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ABSTRACT

As global temperature rise exceeds 1.5°C and climate change intensifies, achieving carbon neutrality has emerged as an
urgent challenge, and carbon capture and utilization (CCU) has attracted increasing attention as a key strategy for the tran-
sition toward net-zero emissions. This study quantitatively compares greenhouse gas (GHG) emission characteristics of
Fischer-Tropsch (FT)-based diesel production processes under feedstock substitution, using natural gas and CCU-derived cap-
tured CO; as alternative inputs, within a gate-to-gate system boundary. The gate-to-gate approach was adopted to isolate
and evaluate the impact of feedstock substitution and process configuration on emissions within the fuel production stage,
excluding upstream and downstream influences. Aspen Plus-based process simulations were employed to establish a conven-
tional natural gas-based FT process as the reference case, and four scenarios were developed, including captured CO, uti-
lization, additional CO, recovery within the process, combined heat and power (CHP) integration, and an integrated
configuration. The results indicate that feedstock substitution and process configuration significantly alter the emission struc-
ture of FT fuel production, with energy consumption—particularly electricity and steam—identified as the dominant contrib-
utor to total emissions. Scenarios applying captured CO; as feedstock (Scenarios 1 and 2) reduced the contribution of direct
process emissions (Scope 1) to approximately 5% and 1%, respectively; however, increased electricity and steam demand
led to an expanded share of indirect emissions (Scope 2). The CHP-integrated scenario (Scenario 3) achieved the lowest
overall emissions by minimizing external energy dependence through internal energy self-sufficiency. In contrast, the fully
integrated scenario (Scenario 4) exhibited increased emissions due to higher process complexity and additional energy
requirements. While the gate-to-gate framework enables a focused assessment of process-level emission characteristics, it
does not capture emissions associated with upstream feedstock production, CO, capture, energy supply, or downstream fuel
use. Therefore, future work should extend this analysis to a full life cycle assessment (LCA) to comprehensively evaluate
system-wide emission impacts and the overall implications of feedstock substitution.
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7 AU 5 Hotqinh B4 A3t ¥E Mgt 3 4 Wslol] weEt FT s A A9 wiE w27t 34 geRle
ZA0E Uehgon, o] A W A¥ AHE ZUFE oUA] AR EA0] F HiETS AHlicks 8 89108 FRIFIrt Y
COE Hda= H&3t Auz]e 13 378 W T4 COE 571 3153t AlUe]Q 2= FT 34 Wi Scope 19] 7|oj=g 72} oF
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o] 2A7IA HiE EAJE X5k A4 8R1US FFH R A3l thl, &2 Al gate-to-gate A|AF] FA 0] 7|yE
S EAo2 A U AL COo, 2, YA 35 9 AR AR DAIIA Y] &2 WrgsHA] Xl SIS T whEba] g
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o F87} itk
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3+ R HOJA|(IPCC, Intergovernmental Panel on Climate ol9} 72 A A& AIC] T2 LA Ho TAHL
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Fig. 1. Flow chart by baseline and scenarios.
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Fig. 1. Continued
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ZF AluE]2.0] SAZEA HiETES HiE Helo] Wt Scope  HIETRE CO, Silglton CO,_eq)o 2 FUsIFOH, o5
13} Scope 22 F-ESIo] APYSIRATE. Scope 12 FT @454 o5 Z+Zhe] LAEA HiEEo| AL RTLeUdiA|S
HollA A Aol 2AI7EA &S QJulshH, Scope 2+ (GWP, global warming potential)S Table 20f UERHATE.
374 =40l a3t o 17 € A" AH|o E FElE gEo], BE AU oHE 38 W CO, FE2 WASH
& opelgie), Sl e AYe) NEIEE Sl PCC E O A0 /SIS 3, B CO/ s SeEo]
S RN B A0 ME AV R B W e SRS A S RS St ol

2 MBI Scope | MBHL FT BT Yol 488 o A 7142) oldx 7L JldoR 1% AEg 4
_E Aok 2AVEA BlES SA0E BAsiolck A7l 2 FSfelaiAt dolw, AA| 71& 7 Al AEEolol T +EE
28 AR Aspen Plus v12 79 54 AEHold AE ‘34 e 55 e #4& 39l AED BaUt S A
SEART HEI olof 2L WS Ag Aol ofd o AmEith 7 AMeleuE Tl ARl gek] uj
AlEdold 719ke] 374 ATollA de] E8Em, teiRt 7le o SYE 24AVKA HiET BlRE A5 4 AU EE

%Loﬂ o2 wiE A Blao] Qo] B&/% A FHol Ut 7155 (Functional Unit)S Z-& M A= v\ wsty

5t Ao g BrlEth 2AVEA HiEsF AAHPHS GHG 71599= OA 1 E YARS 7|Z2o 7 AAE9lom, olE
Pr0t0001[8] 2 Y iEEARAE AR 2N S VIS0E TRY 2A7RA HiES(ton CO,_eq/ton-diesel)=
AA BiET B 2 QIS0 IRt A7) [EH6lS 7R E=ESIGITh
2 ApgeIglon, 2 Auele. | BeIAS] 7] B A8 A

_Q_%:__ _g]-E;q.g_g _Q.O}Oﬂq. /\]-;G/UO /U (1)_0_ A}_Q.O}Oﬂo 3 cﬂ_—rp_ 7E:|ﬂ|.
o, 218 Al w2t v 247k 2 CO,, CHy Y
N,00|1, 2§ HiEAG== Table 1°] AA[SIAH: 3.1 AUE|RYE 24TtA HIESF LPY 2t
& dolde Aerdeld ZHE CoE 8319 FT
BuouCOzeq = 2j (AD x EEj x GWE) D g 7 RS BAste $HE AL 71E At
of7]A4, 2 718 FT A1} Blwsle] LA7IA 71 guls #ekzo
Eow,COzeq : A7) Tam 26 ARS T2 CO» eq IS 2 wrtslolet. #iE2RS Scope 1(270H2) T} Scope 274
(ton CO,_eq) Wi A7) L 2R)S JlZoR AFgaisinh Holagilz 4
: Q’MH SHEZ W] Be 2" AT MWh) S Ao gis) O 15 AR SALA HiEERe AL
SWING)E A7) Be 26 WiEARE (GHG/MWh) g3t A712 Table 30] LFERAYTE Fig. 201= Scope 13}
GWP, : SAZRAGE A1 (100, PCC ARd) Scope 29] UjZ 7]o]ES Uehglom, o2 §8) 7 Al
j: uﬁg A7 F5F (e.g., COe, CHy, NYO) o T EXMo|| o}Z ofA] AR mfjElo] o5t LAIZEA H
B2 viEEe 27 SR €O, CHy A NOR HE zer wisle Amugh)
Table 1. Emission factors for electricity, heat and steam
. Country-specific_emission factor
Section o, CH, N.O
Elec[g]‘my 0.4517 ton CO/MWh 0.0048 kegCHy/MWh 0.0084 kgN:O/MWh
S[ti’gﬁn 56.373 ton COy/TJ 1278 kegCH,/T) 0.166 kgNO/TJ
Table 2. Global warming potential(100-yr)
Section Greenhouse gas
CO, CH,4 N,O
Global warming potential(100-yr) 1 27 273
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Table 3. Scope 1 and Scope 2 greenhouse gas emissions by baseline and scenarios

Unit : ton CO,_eq/ton-diesel

Scope 2

Section Scope 1 — Total
Electricity Steam Subtotal

Baseline 1.170 51% 0.585 26% 0.520 23% 1.105 49% 2.275
Scenario 1 0.055 5% 0.759 72% 0.246 23% 1.005 95% 1.060
Scenario 2 0.006 1% 0.814 75% 0.260 24% 1.074 99% 1.080
Scenario 3 0.341 38% 0.437 48% 0.125 14% 0.563 62% 0.904
Scenario 4 1.185 55% 0.236 11% 0.717 34% 0.953 45% 2.138
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Fig. 2. Emission contribution of Scope 1 and Scope 2 under baseline and scenarios
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g Bt ol AWIAE F3 YRE ARk 718
FT /3780014 2 A4 E 8RS 3go4 9] viE Hlso]
Ath= o] ¥HgE A= AmErh Scope 20041= A AL
|02 QIgh ujEo] 26%, AHEL 23%E AFX[5I9Tt. wEhA
Hlo] ARl ZuEo] 5 o|FHAE, offA] ARGl ot
£ e JA FAE & gl s 2RI 4 Qlth
AL 12 ZHE COE ¥a2 XFsto] FT 34 Y
St A=, & viETE2 1.060 ton CO,_eqg/ton-diesel 2 L}E}
Wom, Scope 10] 5%E uwl¢ 2 HIESZ AA[SH:
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£ et Ant AF oA ARGl 7]9IgE R o® AlmETh
3L Scope 10] IA| 7HAgH ¥HH, 11 dg 34 K02 2l
3 A7) ArgFo] tiE: F7IeE ATtE H]Itk. oAzl of
H] AU 2 194 7] ARl 377 1 il S712 o]
oA Scope 27} & HIETFS| thHE-S AAok= o= o
A=A AU R 2= AlUR|R 1 340 7= 54 Wi
oA WYsl= COE ZHo: AFE, T HIET 1.080
ton CO,_eq/ton-diesel 2 LEFE O™, Scope 12 0.006 ton
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et o]ofl Scope 27F 99%F AHAIGHIIL, AlFA 2= A7)
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HiSE o Hdasilon, A8 ARgRe| ta F71ste] 5 Hi
ST AU L 1ET 0.020 ton CO,_eq/ton-diesel THE H
HiEE Zo® yehgth AlUER 32 FEIH(CHP)S
2993t A&, & W& 0.904 ton CO,_eq/ton-diesel © 2
UEhoH, BE AU F 7P A2 HiEdE 7155131
T} Scope 12 38% =502 AU Q. 13} AU 20] B
S A UERt o, SREH(CHP)S] AHA oflUA] 3w
B3 Scope 2 HiET S tE ALAFCE A AR 48%,
AEL 149%9] 7]ojES H 9 oH, Scope 29] HIEHS 0.563
ton CO,_eqg/ton-diesel 2 UEFHTE o]= FHghdo] o1&
olLiR] ABIE E0l1L, THHiES FAskle ° Al
ool 2 5= U5 Kol v, AU L 4= CO, AL
FILE FVsto] FARES 34 ARolke B9=, & HiE
ZE2 2.138 ton CO,_eq/ton-dieselo|H, 47} AU & 5 7}
=2 ST UEHIAL Utk Scope 10] 55%2 Hjo] Azt
19] Scope 1 7]of=HTt EA YR OH, ol= FT 37g0l4]
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U712 52 S1sA= Scope 1 A HEC] oA &
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Table 4. Emission reduction compared to baseline
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Z7F2 Scope 2 HiETFC] EolUE M2 TEE ool +
2 sHA|2 =yttt o] g5 CCU 7|5t A=At 338
o], T8t CO, 22 St ofua} F49] o]
7Wilo] wag=]ojof Sith= & HojFal Qltk AluE
FUH(CHP)S Esto] 9 35 A7) € A"
451t A3}, F viEsFo] 0.904 ton CO,_eq/ton-
diesel2 AUEQ F 7P Wokom, 2A7MA EES
60.3%= 7Y = FIE Bk o= CO, 2T 34 W
E3lea FANES E83t olvA] g3 AlAEE A%
- Scope 2 HiES FAAA F UFES T = US
HolQltk. E5), R - ARt A2 diati offvA] g
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B2 B 45 HUS FHT 5 9l 7h5Ho] % o=
sehlc) of= HHHO BT CCU 71 w3 oA

A - 58S A T30 Walo] WATHS AN AR
Hr}. ¥, AU 4= CO, 24, CHP, CO, AAHE S5
7HA] B 3EOKeE B9k AIAHQo| e ES6lal, F HiEgo|
2.151 ton CO,_eq/ton-dieselZ YEIY 7=E0] 6%0] s}
At} ol= H] ¥EE CO, 3 E A B2 fet 54 544
2719k 271 o) 4v} 93l7 4 % PHNES A
of gtfioted, 378 o] BIEA] =2 5 AIE o|ofR|]|

Total emission

Emission reduction

Section (ton CO,_eqg/ton-diesel) (ton CO,_eq/ton-diesel) Reduction rate(%)
Baseline 2.275 - -
Scenario 1 1.060 1,215 534
Scenario 2 1.080 1,195 52.5
Scenario 3 0.904 1,371 60.3
Scenario 4 2.138 136 6.0
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