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ABSTRACT

abstract This study conducted a life cycle assessment of the carbon nanotube (CNT) production process, which is
widely used across various industries, and explores measures to improve its environmental performance. Additionally, the
study conducted an environmental assessment in accordance with the EU PEF methodology to contribute to the
establishment of the national LCI (Life Cycle Inventory) database. Among the impact categories, the primary factor
contributing to climate change was identified as electricity consumption, the main energy source. To mitigate this,
technological development is necessary to reduce carbon dioxide emissions through measures such as utilizing renewable
energy, introducing low-carbon processes, and optimizing process efficiency.
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Table 1. Function and functional unit

Category Definition
CNTs are widely applied in
Function electrical/electronic, aerospace, and
construction industries.
Electrical tivity (10°~10°
Physical ec'rlca conductivity (10°~10 S/Zm),
specific surface area, (200~400 m</g),
property

diameter (10~50nm)

Functional unit

lkg of MWCNT produced

Reference flow

1kg
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Table 2. Data categories

Category Name
Carbon precursor, hydrogen,
Raw . . .
materials nitrogen, argon, hydrochloric acid,
In iron chloride, zeolite
t . . .
P Packaging Aluminum-coated packaging
Utility Electricity, industrial water
Product CNT
Packaging Aluminum-coated packaging
Waste Dust, waste synthetic. resiTl,
Out acetylene, hydrochloric acid
put . I Steam, nitrogen, hydrogen, argon,
Air emission NOx, THC
Wat
.a e.zr Waste water
emission
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Table 3. Data quality requirements(Pedigree)
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Indicator score

Category 1 2 3 4 5
. Less th: More than 1
Time ©ss . an 3 years Less than 5 years Less than 7 years Less than 10 years of ore than 10
of difference to . . . years of
coverage of difference of difference difference .
year of study difference
Regional hat closel 1 i
Geographical Data that rt?ﬂects egional data that closely resembles domestic Other non-similar
coverage domestic (RoW, RER, GLO, (US, JP) (CN, IN) data
g production (KR) EU) > ’
Technology Data with the Data with partially Data Wh Sm.nlar Data. with dlff.eren.t Data Wl.th 'other
. . techniques in techniques applied in non-similar
coverage same technique the same technique .. . .
principle principle techniques
Table 4. Assumptions and limitations
Category Contents
Commonalit - Direct air emissions from fuel combustion are calculated by applying emission factors from the guidelines
Y of IPCC 2019 and the Ministry of Environment[9].
Production - All utilities except electricity are delivered to the facility via pipeline transportation, including the electricity
Process consumed during transportation.

- By-products recycled internally are not allocated and are assumed to have no environment impact.

- When multiple suitable LCI DB exist, the dataset with the most similar environmental impact is applied

Up-down stream .
conservatively.
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Carbon precursor (ethylene)

Hydrogen —»|
Argon ——» Reaction > Alr emission
Hydrochloric acid —»|
Tron chloride ——» > Waste
Zeolite = X :
Packaging ——»| Purification Waste water
Electnic energy ——»| :
Tndustrial water ——» [:I Unit process
- —— Product flow
MWCNT -----+ Basic flow

Fig. 1.

Process flow of CNT production.

Table 5. LCl database lists

Category

Source

Carbon precursor

Hydrogen

Nitrogen

Argon

Hydrochloric
acid

Iron chloride

Zeolite

Aluminum-coated
packaging

Electricity

Industrial water
CNT
Waste(PM)

Waste (synthetic
resin)

Waste
(acetylene)

RoW: market for ethylene,
ecoinvent(v3.1), 2023
RoW: market for hydrogen, gaseous, low
pressure, ecoinvent(v3.1), 2023
RoW: market for nitrogen, liquid,
ecoinvent(v3.1), 2023
GLO: argon to generic market for inert
gas for discharge lamps, ecoinvent(v3.1),
2023
RoW: hydrochloric acid production,
Mannheim process, ecoinvent(v3.1), 2023
GLO: market for iron(IIT) chloride,
without water, in 40% solution state,
ecoinvent(v3.1), 2023
RER: zeolite production, powder,
ecoinvent(v3.1), 2023
RoW: packaging film production, low
density polyethylene, ecoinvent(v3.1),
2023
KR: market for electricity, low voltage,
ecoinvent(v3.1), 2023
RoW: tap water production, underground
water with chemical treatment,
ecoinvent(v3.1), 2023

RoW: process-specific burdens, municipal
waste incineration, PM, ecoinvent(v3.1),
2023
RoW: process-specific burdens, municipal
waste incineration, ecoinvent(v3.1), 2023
RoW: process-specific burdens, municipal
waste incineration, acetylene,
ecoinvent(v3.1), 2023
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Table 5. Continued

Category Source
Waste RoW: process-specific burdens, municipal
(hydrochloric waste incineration, hydrochloric acid,
acid) ecoinvent(v3.1), 2023
RoW: market for wastewater, average,
Wastewater .
ecoinvent(v3.1), 2023
Waste Small lorry transport incl. fuel, Euro 0-6

mix, 7.5 t total weight, 3.3 t max

(truck transport) payload, Sphera, 2021
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Charaterization LCA results

Human toxicity, cancer - total [CTUh] (7% 81% soali6%
Eutrophication, terrestrial [Mole of Neq] 1% 85% 8% 16%
Eutrophication, marine [kg N eq] % 85% 8% 188,
Eutrophication, freshwater [kg Peq)] 1% 90% 6%lfs
Ecoloxicity, freshwater - total [CTUe]  [11% 7% 79%3% 10%
Climate Change - total [kg CO2 eq.] #% 83% 9% 38,
Acidification [Mole of H+ eq.] 3% 7% 1% 6%

Percent(%)
Ethylene # Electricity  Argon ® Nitrogen ® Etc

Fig. 2. Characterization LCA results.
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Table 6. LCI database lists
Materials Main process (kggz))i?eq.) Ref.
SWCNT Arc discharge 120-160 [10]
CVD
MWCNT (This study) 102.75 -
Chemical
Graphene oxidation 90 [11]
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Table 7. Characterization LCA results
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Characterization results

. Carbon
Impact category Unit . .
Total precursor Electricity Argon Nitrogen etc
(ethylene)
Acidification mol H' eq. 407E-01  134E-02  3.16E-01 432E02 1.07.E02 232.E-02
Climate change kg CO; eq. 1.03.E+02  444FE+00  852E+01  885E+00 2.19.E+00  2.06.E+00
Ecotoxicity, freshwater CTUe 342E+02  37LEH01  242E+02 228E+01  5.66.E+00  346.E+01
Eutrophication, water kg P eq. 6.18E-02  669.E-04  555E02 392E03 8.67.E04 8.57.E-04
Eutrophication, marine kg N eq. 1.I0E-01  278E-03  933.E-02 870.E-03 221.E-03 2.78.E-03
environments
Eutrophication, land mol N eq. 1.09.E+00 2.85.E-02 9.22.E-01 8.70.E-02 224E-02 2.88.E-02
Human toxicity, cancerous CTUh 1.97.E-07 1.35.E-08 1.59.E-07 1.01.E-08  2.44E-09 1.19.E-08
Human toxicity, CTUh 9.57.E-07  292E-08  7.79E-07 542E-08 129.E-08 8.11.E-08
non-cancerous
Tonizing radiation kBq U235 eq.  333.E+01  1.07.E01  3.15E+01 130.E+00 2.09.E-01  8.84.E-02
Land use pt 321LEH2  LI3EH01  277.E+02  1.86E+01 435E+00  1.06.E+01
Ozone depletion kg CFC-11 eq.  133E06  144E07  108E-06 587.E-08 124E08 3.05.E08
Particulate matter _ discase 1.82.B-06  146E-07  102E-06 3.72.E-07 9.89.E08  1.83.E-07
€missions incidences
Photochemical ozone 1 \\vOC eq. 321E-01 204B02 25901 256E-02  655E-03  9.65.E-03
formation
Resource use, fossil MJ 2.09.E+03 1.34.E+02 1.75.E+03  141.E+02 328 E+01 3.10.E+01
Resource L:leet ;Smemls and o Sh g 690.E-04  242E-05  S551.E-04 9.04E06 200E-06 1.04.E-04
Water usage m’ 3.74.E+01 9.07.E-01 2.19.E+01  1.03.E+01 2.17.E+00 2.08.E+00
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Normalization LCA results
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Fig. 3. Normalization LCA results.
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