5} oo
= —Ol EﬂOHAuLlﬂl' °|_|' 7|'X| Jmolal'ﬁ, XI’EJ—l'ﬂ - 58 B ENTTINNN w ELL B o
£ 7|20t5 20| 22 Xsi0] etgUT 1M 25| 9
a4

Growing Concerns on Traditional Fossil Fuels

< Annual Temperature Anomalies + Global Greenhouse Gas (GHG) Emission
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Global Warming due to GHGs SRR g oo o

Global annual temperature is rising as the amount T T et Rev Eertnenvion 2022, 3217210

y| Ol_l of CO, and CH, emissions are keep increasing.
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What Can Chemists Do?

Contributions of Chemistry to the Energy | Chemistry in CO, Conversion Processes prermr S

+ Supramolecular

« Organic
+ Organometallic
« Inorganic

+ Ceramic

+ Heterogeneous
+ Molecular
+ Electrocatalysis

« Photocatalysis
L= == - Biocatalysis
[0 : Catatytic Process [ Biological Process
ChemSusChem 2010, 3,209-222
KAIST ‘)
The Origin of Carbon Utilization
Dirt-cheap catalyst materials

<
<€

Fuel -

Chemicals =

s

-

Renewable E

* Energy 2

k]

Thermodynamics § Kinetics

§

2

3

t

a

N, CO,, CO, H,0 Dirt-cheap catalyst materials

KAIST &

Reactions for Chemical Energy Storage

- ivati Hydrogen Evolution Reaction (HER)
» Small Molecule Activation rogen Oxidation Reaction (HOR)

& Oxygen Redu
2H,0() = Oy(g) + 4 H'(aq) +

e Reduction Reaction (CO,RR)

XCO,(g) + nH(ag) +

> C,H,0, + m H,0(1)

N,(g) + 6 H'(ag) + 6 &= — 2 NHy(g)

+ Thermodynamically unfavorable process
+ Sluggish kinetics
+ Existence of multiple pathways

Science 2017, 355, 6321

Small Molecule Activation

Methane Activation Nitrogen Fixation Synthetic Fuel Production

CH, + X — CHX N, + H, — NH; CO+H,—CH,
» Periana’s method » Haber-Bosch Process » Fischer-Tropsch Process
CH, S B0 CH080,H . FeorRu nCO + (2n+1)H,
150° + 3H;—————> 2NH;
I 2 100-200atm _Co0TFe it vl
cn=Hgor T Spci, 400 - 500 °C | 150 - 300 °C
T —_—
p v
HCODCI: "
i+ o mpe HiCeBin wr, A numerous CO
ke “onxeom 1 {,,:T.J/ w activation reactions
Science 2016, 351, 1424-1427 Science 2003, 301, 7678
KAIST 5,05

Cxyaen Evohsion Resctlon (OER)
iction Reaction (ORR)
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Reaction Types w/ Renewable Energies

Criteria for Good Catalyst:
Small Molecule

@ & ® ©

R eonE Renewabls: Scalable Selective Stable Sustainabl
. e T
. esources =
.l Carbon 51010 years 10to50years 70+ years P
Utilization
Sun Light
Electric
Currents
Joule 2018, 2,625-832
KAIST o s

Target Products: Value-Added Compounds

& Tech of

from CO,RR

G

vessBiEd

Higher Market Price
Higher Energy Density

formic ackd

o

e
0w
S1meyr
Sgie
8¢

Assumptions:
Energy Effciency (EE): 60%
0%

. > # o Selectiiy (FE)
JEIELS L,

Joulo 2018, 2, 825.832

[

urrent eCO,RR Status

Larger EE

* Direction

Chem. Rev. 2018, 119, 7610-7672

Adv. Mater. 2019, 31, 1807166

w High-order carbon products (C,,) with enhanced selectivity and production rate should be targeted.

KAIST

Catalyst Development

Science 2017, 355, 146

KAIST
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Catalysts Being Studied by Chemists
[ s ot Htroerecus Gyt b S|
Homogeneous Catalysts

Cat., 100 nm 10nm 1nm

Ko =@ B--

Bulk metal
cat,

Heterogeneous Catalysts e
n Molewteite

q —_— Energy Environ. Sci. 2020, 13, 1656-1693
© e

(]

----- Product* === Product*" * High surface area-to-volume ratio
« Alarge portion of edgellow coordinated sites

Acc. Chem. Res. 2020, 53, 255-264 * Tunable and defined structures
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Key Factors of Heterogeneous Catalysts

< Electrocatalysts: Surface Adsorption & Desorption

1
W
S
e

& F Surface A ion & D ion + Carrier Ci ion & Lifetime

Photocatalytic Process

I Light absorption
Il Separation of excited charges

Sabatier’s Principle

The reaction rates of the catalysis
process are maximized at
optimum adsorption strength.

—®

Plasmonic the surface

Int.J. Hydrog. Energy 2021, 46, 29858-20888
Adv. Energy Mater 2017, 7, 1700841

Catalyst Design Strategies in Nano-Electrocatalysts

Increase the number of active sites andlor improve the internal activity by changing the
electronic states.
—_— @ &3 % Morphology Control Chemical Composition Tuning

-
£ - W

g
i 2® L ’y%)'o

Auicosshedron AuNanostar
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Catalyst Design Incorporating with Cell System

E‘ H-cell MEA Total Zero-
i ¢ o B & & & tet g Sep
“_f 2 s - Al
Sle - e ol

i == s -
3 ® o 00 0 ® i = = o +
8] ey v o s Curent - + + &

Efciency
[ G B cemamgmes

Adv. Funct. Mater. 2021, 31, 2102151

Chem. Eng. J. 2019, 364,89-101

e e T « Higher current density in flow cells lead to different
LA 77 ATV A} local environment compared to H-cells.
)

( S . + Excess CO, is supplied to the catalyst surface from
oy ¥ == i % the backside in the flow cell
.?:: = Cell system should be considered together
' Phys Crom. Lot 2021, 12,7585 7589 ‘when designing the catalysts!
KAIST _)
H =zl = = A
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1ll. Transfer of electrons and holes to

IV. Utilization of charges for redox mxn.
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Computational Chemistry for Material Selection

Density Functional Theory (DFT) Calculations for eCO,RR Theoretical Prediction of Bandgaps for pCO,RR

w

o (F

£

Moderate Binding |
15 Z-Strength against COY

Linear Scaling

Relationship

%5 10

a0 o5
Aty (o] s
ChemPhysChom 2017, 18, 3266-3273 Nat. Catal. 2018, 2, 648-658.

Machine Learning Assisted Calculations for e€CO,RR

n,
|

Nature 2020, 581, 178-183

e ACS Catal. 2020, 10, 1484-15007

For Industrial Level Production: Reactor Design

< eCO,RR Reactors

T T

SR oo, Gas Diffusion Electrode  Membrane Electrode Assembly
Yo (GDE) (MEA)
- . ET—— R IER )
i o I
i o | Hursatod
o o 0.0 .
R O S [
{ i Prodced (<
e SN A - -
G o n 2 oo Gty ot se >
* Low solubility and slow * Rapid mass transport of CO, to the catalyst surface
diffusion of CO,

= Overcome diffusion limits in the liquid phase by
continuously flowing electrolytes.

Diffusion limited

current density! Commercially viable current density!

Nat. Energy 2022, 7, 978-88

KAIST 5,05 1

Dynamics in Nanocatalysts: Deformation

< The Gap between the Starting Catalyst and the Working Catalyst

Degradation Mechanisms Structural & Morphological Transformation of Nanocatalysts

Frogmentation

T T —

om

Ty - 9

Angew. Chem. Int Ed. 2020, 59, 14736-14736 Nat Rev. Chem. 2021, 5, 256-276 JACS Au 2022, 2. 562-572
+ Whatare the real active species for the nanocatalysts that are under operation?
Considerations . changes on that the reaction
\
Lt % i
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Targeting Active Species

< The Importance of Sub-5 nm Domains in eCO,RR HRTEM [FFT Mapping Image
H-cell Results. Flow cell Results of Activated n-MDC-250

-
E=
suu""

n-Cu MOF.

om)
v FEca me»@ 200 mA Adv. Sci. 2023, 10, 2207187

Operando XANES

Nature 2023, 614, 262-269

KAIST 5,0 1

in-operando and/or in-situ Spectroscopic Studies

< In order to speculate the “real” active species

Operando Characterization

Solid
J. Phys. Energy 2022, 4, 042003 ACS Energy Lett 2020, 5, 1281-1201

In-operando and/or in-situ Spectroscopic Studies

Infrared

Angew. Chem. Int. Ed. 2021, 60, 16576-16564

KAIST & 2

Mechanism Studies: Electrocatalysts

< How the Higher-Order Products are Built through eCO,RR Process?

T = (= )

(e, °CHO)

J. Energy Chem. 2021, 62, 153171 Nat. Catal. 2022, 5, 545-554

KAIST o 2

MESU-KAIST S5 EtAFE sitlV]s MYy X3

Conclusion — from Chemistry

In-situ
In-operando g ﬁ ko / Small Molecule Activation
Spectroscopy \ N, 4 Renewable Energy Source
|

Synthesis

Catalyst Dimension

Materials Selection oy p Reamor Value-Added Products
Multiscale Calculation Design c o

Science 2017, 355, 146

KAIST 50 2

One More Thing...

% CO, as a building block % eCO,RR for tanderr: reactions

Nat. Commun. 2017, 8, 489

Renewable Organic Transformations

ACS Cent. Sci. 2021, 7, 415-431
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IPCC AR6 Update after AR5

Session 1

It is unequivocal that human influence has warmed the
atmosphere, ocean and land. Widespread and rapid changes in
atmosphere, ocean, cryosphere and biosphere have occurred.
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ARTICLE

- — The time of the first emergence (TFEX)
The timing of unprecedented hydrological drought  of unprecedented conaitions is defined
under climate change =

The first year of a departure in which the
time series of the regional average
drought frequency exceeds the upper
bounds of its historical climate variability
consecutively for x years.
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Energy

Chemical energy

H,0 AG" = 237 ki/mol Ho

05V
Figures in courtesy of Prof. K. Nam (SNU) and Prof. H. Shin (SKKU)
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Veltage (V)
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Record-high STH efficiency
(17.5% PV-EC, 12% PV-PEC)

Session 1 EtAZE] B4l D}3H7|&

J08 M2oUXdY 22 32 M o M8 £&20|
LSLICH BAIH 79 720 S07t= ZE 2201 B
HX|7t 2071 7|s(function)S & 4= e HE0| BE
LIC}. S0l SFENSRUME 2SS HO| 7EMFAL &
XE off FAH E2 A E5ULL

AL ORRZIXQLICE A 22 ZR0i= S5 0A3tE
A SHIntE AR Q0 Mg AHsk= 20| &L
Ct o7t X7t HOERE JEES EAIH HTXIE HE
2 Ity UZE=0, J2{H HY0| AL 22y
Ct. SE0H2H=X] O[AtaEA 2HO[2HEX] 0|2 A EX st
HrSOf Mt EfUTX| 712 JHLsie RS 7K1 2
ASAZ] A S8 UE £ s T 7188 27 E

HIAXIECf0| HY S0t So| ARHMOILHKX| EFL0H
A &2 E%= HUXIZEZ7t 27] HZof =t 7iEe=
HZoHK| O™ AtA JZBt0 2= =&(stand alone)d
M E7IE ol |= 4E0| 02 20| USLCH T2HAM
Ol X =Hut of| K| a0 2R = T3 £0[e 0l
KHC =M EHYTXIZ HFAH E2 A Z5LICH

=3

57



MEL-KAIST &

EMESEI SIADIS ouno:g Eﬂ

I

Q

>

oha | ddaist ws A3 | MECH HESSHE w4
L7t QM=20502 of/| YloiiAl= AR 2030 M7t B #E2 AEe #E0AM SUIHIZ2050 X7t ZEELH BHH0| Hl= AeVIQ? OO ™ StalFHO0] O{EA ofH ™ MAMCE CHA| A1
Hol =Mooz 6TW B, 2060H0= = 7HM7tM, O|AE 7|20t R2|7F Ao Of ZAELICE K-&2t, £2 TS0 A 25U o HO=Z 2|TS JINE = USTH Mo 2 T
20TW2| EfY&0] HX|=0{0F BfLICE 24Xy | RSS2 QL= QUL Yoz I OF X PVORI THIE EAIH A2|20] O ™ SILIQI A UL 7[sXo= X|g 2= By
202201 S MIA| EfZE2 1TWE EOMLT, Al Al =242 0§ 500W2| AIRO| SAIE|0{0F G111 HIZ 719] 95% 0|4 51 112, AMA(industry) A Aol B= EdEE= 1S E310 ASUL 7|
20| 8t 20% F= g&otl U= AS Y1 US 40% Ol 0| £l=, H&aHof giLct. 227t =53] 2O 2EH MHE A M MA 22 top10 Z9| HUFSH 7HX[L] oh= A2 A7 AL Of77t
L|Ct. 0|0}/ [of= HAIELUN 22 R K- of AL S0l 971, 8717t Tt &=0f| UL S= OIAE SUX 0|H HZEAIOE 22 AS2
A SAHHO0[2ELT OR7 S QUK| &LI7F? BHA 0| AMM 27102 M2 HIQIS SAI0| Cf EXI5t SO =M XML £2E THS0{0F BLICE A
Ol K-&2t7t &2 8AtdZ0(2k= 0|0 |= 8 TAM CHE L2t 7 [HE ddEs daAR] 22 2 2t Y| AMLIZEL Q= 20FYLCH.
2ot UAHEQ, I3 ZHUM BH MY 0| 2Ho| UL, JH0|= S+Lotl K57t 12
o| £2 TAYLIC AZEE MESILD K-&2t7t MO 222 M7t H= 3IAME AHHoAf 2= K2t JFE7| IR0 I3 XM 71, Ot G7 HEEE
SASEO| =|7| YoM Hoot A M, d StetFAI0 2= 3IAZE T MIAI0IA CH2E 5R{01|A 5Z0| Of7 |HCHLY SE=H, XHMICH 7|, Al |
2 elof tiohM 2lAS =10 HELU 109 21 11 AMOIZ Al ATt 24T S1HAM Eotil 0| & Of X2 HO| & = U™, J12iA At
UL S26| E2 wFEIHE £ US A0[2t otz 71E0| FXIE HO| & 4= QT 7 220|
0 AZFetLCY, K-&2t2C 0|01E == UK| 427Hd2t=tL|C.

58 MSL-KAIST S EASE SiV|E Yy 23 Session 1 EIASE SA 157 |& 59



Tk

EtA H|H AMd 2030 11 CHS2 HH0F fUC 2082 20504, 2 OS0ME 37| S0 U= ORMEHAS 2EEoh= 2H S
Zto| Ltatot] mg.uq Ct27|= ST} CH2F 205004 A] 7] ZZ(Direct Air Capture)2h= 7|£0] A 7+ 24
2060 MO|ZEK| M7t WHZE O|R7] QfshM Y= 20 JBLCH 0] 7|& XAl X 109 S0 Y 012
01 7|£0| WRSUIE ¥Zte & O off 20F FLICH fL L J2|10 SYUAME 25| 2 =H(debate)0] UAASL
ofH O|ZA J40| & L =0 ZX|E|E HiE(positive Ct. 0]240] YHSXOZ Tt55t A0|LF, 28317t 7t5tt
emission)0|2t11 £|0] QU= FEA MMO0| 7KK Li247t  Z40|Lk O] ZISS Tt FHOEHA, Sxis 483t 2fEnt
K| 45LICE O] 20k= AHM 070l MO QICAII] 2 K| 2 Q= O3 7% S0i| S

= 20t of=t, 3AMEEE Mok | o2z HE=
ZOFYLILE. O|%2 Ol= 01IUIXI—‘?'-01IA1 HES A= YL

e

X 27| & 0|AMEEIA SEE= 415ppmUIM 418ppm
tELD S22t 3%56| ®7|= otX(2 12 E 6 2

NSHA aIST Moiststasiat ma 029 247}A L& (Hard-to-abate) £OF= AE| T X
O L= LY 1 LK _ _ =
coTTeT T CIgLt, 4 9l, J2(1 YoaoR £55| ZHY} o= 1 Al
M7t 25 HBEE UWE2 BA MAH2tk= 2O0FJLICH At ARIQILICE
A ol AR A9l g1l 7|sk &0l =7 (THAYLIC T A RelLt 22 R0 2 A HFEQl
J12HM MY (perspective) Z2 LHED| 1 HX|PF IHSTH AATEE 20T USLICH M7t Ho| HBER|7 = SEXTt YHo| QoA A 37 EI'(Dwect Air Capture)
ot NE| 7|k 4% B2l o= OEA JEY = US =L A TE0| HE= 202t HBEA0 Y A ES = oMl HH 2RIz UM == ORXISIEAE XS
A, 22|11 LU MBS0t et KAISTZFH St LICt EASES ofd™ O Z0fME HY IE 2= X7 olfoF sk=tl, 2Z EIE 712 MOIE2 S=8it=
= 2 5 USK|0f| HohME TS| 0 gL, -3 ojOF gLt 71 otte| MeEet 12 E S0l ottt 2 = US A
25Ut
0] £2t0|E0|IM &7 FMO0| 2= XE|7t 71Xt of= J2H 22|Li2tofl 20300l NDCE Hd3ith= 71
ZYLICt 29X 20230 2| M| X|0| S22 U= B LLL2tE MAM2= NDCE 74K JASLICH Z124M SHof S0EEE A= 20 SO O Lo | oiAl= 12|31 M3t oA A 37| ZE(Direct Air Capture)
HiZ(carbon emission)s 20504, 2060 7HX| EtAS O E=E MAHoHIC ] = MALS|0CH BiGol == 11H 4= ZO10i thiet ZEZE, 12|10 201 et CiuZH 2R MNAEZ O{H AOZ 0|HX|2 2Eck=7t01 MHatA X
g, Sl Y2 HASEO|2 ol WN=ZE O|F 1A} £X|74 20184 CHH| 40% MZJLICH JIZA ofH X 7 StHARIL & 4 YELICE 210 T HAOM EA KA Ol X2t Aefetrtl ot FU=z A Tts(feasible)et
ol= 0| 2iXf SHELINIL. B2} 49| HIZ0 W2 &= USULCE A Mevt EE 2t= 7120] HFEL e = O Iobs ot EXE Z MNARISS More 4= A2 A0k 425t UELICH
L1 200l ZHset of 0|, ZCHet G40l ==olH 1 SCE| AL
A o = QA= A2S M= JELTH d24M
7N1E 72N 7tset ot 0| 2 o~ e S 9l 6 A Bt HIHE o 4= U= SR WHER 2ol B
Of ok= 010|112, SUCH YESoiH0l HHE, skl HE=E, =0 MY,
J12|31 o0l MYok= 5 K 71| YWRHESO| AsY
Cf MM @5 71 37 YBEL D 42 BE2 3R e
2050 4B AlLtzl2 - eMWig¥E(CORPatways) 2 AX|LI0E A ABLS ST T AIXIL0R AJARI0| 7| [DifecHAREaRtie oAc, =271zx) 7
48 20 B Biomass earbon _ _7.:_9' Hl.ol%ixl?él AléE‘IlOl |-£ Xl;&iﬂ LH_’:SEé"@' Alﬁ .-) 2715 20/2 (2} 415ppm) EXfeh= OB 3104 K 5H= Carbon Diox (COR)7IE
+3n0c (I1E718) ) | - mus _ =
(233) .+ T2 e = — : 7} 2 e
5 B TR 4 2 UEY (01 1S 2o S PP J BIHCHEM O H=211 al, --|M| o= %EFQE = —‘?—_E'E% carbon #: carbon JIECesyiantns B2 Ee
% : — =7 [ Crctawcapes pac) ~ capture . removal - wpiunaonssE
ccn o | L | 3o s 88 4 U701 CHEHM LT L R R R e e s
z 2 Uz Eok el Fw sty ] | exkozzs
2 0 | o) Zat &8m e
¢ senssons | miga gl Copp et
ot & RA ineral - - BEEnR i
s }(Qililﬂ7is) ( omste | an T am
1980 2000 2020 2040 2060 2080 2100 1. HsE | B
[ - 1:25000 Mm%auwm;m DAC 271 527|
60 MEH-KAIST S5 SASE SVl QL8 2 Session 1 ELASE SM 15|15 61



T2hA EtA EZ(carbon capture)0|2tE 7|&9Q| 7|&1t
= X2 Ct2H BtA H|7{(carbon remover), Z=0i= Ef
AZE 75k 712 = 540! Direct Air Capture= 20|
g EMloh= OMSIHAS MEiMO = HHsh= 7|=gU
Ct. J%7| MZo 7|E0 3| e YYHESOo| TR
LICt ™A H7|7FARCHE 7{9] 2008 HE A1 |0

LICE 1 22 20081 H= O B 37|18, X3Pt 2

EI>

3

o
ol
Ir

_l'E;O

< 0fH HHE 0] COE MEtHoR Eaat &
J21 0ICIS 0 2008 © 22 B7IS BEAIAFOF of
TH20| DE B BT} T BIE 2800 gl 710[2)

UsHH.

il
$0
B N T

!
+

AOZ M2 Il 7I=S0| X EHS7101 AL A
Y OF] Ea UKX| 2 H=YLICE 2Z27]0] 0 A2
2 #=A MYohl 71=sS Y & USXO HoliME
A& A1 2IGHOF ZHLILY.

124 DAC(Direct Air Capture) 7|22 A &

ZAXE IA M 7HX2] Z=Q LA (main component)

2B A Hi= 57|18 §2 E0| 22170f o]
MZ0 2t HEY O] FLELIL. F Hii= Ofttat
S0 SE7HAT7| TR0 21 QH0|A OfLhatE At e
o2 THE 4 A= 8 stet SFO0| FRQat, OX[Z2
2 S/ YA= OJLtefEHAS = MM O
YAE NS MES oAU é% SHOM 0|1 = U=

71&ZN 49} (TEA) - 1€9] CO, HI75H=0| E& HIE + CAPEX
- Target CAPEX: $1200 / KW,,
- Target OPEX < $120-150 / tonne of CO, captured

HZF7|82YIt (LCA) - True Net-Zero?
- Carbon footprint of DAC = kg CO,e / kg CO, captured » Negative?
- Carbon capture efficiency & Carbon footprint of electricity = kg CO,e / KWh electricity

T MoilL{x|2] Demand Sink
- Tt EE MHI/MERS TS R A8SI] RE3I7L 7K 2l MIZE Mt
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5| Mo|U= B2 & Stbte, 07 DAC 7|=0] oiLte
KMol K|S CIHIE M3, 7|E2] 80{Z&= Power-to-X
EM I WAHE KM XIS0L, 2 X0 X 7+
0| HOIKl= 1 AIZHHS| 7|2 R AlBY £ U=

=
ofLfo| LHIE g3 7|g=2 THY +k US A UM

X DAC &8 7IY M5FXHpioneer)7t & X US
LICt. Stit= A(A 7|01 22t A(Climeworks)
0|1 & = FHLCH 7|l 7+ AX[L0{&(Carbon
Engineering) LT} 5 7H2| 7|Z0IM HMAISHs Z2A|
AT+ B OHELCE Stbe 71887 |IXME HEE M= A

AHIOZ THEE| AJAEI0|2}T BHICH T24A COZ

Sk U420 28 &5 =0AM gt 100 T 220
M COE HEA7|HA L& CO.E Y0 METH= Al
ARIRILICE

V2ZH2 7|Z0] of A CCSQ| ™t MOl HI=E L
Ct. 85 X5 CHE AS ARSIt 20[X| A2 HIet o
SIQIL|CE. FK|Zt Oi7| A= K37t L7t2tol(Alkaline) A2
SAHSS Aol | IHZ0| el 27t HRSI = £
g2 7HA Us UL

} &,

Liquid solvent process (22 3%)

& climeworks

oliix| 27 6-7.5GJICO, 5.2-8GJICO,
OflLix] £u) Hol|iX] 80% F7120% HoilHX| 80% F7120%
) 7Hs (Size flexibility)

£7} (Scale of economy)

100% 7|3} (electrification)?t 7HsEt?

MESU-KAIST S5 EtAFE sitlV]s MYy X3

T AAE B5 SiX 0UHX] 71 AMAle AHOl Hlxotd OfHX| 281ZE I

LT At

HLR] 20%,

OILX| 2HE 0 QUELICE 2L 0]2F 22
(conventional)?! ZME OtOf|N BHEUX| 1T Q= EHEES0|2HT

o

20| MOIRU= F22 A, HUHX| Z81Z0] EOHX] 80%, H7|
oM apMqQiz ATA B2 Hielst SHERE 0[2F Histet Y9
DAC SHES0| 0P TEH

=

A Of
™ M

L

”

B0l= 2EelVt /tsol/ | Mz A2 RAd

LHE AI80ot= M2a8d Z22 AN
(size flexibility)0] &S| ESULCE 1284 22 40= & 4 AHY0| 2
M BAIF2(scale of economic)] 0|2 & & U7| WE0| 20| 22 A&

0
HOE & O 2 SHES e A0/ O Mot o & AU

I AR M ZEERE O OUE d3=M 0| IS of7| oA
= GOUXIE A= O|4X] 2HEECHE J2e MHMZ 28 M7[3K(full
electrification)0] ==, 100% XM7|27t El= 121 A|ARIO| ZXHE 4= QICtT
SHH M O flexible St operation0] |11 HY A2 RAM(size flexibility)

=)
=
=
—

1
s

LbM 81 K|2 90

NAHS THrE 4 U2 RHLICH

H(location flexibility) 0| AS2 2F BrFe 2 QU

A KAISTOIA= O[3 XSS 20| SHRSUICE T2hA Xt B4 S0t 0f24
SAFISS O 402 TXslE AAYOR HESH=IIS ARSI 71
ZQ3Pi= 0|2 Ql0jCt H7|HOE MapiBS & 4 s HEIEHE
BHOR SINZI AAHIS oA (SIS 4 U= BHSS UO| Y
SHerELICE TOJH® SAH0) S017t Yl TS EARIS0| CO52
MEEOZ BAE 4 UBLICY

Direct Air Capture

(400 ppm, 85 RH%)
T

Surplus electricity from
renewable energy sources [
(Demand Sink
= low-cost electricity)
Long duration flexibility

Objectives
1) R 44oj|iAx|2t ZEo| 7HsEH DAC AlAE (demand sink)
2) £ 1508 olste] FRIYE HB

Session 1 EtAZE] B4l D}3H7|&

& B3 M=
253t 7ts
2AH1A Tts

Sorbent
Scalable manufacturing

[Mass produced at rates significantly higher than those available Cu-Sn wire (< 0.25 mm)
|to monoliths, laminates, foams, or 3D printed structures.

KR 10:2019.0073151

9 KR 10-2021-0141816 (KR Priority & PCT)
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Oli= E2H 2o 7] 0| 20 U= AIA-O0(7| Tz
Off 712t A =E =2 w=(high purity) CO-Z ol
AN, S U A CO.E EO0LE 4= U= ALY
B 7129 YMSTE S| M2 0| ALl 5
= SoiM o &g LM e & s 18
YEO| AsHH

Z12HM O AARIS ZHX| 1 OfEA LHIE A3 =M XH|
£ H™7|(low cost electricity)E ALEE 4= U= AIARS
o 4= USTO| tHellA ST E BO| 5t QUELICE o Liot
P 2E3HEE 4 U0 AU A(scale-up)0| 7HsFH A=

(pathway)E &7| 2ISHME L=2S O] St USFLICE

J

|ABQIH|, otte] HM0|2tal &
20 2SHPE 2= UsH
Ct. Xa] MAEES ZAS0| W FZEUL. 1 2SO
CO.Z E2fot= SAMISOI2t L EAH gUO. 14

= =
e AHLY Mr(scaled-up manufacture)=

A El

AU 0E ORIz 7| BES AMA & 5 UST

Off CHohA = B2 1215 off RA=H, Aked 0]240] SHte]
0|t EtQl SXH017| ME 7+ =Sk HEigt

0|22 ‘re-DAC’0|2t1l X|AELICE.
electrified direct air capture V1.0'2t11 =0, 5HLto]
2{OHSt RZHAT MY EASUCH HHZ A= SOHE
A TZHEAT| ZELICE KAISTO| QAIH X&| 0] Q%
0 8N =&l= HEE EA 4 UABLCH FHOM S71E

=l 2% ‘I% EOH A|AE‘IIO

‘renewable
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Objective function

+ Low-pressure drop

« High mass transfer rate
« Easy manufacturing

Actual Separation Device

2 Patent application pending

re-DAC V1.0

3 x Bobbins
400m of Fibers/Bobbin
Total 1200m of Fibers

MESU-KAIST S5 EtAFE sitlV]s MYy X3

Money in

Carbon credit Irade

<

Multi-year

$10004CO,

Profit

US IRA (Inflation Reduction Act)

Session 1

45Q tax credit
$180/tCO,

T
”""“

COz out

$450IICO

Other utilization options?

New Processes

CI7I7X17E RIZ7HK| HEE UESRILILE 2= 0ZA LIOHE = U=7H0H| T
Ml H+1E of/| Rloll =S ofd AsHH.

CUAESPA |= SR g

20| OfH2

Of& HiE=[Y

1™ 00| 0|21 E&H0|2k= MY S4(conventional)gt AO|HAS AI25HE
TFE AMEd E= 20| TNt Mzt £~ UE. 1
£ S92 I HiE2| ™72 - 2T6k=0] CO.

20 MRS

=
=

Z230=

Nz 719 U=Z

OH7H= SAl TR

EtXISE A L
A = U= Al

o
I
&

J|=0t S8 E2ICH |20 E DACY

A= AIAZ0H| THolAM = S4AH 7H&Bk L ST

Y SE3tE7| flaH

=
0] ARI2 S2teia

=2=
(Climeworks)Z Of0|S2E0] HX|3t DAC 2UEYLCE. 2= Sefeds

(Climeworks)OilA SH1AL Sh= AS2 7k2 F2SS E0|E Sh= AU

<$1504CO,

I ocen T T

All Solid-State Faradaic Electro-Swing DAC System

®) g

I 5
PRI Gl (R el ~
8N gy a% J .
1@ N
« € . -
Ao K sk
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HRE HZ S ThRcle] o|Asiers X 8z
- 20| BRE Jfoiel iz SE0| XS +8510 OjusIELs BASE I OjusiEts
o permos gl

. 71

R 352 w2 7tsie =YL ojtslEtATt WE
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G - T

Short-Term Storage: C| i and Fuels

# Photochemical
\VIFAITIIII

Biomass Captured

j—) Atmospheric -
DAC (chemicals co.
or minerals) el

e
f Biological ] catalyst and
= icrobe.
Embodied Uncap- || Avoidea || Captured | ||
GHG |ltureaco, | co, & not
inputs i stored CO,
— I/ 777 il
Memanel [ Propylene
Sggs‘ syngas | “plastic” |
R C ” CO+H, K
p,,m erosene
cHO, "s's ‘ PL
Gasoline
L | Fischer '
EIeclrolysIs Tropscn Dlesel

efuel Noptnad

DOE FECM Strategic Vision 2022 i ~ (synthetic fuel)
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DAC EUEE =11 ZEUENM M7Hsk= CO.S2, 11 CO0l CHet TS
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o 18022 QMIEIEE 7|2 &L
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M ALEIM0) SR, H7IM SR S AI25H= AJAEIO| Tt L&5LA HE20] Tf
[KAISTEapability (<-ccus Flow) T Future PoC #1. Long-Term Field Test _ ) )

S Z40| O|H0[440|%. S2IAULA(Climeworks) A2 DACEIT 3 ZA5| QM 717t 7
— = 2 H7|0ILXIS MA] HIZES 201N ETHA7| 2 0|20{X| 1 U= AJAEIQILICE T24Af THA|E
e e R L= 740| OfL2} RSO H=40| UOjLE= HX(of DACEF| AZF0| OF7t ULGHMCIAIL] Zafurs

— HAISI= HAlOZ E512 0(0] TR, T24A It ZBS I MY ALK 3 & 4 Qs
o0\’ T iy 49 0|5 ST XS, O 2 RY2E| 22|71 Zapu HRIUCE 2|30 AP T THAE DACE O] Al&
P . , H 2l Of2HZ & ME10] UHE. BIECIE X2 O CH2 SXA7} A0 BHLICH
= — — QYLISH 2712 BUAAELE B0| ZES| K|
0] 0t0|C|of= ZAIS| OflLAX| M|OJEIOIA] Z70L M20| 27|12 o & 2 & = TRES UIS
Q. EXIS CI20| EHEtHA] E2(utilization) &t 0{0F o1, 12iAM EE 3D ZEHO|L} 0] J|=
Future PoC #2. Smart Farm&MlcroaIgae Future PoC #3. Offshore Wind Farm & On-Site DAC + Sequestration 201719 7 7|=0] CHoM= O{ZH EM|Q7? 0] S5 U0| Aot Q&L
: : - T2 0| SHAl= MEII2A MUS 0ZA B
AEXIL. TJ2jM 02] 74K LERHSO| LSt S Of

T 20f 25 Cf 7| HAO0(7| THZol| & &l =
£ UEE |20 THA|E DACE T0| of 1t
OHE|H DACE 20| HH6H= 7|37 2|H =2

H
ol
A Zau.

CO, removal via biomass

eV-PBR:i\:lierticaI Photo Bio Reactor

On-site DAC + Sequestration
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