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ABSTRACT

With the acceleration of global Net-zero goals, Carbon Capture and Utilization (CCU) technologies are increasingly recog-
nized for their potential to mitigate greenhouse gas (GHG) emissions through the conversion of captured CO: into val-
ue-added products. Life Cycle Assessment (LCA) is widely regarded as a critical tool for evaluating the net environmental
impacts of CCU technologies. However, inconsistencies in methodology across existing guidelines limit their comparability
and policy relevance. This study presents a systematic comparison of five major CCU-specific LCA guidelines developed
by the United States (NETL, 45Q Addendum), the European Union (LCA4CCU), the Global CO; Initiative (GCI), and Korea
(KRICT). The analysis focuses on key methodological components, including goal and scope definition, system boundaries,
functional units, data quality requirements, and impact assessment metrics. The results reveal substantial variation in how
these guidelines address key issues such as multifunctionality, displacement effects, and data uncertainty, particularly in rela-
tion to low Technology Readiness Level (TRL) technologies. The study highlights the imperative for harmonized, CCU-spe-
cific LCA frameworks to ensure environmental integrity, increase transparency, and effectively inform policy mechanisms
such as subsidy structures and certification schemes. Recommendations are provided to update and align Korea’s existing
LCA guideline with international best practices, thereby supporting robust decision-making in the deployment and regulation
of emerging CCU technologies.

Key words: carbon capture and utilization (CCU), life cycle assessment (LCA), LCA guidelines, global warming
potential (GWP)
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Fig. 1. Concept of carbon capture and
utilization (CCU) technology [3].
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(b)

Fig. 2. (a) Flowchart and flow quantities for CCU system producing electricity and methanol from CO»,

(b)Allocated global warming impact (GW) values for electricity and for methanol as products from the CCU
system [4].
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Table 1. An analytical framework for comparing CCU LCA guidelines

Category

Description

Background &
purpose
System boundary and

functional unit

Multi-functionality

GHG reduction accounting

Impact assessment
methodology

Data requirement

Policy and institutional context in which each guideline was developed, including its purpose and
intended scope of application.

Criteria for setting system boundaries and consistency of functional units (e.g., cradle-to-gate,

cradle-to-grave).

Approaches for handling multi-functionality issues (e.g., system expansion, physical allocation,

economic allocation).

Methods for calculating GHG mitigation, inclusion of avoidance credits, and approaches for defining

comparative products.

LCIA methodology, category selection, and criteria for the use of GWP values.

Data sources, cut-off criteria, representativeness management, and methods for handling uncertainty
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Table 2. CCU LCA guidelines used in this study

Title Country Objectives & Key Features
USA Guideline to evaluate CCU projects in the US
Ng;ianigz\lljefczA (DOE/NETL) - Guidance for consistent LCA by CCU projects operator under DOE
2022 - Overview of the LCA framework and procedures for conducting and reporting
USA Policy purpose.of supporting tax cred'it e.ligibil'ity in tl.le UsS '
NETL 45Q Addendum (DOE/NETL) - Supp.leme.ntatlon of CO,U LCA G.uldehne. aligned with the 45Q ta.x. credit
2004 - Specification of LCA system, functional unit, reference product definition, and
emission reduction calculation methods
Common evaluation framework for CCU
EU . . .
LCA4CCU Guidelines (BU Commission) Covenng. a wide range of technologlcal pathways apd pr.oducts
2022 - Systematic summary of key LCA issues and considerations based on ISO
14010/14011, with recommendations
Global General guideline to verify the environmental impact of CCU technologies

GCI TEA/LCA - Integrated guideline for both techno-economic analysis (TEA) and LCA

Guideline Ver.2 (GCI’ZOI;ZVTH) - Approaches for low-TRL applications, introduction of Social LCA, and
integrated indicator-based evaluation
Guideline for South Korea Aimed at assessing environmental impact reduction of CCU
(KRICT) - detailed LCA procedures and guidelines for quantifying GHG emission for
CCU LCA
2019 CCU researchers

()

lom, E3] 712 7)&7ie] M@zl 7l Wi LCA ¥} 28t Aojth §H2] FCCU LCA 43 Flol=2tel, 3 Gl
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T2 7IRteE S, AAH AR} 7IsH] A AL e 5 E theAEd HiE0] BYe 9ol Cradle- to-Gate R
Sl i oA AR W, BEAE O, Gold A4S 48 JRsT WeR BAs itk
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o7 Sy, Gate-to-Gate F= Cradle-to-Gate H<L HH4]
Aogat A AT sfot 729} 240] FUT AEY
o= mRRE7A]o]H, o= CCU Al&e] 7|& AlF2] B+t
Q) 855 kel gisis Aol oal, W S 2e

Q) eIt Hlot ol Bl hOR AHR SH9 OIS o 2 thAIE]] dhRolekL Al ik ofg B0, 7

2lele 27 Aoldt HHH At BE BAS MPOR T npii} 2L ojlsiek Fule)] SISE UL B Sk Aol
gEol 3o, Zh=9] Aled] Fao] mhE LCA 3 AFL oF 22 7|EIE tE &2 ARRE 7RsAlo] 9o, dA)

ot
&
o
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4. CCU 7|& MIHIIL 710|=21Q1 Hw 24

2o

2 ZgEa ok= oE WVl @A wiE 58 7HE 5 Aok
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75Tkl LCA 9ito] Az} wolof wet Hojulm, £] SERIER FAH A 0] Aol7t Stk = Zho| ==t
AE0] Ao Akslaly H)w Aol A wr vlee  YOME oldsRRAE: HEe S3) 7 e AES Atk
Azsh=y] AAel @40tk T8}t ol2 cCU 71&e] A B AAE 7TeLR S, Al kg AP 5 B A

ok HPAolME T Aol Qlo} Qi Fjolg Holdy, T EAS A= Sl Al W, EUS| TLCA4CCU o=
n]3 NETL "CO,U LCA Guidance 9} '45Q Addendum,  Table 30jIA] = uje} o] Thefel CCU AIFER AlZshd

ML 7157 F54o] FRE B9, AlxY A Cradle-  /te T AAS AL Ut
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Table 3. Recommended functional units (FUs) in LCA4CCU guideline [10]

Process

Recommended Functional Unit (FU)

Product: Energy carrier - transportation fuel

Product: Energy carrier - other
Product: Chemical/material-chemically identical
Product: Chemical/material-chemically different

Energy storage system

Comparison of various CCU processes

1 vehicle km (or 1 tonne km) using a specified means of
transport

Define FU quantifying the energy service
1 kg of product
Define FU based on equal technical performance
Define FU quantifying the storage characteristics

1 kg of CO, input

8o] F83S xSl Utk E3], CCU AlEo] 719 =
(A=) Al FLet slobd 2 9 245 2R
2t HiAlE BldiAlE e = 25, o] SRR mEt 7|5 e
9] 9] ®gt g oE S0 AEC R EREE AY
+ Chemical products, Material products, Fuels, Energy
storage system 50 & AlESlolal o, 7|5 T A=
T oA 7Ieor Aostes bistal ik Wi, HiH
AFY AF F=2(AAm) Al sk ors tEARE
Y3 8B5S Y £ Sl CCU AIES Yvls, o] 4
2 7% 2= A& AS5(product performance) 7]1&E0
& A76les HArstal Utk Table 40 g 7Ho| =210
A AAISIL = CCU TiAIE, HIL 71, 71599 2 &%

=59 dAE AEsit

4.2 |59 X2 H BEXNY Bt 4

-ES] AL 1SO 140440 7RIBETL Qo B R, Hls
AJ(multi-functionality) AZJo]] SlojAE 7|EHoz TAF&

3|95t A|2AE] EK(System expansion)S -85 A
J3t) g2 g 5 gle Aol EYE Ve 44
o=, BAA 7IeS A HHoE AAsta St A
OF GCI 7lo|=elRle oiIsietAgs 23 - AlFoh= Yo
AFAAE AARS BEEA] AAE] Ao 23kt 22 AQts)
I glor, s A siEdE St 34 AlESKsub-
division)= | -AHA0E 2-8e A |t} T2, o4k
Skt Alg-Y(source)9] Foll= FHAET 502 HiE
=7] "ol 378 Alesht YRdew Erfssid, o] B¢
AlAE S HHAE A8 AS AAskal itk oiRt Al
izl 5 B4 AlE 9919 A g7EE agsior sk
73%ll= Fig. 304 Hi= R} o] tiAlE 112t AlAd &
Z(system expansion via substitution) X% 07 A5l
£ ARkolH, g #A1E 299 o s AAfskal itk
o]Q} Zo] Bta EF W FL(CCU, carbon captured and
utilization)7|&9] TAEE A7 S04 2] 254 folidE
71& A= A=A Ldshs HiE JuEs $54 o]

)

sl

Table 4. Recommended functional units (FUs) in TEA/LCA guideline for CO2U [11]

Substitutes

Properties CCU

Non-substitutes

Energy storage

class Chemical products Material products Fuels All
system
Basis for Material Storage Service or
. Mass Energy performance
comparison performance performance .
provided
Compare

e.g., Mass, plant
output

e.g., Mass, plant
output

Functional unit

e.g., 1 t concrete,
50 kt/a plant out
put

e.g., 1 t methanol,

Reference flow 1.6 Mt/a plant output

e.g., Energy, mass, e.g., Energy, plant performance of

plant output output new versus existing
solutions
e.g, 1 MJ of H?, e.g., storing 1 MJ
. S g, 1t 1Ml
2.5 Mt/a diesel of electricity, 80 Of;tg ’ut o f’ . laI;t
output MWh battery P b
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Fig. 3. System expansion via substitution: The production of the main product without carbon capture
is avoided, and thus CCU system is credited for the otherwise emitted CO,, but has to carry the burdens
of purification, compression, and transportation of the CO; [11].
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Proposed Product system GWP Impact—
Comparison Product System GWP Impact

1 metric ton carbon oxide Nture and utilized

LC 45Q DF = x (=1)

(=4 2) GWP FF 2HE 7= st Allet

Oo.
s

Proposed Product system GWP Impact—
Comparison Product System GWP Impact % (=
Amount of carbon oxide N tured and
utilized per functional unit

LC 45Q DF= 1)
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4.3 HIFY FEt YEE

A H7N(life cycle assessment, LCA)S] LCIA(Life
Cycle Impact Assessment) TAOA ojwst 4G H7}
HHES AEistt= LCA 23 iAo JFF= n)xith &
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Table 5. LCA expectations based on TRL of the project

01760]], g;qL}

TRL Key requirements and best practices
Screening-level life cycle greenhouse gas analysis
- Contribution and sensitivity analysis shall be used to assess opportunities for improvement
- 1-3 shall demonstrate the potential to have lower GHG emissions than the Comparison Product
1~4 System with identified research areas/actions to reduce the GHG emissions. TRL 4 LCAs must

(Lab-level research)

demonstrate the project has a lower life cycle GHG emission profile than the comparison product

system. Comparison Product System shall be modeled based on the level of known market

information.

Industry standard or proxy data are considered acceptable for TRL 1-3.

Project-level life cycle greenhouse gas analysis

5~6
(Scale-up demonstration)

7
(Commercial scale system
demonstration)

At this stage in the technology development, knowledge from the scale-up demonstrations shall
be used to inform the LCA modeling, site specific conditions shall be used where applicable
(known), and the scale of technology market potential shall be considered (consequential effects

of market scale).

Project-level life cycle greenhouse gas analysis
- Same as 5-6 Scale-up Demonstration requirements. Expectation is to update the technical
performance and site-specific knowledge to validate real-world performance.

Project-level life cycle greenhouse gas analysis

8
(Commercial scale learning)

- Modeling assumptions shall reflect real-world conditions based on primary data collection from
commercial scale system demonstration.

LCA database data

A

Raw material data Foreground data

Downstream data
EOL data
Use phase data Background data

] Secondary data

Upstream data Primary data
Activity data
\ Production data
ﬁ Specific data
Fit for purpose Responsible

data needed care data needed

Literature data

Fig. 4. Type, sources and nature of different data needed in an LCA for CCU [10].
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ﬁ \ Prospective data )
Generic data
Careful
assumpticns f
needed
Low availability
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Table 6. Comparative analysis of data quality
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Data Requirement

Guideline Data Data Data collection Uncertainty Data
representativeness completeness (database) analysis quality
99% Cut-off criteria
Technol NETL CO,U e
NETL CO,U LCA echno qu, based on mass, energy, ° Mandatory sensitivity o
. geographical, . openLCA . Qualitative
Guidance environmental analysis
temporal .. LCI DB
significance
Complet hall
ompleteness shall be Document data
Technology, demonstrated by the . o
. . . sources, Uncertainty analysis is not
45Q Addendum geographical, inclusion of at least . . -
representativeness, required
temporal 99% of the carbon o
. and limitations
inputs and outputs
Ba?kground data Company/technology Identify CCU data Ensure trans:pa'rency,.
LCA4CCU quality documented . gaps, Ensure Report uncertainties using
e specific data needed (no . o -
Guideline (age, technology, soft-ware quantitative and qualitative
” . benchmarks) .
quality, consistency) independent format methods
. Basi h usi
The desired level of as.lc. {approac 'usmg
Technolo completeness and Document data sensitivity analysis and TRL,
GCI TEA/LCA 'gy, . b . sources, scenario analysis required, Scenario-based
N geographical, applied cut-off criteria . . . . L
Guideline representativeness, intermediate approach using qualitative
temporal shall be clearly s . . .
. and limitations uncertainty analysis) analysis
described.
recommended
Technolo Data sources shall be
Domestic LCA coora hii]l’ 95% Cut-off criteria categorized as Uncertainty analysis Quality grade
Guideline for CCU & tegmprz)ral ’ ° measured, calculated, recommended (A~C grade)

estimated, or guessed
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