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Abstract : Electrochemical carbon dioxide (CO,) reduction technology, one of the promising solutions for climate change, can
convert CO,, a representative greenhouse gas (GHG), into valuable base chemicals using electric energy. In particular, carbon
monoxide (CO), among various candidate products, is attracting much attention from both academia and industry because of its
high Faraday efficiency, promising economic feasibility, and relatively large market size. Although numerous previous studies
have recently analyzed the GHG reduction potential of this technology, the assumptions made and inventory data used are neither
consistent nor transparent. In this study, a comparative life cycle assessment was carried out to analyze the potential for reducing
GHG emissions in the electrochemical CO production process in a more transparent way. By defining three different system
boundaries, the global warming impact was compared with that of a fossil fuel-based CO production process. The results
confirmed that the emission factor of electric energy supplied to CO,-electrolyzers should be much lower than that of the current
national power generation sector in order to mitigate GHG emissions by replacing conventional CO production with
electrochemical CO production. Also, it is important to disclose transparently inventory data of the conventional CO production
process for a more reliable analysis of GHG reduction potential.
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Table 1. Electrochemical reactions for producing ten value-added
chemicals [10].

Number
Chemical reaction of
electrons

Product

Cathode: CO,+2H"+ 2e*— CO + H,O
Anode: H,O —2H" +2¢ +0.50, 2
Overall: CO, > CO + 0.50,

Cathode: CO,+ 2H" + 2¢- —~ HCOOH
Anode: H,O —2H" +2¢" + 0.50, 2
Overall: CO, + H,O ™ HCOOH + 0.50,

Cathode: CO,+4H:+4e— HCHO+H, O
Formaldehyde [Anode: 2H,0 — 4H" + 4e™+ O, 4
Overall: CO,+ H,O0 = HCHO+O,

Cathode: CO,+ 6H.+ 6e” — CH;O0H +
H,O

Anode: 3H,0 — 6H" + 6¢ + 1.50,
Overall: CO, + 2H,0 — CH;0H + 1.50,

Cathode: CO,+ 8H"+ 8¢ — CH,4+2H, O
Anode: 4H,0 — 8H"+ 8¢ + 20, 8
Overall: CO, +2H,0 — CH; + 20,

Cathode: 2CO,+ 12H" + 12¢ =~ C, Hy +
4H,0

Anode: 6H,0 — 12H" + 12¢ +30,
Overall: 2CO,+ 2H,0 — C,Hy + 30,

Cathode: 2CO,+ 12H" + 12¢— C,H; OH
+3H,0

Anode: 6H,0 — 12H" + 12¢ +30,
Overall: 2CO,+ 3H,0 — C,H;sOH + 30,

Cathode: 2CO,+ 14H" + 14e — C, Hg+
4H,0

Anode: 7H,O — 14H" + 14e + 3.50,
Overall: 2C02+ 3H20 - C2 H6+ 3502

Cathode: 3CO,+ 18H" + 18¢— C;H; OH
+ 5H,0

Anode: 9H,O — 18H" + 18¢ + 4.50, 18
Overall: 3CO,+ 4H,0 — C;H; OH +
4.50,

Cathode: 2CO, + 2H" + 2¢ — C,H,0,
Anode: H,O —2H" + 2¢'+ 0.50, 2
Overall: 2CO,+ H,0 — C, 0,7 +0.50,

Carbon
monoxide

Formic acid

Methanol

Methane

Ethylene 12

Ethanol

Ethane

Propanol

Oxalic acid
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Figure 1 Block flow diagram of electrochemical CO, reduction
system for carbon monoxide production. The process flow
diagram of the corresponding system can be found in Lee
etal. [12].
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Table 2. Specifications of the processing units comprising of the
electrochemical CO production process [16].

e o) &
Az
2ot - Sustainion®
X37-50 (AEM)
Cathode Z1f| - Ag (2.0 mg cm™)
ox C 40
Qe bar 1
ARUE (AL mA cm? 223.1
et \Y% 2.2
Faraday &-& (YAISHEE4AY) % 93.2
Faraday 8-& ($4) % 3.3
ojikaleta: Hehe % 55.6
O] AFS}ERA: W A crossover)£ % 10
e R m? 21.3
B kW 112
QAteheA A £ kg h' 24.794
22/ HHAY Ok kgh 0.058
ApA B Qk kg h’! 14.197
ojAtserA B A
el - Activated MDEA
FA7kA Y ojAkslebs f#F | mol s 0.1965
Y 9H bar 2
9AE o4 bar 1
Z|oF A€l AnjEF GJ t-CO,"! 2.81
ojikeleta: Y& % 99
FA7IA oAtSIE A B 1 mol.% 40.4
a4 22| 2] (PSA)
SZHA) - Zeolite 13X
FA7MA B Nm’h’! 234
FA7EA A bar 6
A L (¢ 40
e =y % 85
FA L wt. % 99.99

Abstet27) EETH40.4 mol.%). o] A%, WEroje-2otvl
(methyl diethanolamine, MDEA)Q} Z+2 3%} ofql-& &85 Z
o] a¥t¥o|ng, B FHo)A+= mjm|2kz(piperazine)¥t MDEA
o] 3221 4 MDEA(activated MDEAYZS 0]-83F %4] o]k
sfeta B 714 AGHA TELS oldsteiag Bel F A
ATt TS oliksiea AA F YAksEract S 24
St 2T as AlETo|E(zeolite) 13X FAAIE ZAT
PSAE olgdle] MeEE Hegr)

A718¥81 PAbsheis: AR 27k A

& AT £4S A% LCA 7TRo] dis] 7HEs] Aedith A
718kt oliksieta: $Hl 7|2 AlE AAto]l 24ATRAS A%
ol 71e1g % Slolot AeHIsL b 7149] L7k A 24
T AFHer 2A] HsiMe Als ikl A 3HolA
Qg WEHE LAstaY e FFHon BAT)
et 247k LCA +980] BTi19,20]. LCAE AlF Ex A
HIAE 9t e A, 24, 193 7R AlE] A4 #5,
AME 4 7], e 2E dAA Wt SHLHEd
o] HiEH AR EE A B olUAE ATl o529
F¥= Y5k 7ol ISO 140400 WEH LCAE= F 4%
AR A€t 19A A= LCAE $35k= 543 Mg 4
ofsfoF Bitt. 2eHACIAE Haby BERAS So W A
FAI2ET BA%H 24 oiA| o] B9 9 AHE HolEE &
WokT ol2 Hspich. STHAOIAE Hrby B2RA Ave
o]-gsto] AFAIATS HAAQ BFIFS B7Fohe HAol
o} 4 A oA = TRt SOl HisiA Ay B5EA AR
o ohet Ay WerEvt 2ake Rela BHeR 2 7]
=g Zh= F8 AAE I

2 BAoNE LCAS B9 713l QAisEe AT
Azt Speela Fue) QASHERs AAEHS AT
(global warming impact, GWI) 3 oj| A v]u5}o] AI7IA A
7 AT BaE,

3. gu X uF

1. 55 & EHel Hof
£ LCAY] A2 7|55k datsha PA37 9] GWIE
S ARE 7hEste] YAShEAE YAbdls 7€ GWI
Hlaste] £ thA|(substitutionyg &3 £A7EA Aol 7}
SIS AR EAsle otk 715 D9l(functional
unit, FU)= GAFSHEA: 1ked} o4 0.002 kgo|™, 5792 et
2= ol A4 9l 7hsEval 7Pk AlA" BAE Figure
29} Zo] H7|steta dalstera PAEAHT SAAR 7|6t
71E GAteketa g Zztol] sy g ofstalnt. dAtakeka
Bde7g A4 9 H7] oA Y] 2A7RA HiETe 2 B4
o= FAIFCE W75k dAshea PAZH o RE K
g7t 2% ikl wel, 38 HlaE 918 3R 7
Hho] ditsleta ARSI AlAE FA ol A"HEd
715e] AR AT HE ZFAIRC 71518 DATs)H
Hh YAFAHY A2 BAE F Al SFE TR Case 1
oAE ASHAZEA YA ARE dasheta 9 Fgaa A
Ab DA (cradle-to-gate) WS 2A7EA P2 AR
Case 201 A= AIAE] AAE dietul= YE= Agtstglch 1o]
e ASPAATEA A 9 2% DACNA B sk G
& AQIZth. Case 30141 7151814 DAtstea aks7dol
At Aok AulE 2 Qlvh ek ojaksiea 25, o
SPAIZRA A 25 9 A2 28 B4, A7 A A
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Figure 2. System boundaries of carbon monoxide production via the electrochemical CO, reduction route and the conventional route. Three
cases are distinguished by dashed lines. CO, icons indicate direct and indirect greenhouse gas emission sources.

Qishea S GWI ALtE A 9= % olvA
2HF JHE Ve Zﬂ’“ ”;‘7}01]/\1 sk % —’F | & °ﬂL1

3.3. M1tH gst Iyt

A718ko A AALBhEA YA 7]49] AT QJarEt, S5
GWIS Adlstol 27k A7 AES BAHT GWIE
Equation (4)5 E3 AAFATH

7]ub QAlshERA W 4 nup_zq,] %g_/q]q x] /\u]% El GWI (kg-CO,eq FU) = Y3 A& + D2 ul% -ol kst
AEA &g FYHE F3[5,1621]7 LCI Hlo]gHo]A 2 4] Equation (4)
[22]5 FFch
Table 3. Inventory data of electrochemical CO production system.
T EEEH R Bk
=4
olAkshekA EQF kg FU! 1911 |Q3o)A] 24 & ZF3H=of
o] 24 AH|F kg FU" 0.100 |AZ2] anodeZ FF
o]AlSIErA v & kg FU! 0.287  |O]AFSFEEA crossoverZ Q13f 215} & anodeof| 4] 2HAY
AbAs BAVE A ALk kg FU! 0.570 | Z3= anodeol 4] LAY
oA
A7) v MJFU' | 16556 |Haliz, B, 57]0fl4 9] Aoy ] it
AP A7 AH]FF MIFU! | 3509 |olatshera BelgAol A Anlohs A9k AH A4S
W Av|EF kg FU"! 25.844
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Table 4. Emission factors for the analysis of life cycle greenhouse gas emissions.

T =4 s H] 3L =

A7) WA kg-COeq MWh'! | 4594 2011 U] A EE vjE A4 KPX [23]
AP A7EA YA 2 kg-COreq MJ”! 0.023 %5 Darwinof| 4] AF & AMuto g Skone et al. [24]
>% A& QAPIE &F

ASHAA7 R A kg-COxeqMI' | 0051 AL 71E Aspen Plus A4+ 23t
7] o]AlsterA kg-COseq kg-CO;,! 0.84 Aetsleabd Ao A 7] 7|& Miiller et al. [25]
A YA kg-COzeq kg-H,™ 14.32 AEHE AL S5 AJAF Spath and Mann [21]
YA ERA YA - kg-COeq kg-CO™" | 2.618 A& e 718 A Leeetal. [16]
71E5R 1

AAFS A AYAL - kg-CO,eq kg-CO™! 1.085 Fuel oil 7}Z-& &3] AJAL FASAE AA4SHY Althaus et al. [22]
71EE8 2 AU oA = F+. W AFI-E A7) AR 71

UARSIER A YA - kg-COseq kg-CO™ | 0.598 st A g 7]9t AYAE AFA|SH De Luna et al. [5]
71E37 3 A& W2 gRlE7

GWI Alito]l a1t flg 9 oA vjEA|S+= Table 4
of . APHATIAY A, A E % HAY 4H] &
o9 wiEFS s S8 Exo] HiEATE 7R
71 A9 dAksleta AR 2ATIA HiEAlSE F
A £59 GWI gh2 Bobd A7Isfeke Aasheba AR
o] GWIS} H|Fe}.
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MDA TR A ol AY T AL B 4
Q) ol (1) Ashaol Hgo] 23| ¥4 Gobd AalE
240 B2 Fo A7|o|qA7E B_sk (2) S HEFEES
& A|52(459.4 kg-COeq MWh')7} Z12] QF7] wfjolct, 1 ot
SO 8 W2 FE Aotz 812 oJ4ksleta AH|Foltt A
71518k dAksteta AR & uiEFolA ol4tabeta
287} A 5HE BlFo] FofRlRt R At AS E
Qlct. FaE JASIerA Faraday E-8©°] 90% oJAlo 2 ZE
5] il HRg o]4ksleAo] 99% o] S 3stittal 7H
7] WZol & EAoA AERE o]Aksleta AH[FE dFAA
& 7 4 e Htigol 2R 1S 4= ek 7]

GWI: 089
Case2

GWI - 097

B} T2 S QISP AvEAs AJAL &5 9 Avky
+olAteekA HiE oA 9] ERIY) S FH o2 A2 S
2 v

QHH, AL BAZE FoHES4E GWIZE F4aste As &
UL}, Case 1974 Case 2& FoHd W= GWI Flo] 8%%H ZHAxgt
o} SEAIRE Case 200|14] Case 3% WA= WA IHdull&Eo] A<
S A ) olAISIERS Al ERREo] tjet GWiE 2
FE UehdES & 5

Cradle-to-gate A|A®] AA] 7|&(Case )22 H7|slstd A
Abgtetra LRSS GWIE 712 AR 79 d4atster
A AJAZA 9] GWISF H| RS W) Althaus et al. [22]2} Lee et
al. [16]2] GWI ZH2.618, 1.085)ECH LS AL oF 2 git}. o]
L% sdR Sue Qushs BAEES A7 o
Aok ANEAQE 2008 AHOR qARE 27
323.6 B3 17 £9 LANMAE FJAH o A7 4 Ut &
H, A715ksh dAatstera BARE7d 9] GWI= De Luna et al.
[517F ARG LArskeras AR GWI (0.598)E.t} 1.67H
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Figure 3. Global warming impacts of three cases of the electrochemical CO production. Negative values indicate the amount of CO, fed into
the process. GHG emissions in the production and consumption of deionized water and cooling water are neglected.
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Figure 4. Global warming impacts of the electrochemical CO production and the conventional CO productions depending on the emission
factor of electricity. Ref 1 - Steam methane reforming [16]; Ref 2 - Fuel oil reforming [22]; Ref 3 - Fossil fuel-based production [5].
The vertical dashed lines indicate difference sources of electricity [26]. The emission factor of the Korean power grid is taken from

KPX (Korea Power Exchange) [23].

3.4. MIH 1A

A7)13}6Hs dAiksleta APAkgAo] IAPA7 )=
o EE-2 A7) Aol A WAgRlt) o] = 4
% o AFEAE oUA] &7 Ailslerag Mol
Aol A E2 g A7 A7E 4H|E7] wjZolch. wEkA
A7 A 9 vjEA ol wEhA A7)SkeHe daksleta At
A9 GWITF LA7EA A7 Aol 34 et 2= 9ok

A710q R viEA IR Depglol wet A7)|sfe dikslet
2 YAE7Y] GWIS] BiSHE Case "BE Figure 40 YERIT
o9} T AR 7|uke] Yalslers AALEA Al 2EO
GWIgL H3te 974 Yebfleh. Case 13} 2] stz AlAH
AA oA A7) AAsiers AAlEZ o] HHAIA|FE
GWI= A719o1|A 9 viEAls7} Aol wet o HA F4a
2 B 5 Qlck A71ou A wiEAS7E 260 ke-COzeq MWH' B

o Joja #Av|gElHoz  dalstEAS  AAlshd
cradle-to-gate A 7]&(Case 1) &9 2A7IA HjE&S 24T
< Qe kA 71E9] AR 7 dASIER A TS diA
Sh= "HAlo] opd, 5l 34 A4 9 S &1 247t
& A (=29 2A47IA wiE)E 245 fsiAe =W 2
Brol wiEA4rt A 57% R o= Lopxof dlt}

Al T579 M AR 75Ee] FAtsheta ARSI v &
o A7 A] 9] HiEAS7E 360 kg-COeq MWh ' E T} Holx]
H 7|18k daksleta AFAbgA o] GWIE Al S79 71&
3AY GWIHT Ropd S & 4= loh B = A7 =9 H
ZA1%71 820 kg-COeq MWh'HT} AXH(d]: AeksledbA)
71348k dikshets: ARG 9] GWIE HE SR 7)ut
Aiksleta PrhEA ol GWIETH o AZo] weh 2A7EA A
o] E7Fssix

A39F
Jrid oz Qb=

o
i

SHH Althaus et al. [22]2 1 kg9] LASIELAE fuel oil 7]&
= &l A Al 28 F= A7|aHFS Y] Qlok o]of w
o A7|o|uA] AL 2okl ket o T GWIE
wiskA) ek, e, o] ShHels Zu B42) GwI Wsh JEL
WS Qusies B GWI HSpECE Z
Cradle-to-gate A|AE] AA 7]Zo 2 wl&AL7E 9 490
ke-COseq MWI'SJ= AHoIA] & B4 GWIZE LA, of
of v, ol BIRAS 61 ANE FES I 34
GWITHS: W71 ol Ao A Hﬂ%ﬂ]’\ H3}of| wh
£ 374 AA9 GWI ¥3ks Autd 7} itk eA7F Sl
weEbA], 7129 dAStErA ARG O] AR QIMIER] HH
£ U o R GWI g2 EAs|A A7]5keh dilsiera A4t
349 2A7IA A FAFE ok JgsHA E4sfoF gttt

¥l

-

4.2

rhu

B BHoAE H7|sksby olusteta BUS FU YIS
g LAk A BAFS B 9 Azt
742 $@Ych. Cathode AL AFG3LA) Q= AEM 7]
o Az Axg AeE FATHY AdaA A
shgro @ cloket BHOIM A 714S BAstct
A7t £BE B9 ) wARRo| WEArg v
o= A/SEHA YABFRA AATIES] GWIE o AlAd
AN disl AR GWI g2 AlAF ZA O] wet 24 &
2R =], datsteta gAAoA 9] ARuiEtts AHshe
AL 89] 2AJIA A7to] 7455tk AR cradle-to-gate A
28 FAE 7€z A7|ovA wEAs7E dA =y 2
HIo] vj&AI KTt A4l 7lrto] Yolxokt X191 24
7HA AE 94T o Ao $E, AR 7N dAtkske

o?:r

=
e
3

oZ‘.F

m[m 12



16 w14

& BAsAE 718k datstaa BdsHo R diAde
2 g4 7heet 2A7kA AR A Bladd 5782
Gwrof| whet g2 & Qloh. & 24004 H 7hett sk d
& 7|Hte] dateieta Aiksrg R A B4 35
7loll S23HA] ettt webd Hop gekeh 247k A%
AT e AsiAE 71 240] e

T A71spEH dibetga BAVIEe] BA"HE Eol7]
AsiMe FAHor Moo HAYS FHAM A71BAE T
oA g ulEde EofoF oot TS AH 7HH o= vl
A7 $2 A7E il 5 e AF0A driskskE o
2 drksietag AAtshs Zlo] vhAd Aol whef Beksg

YT AitEe VS AFHer E8se 4
%, 71919 A] SFgol AlRtel et 2ebA]7] el d718t
oh4 dibsteta ks de s 2dste e =9
g "ar 3& Aot

T, 2 BAoIAL HojRol A WP Ak RAES
712 SRR AT Akao] AATHALS Sal Qs
chao} vl welA] gol WolXAgk 7120 TeE AAE A

=

= - =
sheta AABHORRE dg 4 e Ahw Ao A
2ATIAE IR AT & s Aotk

B AA(AHE)s 2219 7850 fPog AT
o] X Yg wrot =y XAt st 7|8k G A AFY
9] AFJYTH2021RIS-004).

References

1. Global Monitoring Laboratory, “Trends in Atmospheric Carbon
Dioxide,” 2022. [Online]. Available:
https://gml.noaa.gov/ccgg/trends/. [Accessed: 25-Feb-2022].

2. Choi, J-N,, Chang, T. S., and Kim, B.-S., “Recent Development
of Carbon Dioxide Conversion Technology,” Clean Technol.,
18(3), 229-249 (2012).

3. Bierhals, J., “Carbon Monoxide,” in Ullmann’s Encyclopedia
of Industrial Chemistry, Weinheim, Germany: Wiley-VCH
Verlag GmbH & Co. KGaA, 565-582 (2001).

4. Chae, S. Y., Lee, S. Y, Han, S. G., Kim, H., Ko, J., Park,
S., Joo, O.-S., Kim, D., Kang, Y., Lee, U., Hwang, Y. J., and
Min, B. K., “A perspective on practical solar to carbon monoxide
production devices with economic evaluation,” Sustain. Energy
Fuels, 4(1), 199-212 (2020).

5. Luna, P. D., Hahn, C., Higgins, D., Jaffer, S. A., Jaramillo,
T. F., and Sargent, E. H., “What would it take for renewably
powered electrosynthesis to displace petrochemical processes?,”
Science (80-. )., 364(6438), eaav3506, (2019)

6. KRICT, “Next Generation Carbon Upcycling Project Group,”

10.

11.

12.

14.

15.

16.

17.

18.

2022. [Online]. Available: https://ncup.krict.re.kr/. [Accessed:
15-Jan-2022].

KIST, “Carbon to X Technical Development Research Group,”
2020. [Online]. Available: http://www.ctx.or.kr/. [Accessed:
15-Jan-2022].

Lu, Q., Rosen, J., Zhou, Y., Hutchings, G. S., Kimmel, Y.
C., Chen, J. G., and Jiao, F., “A selective and efficient
electrocatalyst for carbon dioxide reduction,” Nat. Commun.,
5(1), 3242 (2014)

Dinh, C.-T., Burdyny, T., Kibria, M. G., Seifitokaldani, A.,
Gabardo, C. M., Garcia de Arquer, F. P, Kiani, A., Edwards,
J. P, De Luna, P, Bushuyev, O. S., Zou, C., Quintero-Bermudez,
R., Pang, Y., Sinton, D., and Sargent, E. H., “CO,
electroreduction to ethylene via hydroxide-mediated copper
catalysis at an abrupt interface,” Science (80-. )., vol. 360,
no. 6390, 783-787 (2018)

Roh, K., Bardow, A., Bongartz, D., Burre, J., Chung, W., Deutz,
S., Han, D., Heelmann, M., Kohlhaas, Y., Kénig, A., Lee,
J.S., Meys, R., Volker, S., Wessling, M., Lee, J.H., and Mitsos,
A., “Early-stage evaluation of emerging CO, utilization
technologies at low technology readiness levels,” Green Chem.,
22(12), 3842-3859 (2020).

Kim, Y.E., Kim, B., Lee, W., Ko, Y.N., Youn, M.H., Jeong,
SK., Park, K.T., and Oh, J., “Highly tunable syngas production
by electrocatalytic reduction of CO, using Ag/TiO, catalysts,”
Chem. Eng. J., 413, 127448 (2021)

Lee, H.-E., Yang, K.D., Yoon, S.M., Ahn, H.-Y., Lee, Y.-S.Y,,
Chang, H., Jeong, D.H,, Lee, Y.-S., Kim, M.Y., and Nam, K.T.,
“Concave Rhombic Dodecahedral Au Nanocatalyst with
Multiple High-Index Facets for CO, Reduction,” ACS Nano,
9(8), 8384-8393 (2015)

. Rosen, J., Hutchings, G. S., Lu, Q., Forest, R. V., Moore,

A., and Jiao, F., “Electrodeposited Zn Dendrites with Enhanced
CO Selectivity for Electrocatalytic CO, Reduction,” ACS Catal.,
5(8), 4586-4591 (2015)

Song, J., Song, H., Kim, B., and Oh, J., “Towards Higher
Rate Electrochemical CO, Conversion: From Liquid-Phase to
Gas-Phase Systems,” Catalysts, 9(3), 224 (2019)

Kutz, R. B., Chen, Q., Yang, H., Sajjad, S. D., Liu, Z., and
I. Masel, R., “Sustainion Imidazolium-Functionalized Polymers
for Carbon Dioxide Electrolysis,” Energy Technol., 5(6),
929-936 (2017)

Lee, J., Lee, W.,, Ryu, K.H., Park, J., Lee, H., Lee, J.H., and
Park, K.T., “Catholyte-free electroreduction of CO, for
sustainable production of CO: concept, process development,
techno-economic analysis, and CO, reduction assessment,”
Green Chem., 23(6), 2397-2410 (2021).

Lee, W., Kim, Y. E., Youn, M. H., Jeong, S. K., and Park,
K. T., “Catholyte-Free Electrocatalytic CO, Reduction to
Formate,” Angew. Chemie Int. Ed., 57(23), 6883-6887 (2018).
Roh, K., Lim, H., Chung, W., Oh, J., Yoo, H., Al-Hunaidy,



19.

20.

21.

22.

23.

718¥3H4 o|Atsfek 4 2

o

A.S., Imran, H., and Lee, J.H., “Sustainability analysis of CO,
capture and utilization processes using a computer-aided tool,”
J. CO; Util., 26, 60-69 (2018)

Miiller, L. J., Kételhon, A., Bachmann, M., Zimmermann, A.,
Sternberg, A., and Bardow, A., “A Guideline for Life Cycle
Assessment of Carbon Capture and Utilization,” Front. Energy
Res., 8(1), (2018)

Choi, J, N., Ahn, J. J., Park, P. J., Lee, J. J., Lee, K. W,
and Jang, B. W., “Techno-Economic Assessment & Life Cycle
Assessment Guidelines for CO, Utilization,” Technical report,
Available: https://co2platform krict.re.kr/Ica/view/id/276#u
[Assessed: 01-Jan-2022] (2019)

Spath, P. L., and Mann, M. K., “Life Cycle Assessment of
Renewable Hydrogen Production via Wind / Electrolysis,”
National Renewable Energy Laboratory, Technical report,
NREL/MP-560-35404 (2004)

Althaus, H., Chudacoff, M., Hischier, R., Jungbluth, N., Osses,
M., Primas, A., and Hellweg, S., “Life cycle inventories of
chemicals. ecoinvent report No.8, v2.0.,” Final Rep. ecoinvent
data, (2007).

Korea power exchange, “Emission factors of the Korean power

=53]
[

[}
jul

25.

26.

+
e
2o
B
AU}
B

17

AL LA 0]

34t 34 AP} : LA

A A A

generation sector,” 2021. [Online]. Auvailable:
https://www.kpx.or.kr/www/contents.do?key=222%0A.

[Accessed: 21-Sep-2021].

. Skone, T. J., Cooney, G., Jamieson, M., Littlefield, J., and

Marriott, J., “Life Cycle Greenhouse Gas Perspective on
exporting liquefied natural gas from the United States,” National
Energy  Technology  Laboratory,  Technical
DOE/NETL-2014/1649 (2014)

Miiller, L.J., Kdtelhon, A., Bringezu, S., McCoy, S., Suh, S.,
Edwards, R., Sick, V. Kaiser, S., Cuéllar-Franca, R., El
Khamlichi, A., Lee, J.H., von der Assen, N., and Bardow,
A., “The carbon footprint of the carbon feedstock CO»,” Energy
Environ. Sci., 13(9), 2979-2992 (2020).

Schlémer, S., Bruckner, T., Fulton, L., Hertwich, E., McKinnon,
A., Perczyk, D., Roy, J., Schaeffer, R., Sims, R., Smith, P,
and Wiser, R., “Annex III: Technology-specific cost and

report,

performance parameters,” in Climate Change 2014: Mitigation
of Climate Change. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA. (2014)



