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ABSTRACT

This study aims to quantify the greenhouse gas (GHG) emission factors of by-product hydrogen generated from the
Naphtha Cracking Center (NCC) process using Life Cycle Assessment (LCA), and to analyze the differences in emission
results based on the selection of allocation criteria. The allocation methods were categorized by referring to international
LCA guidelines such as ISO 14044, EU Product Environmental Footprint (PEF), ILCD Handbook, and Hy Guide. Four
allocation criteria were applied: mass, lower heating value (LHV), economic value, and mole number. The study examines
how the choice of allocation approach significantly influences LCA results and the calculated GHG emission factors.
Mass-based allocation offers simplicity and general applicability, but lacks the ability to reflect product characteristics.
LHV-based allocation is reasonable when all co-products are used as energy sources, but may not be appropriate when
their end-uses vary. Economic allocation reflects market reality but is highly sensitive to price fluctuations. Mole-based
allocation is theoretically sound as it reflects chemical stoichiometry, but its practical applicability is limited due to the
lack of precedent in industrial or policy applications. The calculated GHG emission factors for each method were as fol-
lows 1.25 kgCO,eq./kgH, for mass based allocation, 3.219 kgCO,eq./kgH, for LHV based allocation, 13.24 kgCO,eq./
kgH, for economic value based allocation, and 13.93 kgCO,eq./kgH, for mole based allocation.
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Table 1. Life cycle assessment criteria for co—pro-
duct hydrogen from the NCC process

Category Definition

Energy supply for equipment operation and
transport

Function

Functional unit 1 kg of hydrogen for energy delivery

Reference flow Hydrogen 1 kg

Electricity, RW

|
. :
| |
|
- AN |
| Raw material N 1
[ Raw material transportation >
| Raw ™
| material :
|
|
| N—|  Hydrogen | '
: — production |
|
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|
. I
| |
| |
| |
|

Fig. 1. System boundary for co—product hydrogen
from the NCC process.
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Fig. 2. Naphtha cracking center process.
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Table 2. Data converted based on the functional unit
of producing 1 kg of hydrogen

A
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Table 3. Allocation criteria according to LCA guide-
lines

Category Material Unit Amount Guideline Allocation criteria
Naphtha kg 3.51E+01  Physical relationships (mass)
Raw C3 LPG kg 2. 06E-+00 150 14044, Other relationships (economic value)
material . . .
C4R3 kg 8.23E-01 EU PEF * Physical relationships (mass, energy flow)
PW ke 5 85E-01 e Other relationships (economic value)
T
Utility Cooling water kg 5.09E+01 handbook enthalpy, exergy)
Nitrogen Nm® 3.83E-01 ¢ Other relationships (economic value)
Air Nm® 7.69E-01 . * Physical relationships (mass, LHV)
Hy guide . . .
Electricity kWh 2 88F+00 * Other relationships (economic value)
Energy Steam MJ 5.70E+01 * Physical (mass, volume, length, quantity,
Category Material Unit Amount KEPD -, lgzsfli}r]r)ﬁc (average of the last 3 years inclu-
Hydrogen kg 1.00E+00 ding the data collection period)
Ethylene kg 1.20E+01
Propylene kg 6.23E+00 g 7|52 AR 71502 SPRSIE viEsks 7Y 2
Mixed C4 kg 3.73E+00 FHAo| a1 7het HiAol Ak, A AR ARk 3 W
Product RPG kg 7.92E+00 7154 EE AuURE F840] 2 B9 VoxEE i
CH, kg 2.06E+00 {7Fd o Aok E3 o] WA Al 1 ofl|A] o AfolE
Ethane kg 3.61E-02 HkdskA] TRt HAE 7RIt
H-RPG kg 5.63E-02 =7 7182 Sfot WSOl 7 E40] sk A4 4 H
PFO kg 3.40E-02 9S4 Y dEESE = HPERAY 7]9%)E JEot
Waste Wastewater kg 4.00E+01 o RIS viEshs o=, SRk Fojeg X0
Emission Combustion COeq. COseq. 1.51E+01 2 e £ Stk S 7P oyA] 7= E s}

A RA] TEH E2A AvEA|(ER, Fu, o]
%, YR F 5)E wHgst] dd= S, £ <
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U=} AREES S "o 11]. AETE 2HA29]
g 9 Fol|A] it mtEOM = BAA T 7IEeE
3T o weiert Bis/dS Esto] Holy 8 71tk
Rt 2 39 et 71 A8SHeS HASHL QlHK(Table 3).
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Table 4. Characteristics and advantages/disadvantages of each allocation criterion

Criterion Characteristics Advantages Disadvantages
Significant contribution differences due
Based on the mass of subst- . . e . . .
Mass * Simple calculation to atomic weight variations
ances . I
Difficult to reflect energy contribution
* Allows verification of chemical con-
Considers chemical participa-  tribution . o
Moles . P P . L Difficult to reflect energy contribution
tion and number of molecules ¢ Preventing underestimation and over-
estimation by atomic weight
. . . Highly sensitive to market fluctuations
Economic Reflects market value and co- * Emphasizes valuable outputs in the g Y .
L Difficult to reflect physical and
value mmercial importance market . o
chemical contributions
* Allows assessment of energy contri- Unsuitable if outouts are not ener
. . . u utpu
LHV Reflects energy content bution of high-energy-density substan- P 24

ces

sources

Table 5. Calculation of allocation ratios based on
economic value (partially presented)

HelolM AlSsle eafedEAI R
SlofA e 2023 AGotehdze Farsiler(14,15],

HERUREL

. Amount Price Allocation TFEMixed C4, RPG 5)Z AFYY £4] Hlo[ElE &85
Material N
(kg) (KRW/kg) ratio (%) FCHTable 5).

Hydrogen 1.00E+00 12,000 27.38 Sr|Ed EQIEy} HiEEo] Iy H[SL A 7|Fo|
Ethylene 1.20E+01 1,254 34.33 2.62%= 7K Iokom, E2= 28.80%, AAA 7EA] 27.38%,
Propylene 6.23E+00 1,254 17.82 AdeF 6.62%2 AFYE9ich 7 S| HLS B9
Mixed C4  3.73E+00 650 5.53 &3} wiEEo] 283t 352 Table 63} Zth

RPG 7.92E+00 650 11.74

3. Hiry FeFEst A ot
F4x9] NIST Chemistry WebBookS E-85}9ItH12,13].

A 71 7] At SRt A=) 7ML A 3.1, MKy St

Table 6. Applied ratios of inputs and outputs in the NCC process according to each allocation criterion

Category  Material Unit Mass Moles Category Material Unit Economic value LHV
Input Naphtha kg 9.20E-01 1.01E+01 Input Naphtha kg 9.61E+00 2.32E+00
Input C3 LPG kg 5.40E-02 5.93E-01 Input C3 LPG kg 5.64E-01 1.36E-01
Input C4R3 kg 2.16E-02 2.37E-01 Input C4R3 kg 2.25E-01 5.45E-02
Input DI water kg 1.03E+00 1.14E+01 Input DI water kg 1.08E+01 2.61E+00
Input C@Zilerrlg kg  134E-01  147E+00 Input C;Zi’er;g kg 1.40E+00 3.37E-01
Input Nitrogen ~ Nm’ 1.00E-02 1.01E-01 Input Nitrogen Nm® 1.05E-01 2.53E-02
Input Air Nm®  2.02E-02 2.22E-01 Input Air Nm® 2.11E-01 5.09E-02
Input Electricity = kWh 7.56E-02 8.30E-01 Input Electricity kWh 7.89E-01 1.91E-01
Input Steam MJ 1.50E+00 1.64E+01 Input Steam MJ 1.56E+01 3.78E+00

Emissions C"gg’::;mn COseq.  395E-01  434E+00  Emissions Coglg;es;fon COseq. 4.13E+00 9.98E-01
Allocation ratio % 2.62 28.80 Aufa‘i?gon % 2738 6.62
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Table 7. LCI database list

Material Database Source
Naphtha Market{}fzgv?aphtha Ecoinvent 3.11
LPG qu“eﬁed{é’:\t;gleum 885 Ecoinvent 3.11
C4R3 Butadien {RoW} Ecoinvent 3.11
DI water  Water, deionised {RoW} Ecoinvent 3.11
CwW Tap water {Row} Ecoinvent 3.11
Nitrogen Nitreogen, at plants Ecoinvent 3.11
Market fi liqui
Air arke o{rRZ)\(;;%en, iquid Ecoinvent 3.11
. Electricity, high voltage, .
Electricity production mix {KR} Ecoinvent 3.11
Steam Steam Site-specific data
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Table 8. Greenhouse gas emission factors by
allocation method (H9: kgCO2eq./kgH2)

Allocatio

Mass Moles Economic LHV

Parameter value
Naphtha  6.49E-01 7.13E-00 6.78E+00 1.64E+00
Direet 3 9sE.01 434E+00 4.13E+00 9.98E-01

emissions

LPG 532E-02 5.85E-01 5.53E-01 134E-01
C3R4  2.63E-02 2.89E-01 2.80E-01 645E-02
DI water ~ 4.83E-04 531E-03 5.05E-03 122E-03
cw 1.65E-04 1.81E-03 1.74E-03 4.18E-04
Nitogen ~ 1.42E-05 1.57E-04 135E-04 3.99E-05
Air 1.1SE-05 126E-04 1.03E-04 3.21E-05
Electricity ~ 3.87E-02 4.25E-01 4.04E-01 9.72E-02
Steam  9.61E-02 1.06E+00 1.00E+00 2.43E-01
GHG 125 13.92 1324 3.19

emission factor

32
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Fig. 3. Comparison of greenhouse gas emission
factors by allocation method.
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Fig. 4. Greenhouse gas emission contribution of the
by-product hydrogen production stage.



A7t BPPAE NCCFS

2o0oo0H (o]

HiEo] 5121%2 7P B HE&S AXEIth d= A4
£ ZIRE 37 AguiEo] 31.18%, F U=l LPG F5°]
4.19%, C3R4 F3o] 2.07%, 1Z=A7] Ak&o| 3.76%, A
glo| 7.58% 7]oJgICKFig. 4).

Uzet 35 BgolA] ZATEA i 71owrt 7Y =)
et €912 UIetE galelr] 3t ¢R9] AE 9 5
O] 2A7IA &l IA AE37] whzelth UEr &
T 49 SHIFE7 AE AuE, UIEre] g
71904 oF 75%0]| SiFsh= Hlse] ERo] AE H +F
oA 7]Q1et Ao & UERth

4. 2 2

2 e HIFEH7HLCA)YE S8t NCC 37504 &
Sk= FAFAS 2AVEA BiEAISRE ThfRt T 7(E
, B A 71, A Esholl et ARgetar, a4 A
t 3749 SR JFS AFH R EASIGI 1SO 14044
13 w2t 7 seE A5kl SimaProg E-85f HaHy
FTFE7IE 6o, 7 AT 7|%0] et 2AVEA HiE
Ag= #ol IA D= AS FRlsielth

E3] A 7|22 IPCC 2019 Refinementol| 4] A|ASH 7|5
Zr oiH] 89.5% Wk, B: V)RS 15.2% =2 S Bt}
[16]. S+ 2= T 71E AEo] 2A7EA HiEA S| v
A= o] Atk FE HojFr, T ofet vixt: £4
9] 384 SRIF

7+ S 7182 RoLE ok WHAlo) wet A3t of
Ao f22Q1 ZpolE FHstH, $40] 2EA B7e T
A= A Al 11 7129 Bd/8e 54 AMdS e s
of & "Q/dS ARt

£ e A FoR] LCA 573 A|, T 4] Aeo] 3
3 sfjAo] lEl/gat £ FEo] ARl 84S SRish
Fom, FT A 7 Aetd JIZAE E gAERGA T
(CBAM) th& A 1of| Qo] 7|z:Am=s &8E & &

= ol oX

N

o, 2 Avhe Ed ARelA Al

oft o r
b~
ol =Ué‘
=
z
T
] o_LL
o oin
N, fllo
=
of
ol
ol
rr
fin)
=2
rlr
ih
N
N
I
=
=
S
ool
i

22 7lutog 840 Ay Hlole 44 -
AT DS R 4 A S
94 2§ /K50 29| hEA Hgol 7K

)

Ao QAL HREAS AT

AL Ab
B AP B4R VISasE s A Y AUoE
SgEiin

10

11.

12.

13.

References

. United Nations Framework Convention on Climate

Change, Paris Agreement (2015).

. Government of the Republic of Korea, 2030 Nationally

Determined Contribution (2020).

. Ministry of Trade, Industry and Energy, Hydrogen

Economy Achievements and Vision for a Leading
Hydrogen Nation (2021).

. International Energy Agency, The Future of Hydrogen

(2019).

. Korea Energy Agency, 2020 Renewable Energy Book

(2021).

. Ministry of Trade, Industry and Energy, Hydrogen

Economy Promotion and Hydrogen Safety Manage-
ment Act (2024).

. International Organization for Standardization, ISO

14044:2006 Environmental Management Life Cycle

Assessment Requirements and Guidelines (2006).

. European Commission, Product Environmental Foot-

print Guide. Publications Office of the European
Union (2013).

. European Commission, ILCD Handbook: General Gui-

de for Life Cycle Assessment — Detailed guidance.
Publications Office of the European Union (2010).

. German Environment Agency, Hy-Guide: Guidance
Document for LCA of Hydrogen Production and Fuel
Cell Technologies (2020).

Ministry of Environment, Republic of Korea, Enviro-
nmental Product Declaration Program Guidelines
(2021).

Ministry of Environment, National Chemical Informa-
tion System Online Database, https://icis.me.go.kr (ac-
cessed 09 December 2024).

National Institute of Standards and Technology, NIST
Chemistry WebBook. Online Database, https://web-
book.nist.gov/ (accessed 12 December 2024).

33



o

s

14. Korea Petroleum Quality & Distribution Authority
Hydrogen Distribution Information System https://www.
kpetro.or.kr (accessed 12 December 2024).

15. Korea Chemical Industry Council (KOCIC), 2023

34

5] = AE
s =0

i,

Aot

Petrochemical Handbook. Korea Chemical Industry
Council (2023).

16. 2019 Refinement to the 2006 IPCC Guidelines for
National Greenhouse Gas Inventories (2019).



