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Abstract In this study, environmental evaluation of high barrier coated paper (coating layer/paper) packaging is con-
ducted in comparison with conventional aluminum laminated (PET/VMPET/LLDPE) plastic packaging. The target prod-
uct for this packaging is a KF94 mask, which requires a high barrier of water and oxygen to maintain the filtration ability
of the mask filter. The functional unit of this study is 10,000 mask packaging materials based on a material capable of
blocking oxygen (<1 g/m?day) and moisture (<3 g/m*day) for the preservation of KF94 masks. In order to understand the
results easily, paper-based mask packaging system divided into 6 stages (pulp, pulping & paper making, calendaring &
coating, printing, packing and waste management), while plastic-based mask packaging consists of 5 stages (material pro-
duction, processing, printing, packing, waste management) In case of paper-based mask packaging, most contributing
stage is calendaring & coating, resulting from heat and electricity production. On the other hand, plastic-based mask pack-
aging is contributed more than 30% by material production, specifically due to linear low density polyethylene and purified
terephthalic acid production. The comparison results show that global warming potential of paper-based mask packaging
has 32% lower than that of plastic-based mask packaging. Most of other impact indicators revealed in similar trend.
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Table 1. Global packaging sales by end-use market!
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Packaging end-use type ($ million)

2020 2026 CAGR(%) 21°-26°
Food 283,626 297,703 366,194 4.2
Drink 134,320 141,719 168,970 3.6
Healthcare 37,650 52,249 5.5
Cosmetics 30,754 41,341 4.4
Other consumer 78,356 102,228 4.3
Industrial/transit 402,932 419,881 498,636 3.5
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Table 2. Functional unit of paper-based vs plastic-based mask packaging

Paper-based (10,000 pouch)

Plastic-based (10,000 pouch)

Material Grammage (g/m?)| Weight (kg) Material Density (g/cm®) | Thickness (um) | Weight (kg)
Pulp 60.8 33.44 1.38 12 10.01
Coating ~11 8.59 VMPET 1.38 12 10.01
2.7 0.13 0.21
LLDPE 0.93 50 23.03
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packaging® H3Z, WA, Alo]A| B Z”AL T8 74
Y=5o|H Plastic-based mask packaginge PET (Polyethylene
terephthalate), VMPET (Vacuum-metallized PET), Al (Alu-
minum), LLDPE (Linear low density polyethylene)©] <=2
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5. Printing, 6. Waste management ©AZ U}F3Ath
(Figure 1).

Plastic-based mask packaging= 1. Material production,
2. Processing, 3. Printing, 4. Packing, 5. Waste manage-
mentZ WFSITE 1924191 Material productionl4<= PET
¢t LLDPE & A2 @A7E E=qden 2eA <
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duction, 2. Pulping & Paper making, 3. Coating, 4. Packing,
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Fig. 1. System boundary of paper-based mask packaging.
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Fig. 2. System boundary of plastic-based mask packaging.
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limitations of paper-based mask packaging

Stage

Assumptions and limitations

1. Pulp production

- Secondary data was used for pulp (bleached sulfate pulp) and plastic (PET, PE) production
- 10% of recycled paper was included

0. Pulping & Paper making

- Pulping and paper making was considered in one step due to inseparable of electricity, water and steam usage

- Regarding water usage in the pulping and papermaking stages, 99% of the water discharged during the
dehydration process is recycled, and 0.03 tons is evaporated during the drying process. Of the 0.76 tons
of recycled water, 0.37 tons are reused, and 0.01 tons are ultimately discharged as wastewater

- Due to lack of data, the filtration process was excluded and only the database of the amount of recycled
water was considered

- In case of steam reuse, there was no data for this product, so that the steam recycling rate (15.1%) of
similar paper product was employed

3. Coating

- In the case of water usage in the coating stage, 0.03 tons of water evaporates during the coating pro-
cess, the remaining 0.08 tons go through the recycling process, 0.05 tons are recycled, and ultimately
0.03 tons are discharged as wastewater

- Due to lack of data, the filtration process was excluded and only the database of the amount of recycled
water was considered

- In case of steam reuse, there was no data for this product, so that the steam recycling rate (15.1%) of
similar paper product was employed

4. Printing

- Since there is no field data at the printing state, the amount of ink used, and the amount of electricity used

in the gravure printing process were calculated and used as an area ratio from the data in reference'

5. Packing

- This stage includes secondary packaging production, packing, aging and slitting processes

6. Waste management

- The wasted paper used in the paper recycling process is a combination of paper-based mask packaging
and secondary packaging materials (kraft, corrugated cardboard)

- Recycled paper was considered to be used as white cardboard

- Assuming that 100% of materials other than pulp (internal additives, surface treatment agents, coating
liquids, films) are incinerated, the energy generated during incineration was calculated based on the

average solid fuel heat content (30.03MJ/kg)'”

Table 4. Assumptions and

limitations of plastic-based mask packaging

Stage

Assumptions and limitations

1. Material production

- Secondary data was used for PET, LLDPE and Aluminum production

2. Pulping & Paper making]

- This stage includes PET extrusion, LLDPE extrusion, aluminum deposition and film lamination

- For electricity used in the aluminum deposition process, refer to literature®
- When depositing aluminum, the average thickness is assumed to be 0.13 um

3. Printing and packing

- Same assumption made for paper-based packaging was applied

4. Waste management

- In the disposal scenario, it was assumed that 100% of paper was recycled and 100% of plastic film
and aluminum were incinerated

- The energy generated during incineration was calculated based on the average solid fuel heat content
(30.03 MJ/kg) as same as paper-based packaging

Table 5. Database for paper-based mask packaging

Phase Input-output Database name
Pulp production Pulp Sulfate pulp [RoW]| production, totally chlorine free bleached | APOS, U
Electricity Electricity, high voltage [KR]| electricity production, hard coal | APOS, U

Water usage

Tap water [RoW]| market for | APOS, U

Water recycling

Tap water [RoW]| market for | APOS, U

Steam usage

Steam, in chemical industry [RoW]| production | APOS, U

Wastewater treatment

Wastewater from soft fibreboard production [RoW]| treatment of; capacity SE9l/year | APOS, U

Pulping &
Paper making

Wastewater generation

Wastewater, unpolluted [RoW]| market for wastewater, unpolluted | APOS, U

Sizing & Additives

Rosin size, for paper production [RoW]| production | APOS, U
Maize starch [RoW]| production | APOS, U

Glyoxal [RoW]| production | APOS, U

Ethylene vinyl acetate copolymer [RoW]| production | APOS, U

Steam recycling

Steam, in chemical industry [RoW]| production | APOS, U
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Table 5. Continued.
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Phase

Input-output

Database name

Calendaring &

Electricity

Electricity, high voltage [KR]| market for | APOS, U

Water usage

Tap water [RoW]| market for | APOS, U

Water recycling

Tap water [RoW]| market for | APOS, U

Steam usage

Steam, in chemical industry [RoW]| production | APOS, U

Coating material

Polyvinylidenchloride, granulate [RoW]| production | APOS, U

Coating Wastewater treatment Wastewater from soft fibreboard production [RoW]| treatment of, capacity SE9l/year |
APOS, U
Wastewater generation | Wastewater, unpolluted [RoW]| market for wastewater, unpolluted | APOS, U
Water recycling Tap water [RoW]| market for | APOS, U
Steam recycling Steam, in chemical industry [RoW]| production | APOS, U
Ink Printing ink, rotogravure, without solvent, in 55% toluene solution state [RoW]]| print-
Printing ing ink production, rotogravure, product in 55% toluene solution state | APOS, U
Gravure printing | Electricity, high voltage [KR]| market for | APOS, U
PE Polyethylene, low density, granulate [RoW]| production | APOS, U
Film Extrusion Extrusion, plastic film [RoW]| production | APOS, U
Packing Kraft paper Kraft paper, unbleached [RoW]| production | APOS, U
Corrugated board | Corrugated board box [RoW]| production | APOS, U
Slitting Electricity, high voltage [KR]| market for | APOS, U
. Waste paper, unsorted [RoW]| treatment of waste paper to pulp, wet lap, totally chlo-
Paper recycling ) ;o frre)epbleached | A[POS,]|U paperio P P
Waste Solid waste incineration| Mun:igal ?olid wlaste [KR]| treatment (;f, incineration | AlPOS, IIJ T
. Deinked pulp, wet lap [RoW]| treatment of waste paper to pulp, wet lap, totally chlo-
management Pulp recycling rine freeprSached |pA[POS,]|U P PP P ’
Energy recovery Heat, for reuse in muni.cipal wasftef inci.ner.ation .only [RoW]| treatment of waste plas-
tic, consumer electronics, municipal incineration | APOS, U
. PET Polyethylene terephthalate, granulate, amorphous [RoW]| production | APOS, U
plr\gztlecrt?oln LLDPE Polyethylene, linear low density, granulate [RoW]| production | APOS, U
Aluminum ingot Aluminum ingot, production mix, at plant/US
Extrusion Extrusion, plastic film [RoW]| production | APOS, U
Processing Aluminum deposition | Metalization Material processed”’
Lamination Laminating service, foil, with acrylic binder [KR]| processing | APOS, U
Ink Printing ink, rotogravure, without solvent, in 55% toluene solution state [RoW]| print-
Printing ing ink production, rotogravure, product in 55% toluene solution state | APOS, U
Gravure printing | Electricity, high voltage [KR]| market for | APOS, U
Phase Input-output Database name
PE Polyethylene, low density, granulate [RoW]| production | APOS, U
Film Extrusion Extrusion, plastic film [RoW]| production | APOS, U
Packing Kraft paper Kraft paper, unbleached [RoW]| production | APOS, U
Corrugated board |Corrugated board box [RoW]| production | APOS, U
Slitting Electricity, high voltage [KR]| market for | APOS, U
. Waste paper, unsorted [RoW]| treatment of waste paper to pulp, wet lap, totally chlo-
Paper recycling rine frsepbleached | A[POS,]|U P P ’ g
PE incineration |\7\’1':1:spteo gf)l%}ethylene [RoW]| treatment of waste polyethylene, municipal incineration
Waste PET incineration Wast.e .poly‘.:th?/lene .terephtalate [RoW]| treatment of waste polyethylene terephtalate,
management municipal incineration | APOS, U

Landfill

Waste aluminium [RoW]| treatment of, sanitary landfill | APOS, U

Recycled pulp

Sulfate pulp [RoW]| production, totally chlorine free bleached | APOS, U

Energy recovery

Heat, for reuse in municipal waste incineration only [RoW]| treatment of waste plas-
tic, consumer electronics, municipal incineration | APOS, U
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Table 6. Life cycle impact methodology used in this study

EH(3%) T2 EnlEEe Z|odsiih. 2|9k =
A AREEE 28-S 15.1% ASgTo N AFE A

ZA GHA2] EaulEHE 4kgCO2eq, Z2UHT 2 =
WA= 8kgCO2eq FHAdte] & 12 kgCO2eqs H7bet
om Az I WA A, BEE FYske v &F
F7FPH 10.5 kgCO2eq S7F8HAl =HA T A3}
A7} 235 kgCO2eqZ S 7FIATH (Figure 3, Table 7).
Table 7914+ Z+ GAE AR @9 349 AF2d3}
Ao tigk 71 =E Hrksksich Pulp AL SAlCM =
Gz Aol Bash W75 AK34%)sle Aol '
HjZo] 71 Wol wAE, X2 sulfate pulp AAH(18%),
A AH13%), 283 2o Y55 FYshe k= 3’5
(11%)e] &7 3ol 71odshs Zlo= Yepter Ax
4 g A BN 2 2/ e dA7E *M
(55%) o erimjEge] 7P Bom, I AAH38%), A

"E 200 4
30.9 .
.g 777777777777 L R
pr S}
Q ’8'150- Egﬂ
> P [ zece 8 2
Sa 880 [ NEEZ TS
£ 8 100 [ Jz=z3
= - —_—ou
s &
© 50 4 64.2
Q
o
O o 18.6

Fig. 3. Global Warming Potential of paper-based mask pack-
aging at each stage.

Impact indicator Unit Description
Global warming potential kg CO, eq Infrared radiative forcing increase
Ozone depletion kg CFCI11 eq Stratospheric ozone decrease
lonising radiation kBq Co-60 eq Absorbed dose increase
Oxidant formation_human health kg NOx eq Tropospheric ozone population intake increase
Fine particulate matter formation kg PM, 5 eq PM, s population intake increase
Oxidant formation ecosystems kg NOx eq Tropospheric ozone increase
Terrestrial acidification kg SO, eq Proton increase in natural soils
Freshwater eutrophication kg P eq Phosphorus increase in fresh water
Marine eutrophication kg N eq Nitrogen increase in marine water
Terrestrial ecotoxicity kg 1,4-DCB Hazard-weighted increase in natural soils
Freshwater ecotoxicity kg 1,4-DCB Hazard-weighted increase in freshwaters
Marine ecotoxicity kg 1,4-DCB Hazard-weighted increase in marine water
Human toxicity: cancer kg 1,4-DCB Risk increase of cancer disease incidence
Human toxicity: non-cancer kg 1,4-DCB Risk increase of non-cancer disease incidence
Land use m2a crop eq Occupation and time integrated land transformation
Fossil resource scarcity kg oil eq Upper heating value
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Table 7. Global Warming Potential of paper-based mask packaging at each stage
Stage Pulp Pulping & Calendar.ing & Printing Packing Waste Total
Paper making Coating management
GWP (Kg CO2 eq) 18.56 64.24 87.98 30.90 6.49 16.16 224.33
(%) 8.3% 28.6% 39.2% 13.8% 2.9% 7.2% 100.0%
Table 8. Contribution analysis of paper-based mask packaging by specific process
Stage Specific processes Contribution
Electricity production 34%
Pulp 18%
Pulp :
Heat production 13%
Transportation 11%
Electricity production 55%
Pulping & Paper making Heat production 38%
Sizing agent production 3%
Heat production 51%
Calendaring & Coating Coating material production 40%
Electricity production 9%
e Alkyd production 60%
Printing — -
Electricity production 21%
Electricity production 98%
Packing Kraft paper production 2%
LDPE granulate production 0.3%
Paper recycling 113%
Incineration 28%
Waste management
Recycled paper -16%
Energy recovery —24%
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Fig. 4. Global Warming Potential of plastic-based mask pack-
aging at each stage.
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Table 9. Global Warming Potential of plastic-based mask packaging at each stage
Stage Materlfi 1 Processing Printing Packing Waste Total
production management
GWP (Kg CO, eq) 122.53 64.57 30.90 6.49 105.92 330.41
(%) 37.08 19.54 9.35 1.96 32.06 100.00
Table 10. Contribution analysis of plastic-based mask packaging by specific process
Stage Specific processes Contribution
LLDPE granulate 46%
. . Purified terephthalic acid 30%
Material production -
Heat production 12%
Ethylene glycol 11%
. Electricity production 71%
Processing -
Heat production 14%
L Alkyd production 60%
Printing — -
Electricity production 21%
Electricity production 98%
Packing Kraft paper production 2%
LDPE granulate 0.3%
PE incineration 80%
Waste management PET incineration 39%
Energy recovery -19%
o2 FAET teo 2 IF ArH20%), 21 (9%), E At
ZP(Z%) To® S L mHen HAHoR EE}’\ G wiE, S AF2dst 9F HF ol9ld v &7
g 95 Akt STkiY ZE a7 A Wk 94 FF HF A 7 75 20] AM=siict (Table S-2).

s7F AL 52 25 99| Al2del] 2 d3FS 7]"’%0]*‘:
RO 2 Uelsttt (Figure 4, Table 9).
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AR 9] FAeo A2 dst Aol gk 7|H=E Hrt
staith. 95 AEA A= LLDPE 52 984
LLDPE granulateS A4H46%)3h= 27do] A G| 7t
2 & 7199E &b, PET #xl A4kl a3k TPA, EG
Akl 22t 30%, 1% 71918kl @ Ark12%)°0] tho
IS A= AoE Yesten 7y @M= &
P& FA AREE 7S AHT1%E o 7P
7195 o, & AN (14%)] 2 o E & 7HE
Sh= Aoz veldth <13 ©AYA= Plastic-based mask
packaging ¥ FHdsAl YA A5 F sl Alkyd F
A& Arkske A8 60%)1A 7P 2 73787 2Ayst
3, A7) ARRI%)e] o R FES vzlen ¥4 o
Al B3 packing, aging, slitting ZFJolA AME-EE A7E
AB2H98%)S W 71 Hol A, A ZE vk ALk
(2%), LDPE granulate AJ2H0.3%) w22 & IS vzl
o} #7] Az dAIME PESF PETE Aztshe 4ol
ehanEol 2%74 80%, 39% 71st o), EekiE 4zt
o7 A d o502 s -19%2] §¥7ﬂ o]5o] WA s}

==

e oo

1.3. Paper vs Plastic-based mask packaging &Y ¥%
Hl_l =]

Paper®} Plastic 7|9 vl3 g vlw EA48 go]
siA ab7] flal S AT 7 A" ] dAIE thA] 3T
AZ AZABAE. &, 19410 45 A &4 (Material),
2etA|Ql 9Rg-2] AY4F Sl (Processing), 39HAIC] #H 714
A (Waste management) £ TAIS EUslo] 7} dAE

— 350
@©
-
c 300 1 TD Waste
8 32% management
o) 250 4 Waste 105.9
o T management
(0] 16.2
D 1 2001
—_— N Processing || |
E 8 150 102.0
= R R [ —— R
S8
1004 A B
s . ol —
o) 50 ~ .
(O] 0 Material 18.6

Fig. 5. Global Warming Potential comparison of paper (left) vs
plastic (right)-based packaging
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Table 11. Global Warming Potential comparison of paper vs plastic-based packaging

Paper-based packaging (kgCO,eq) Plastic-based packaging (kgCO,eq)

Material | Processing | Waste management Total Material | Processing | Waste management Total
18.56 189.61 16.16 224.33 122.53 101.96 105.92 330.41
8.3% 84.5% 7.2% 100% 37.1% 30.9% 32.1% 100%

Table 12. Contribution analysis of paper vs plastic based mask packaging for each stage
St Paper-based mask packaging Plastic-based mask packaging
ase Specific process GWP (kg CO, cq) Specific process GWP (kg CO, eq)
PET 65.31
Material Pulp 18.56 LLDPE 56.23
AL ingot 0.99
Pulping & paper making 60.78 PET film extrusion 14.06
. . Metallization 1.96
Calendaring & coating 69.57 -
. LLDPE film extrusion 19.70
Processing — T
Printing 30.90 Lamination 28.85
. Printing 30.90
Packing 6.49 -
Packing 6.49
P li 18.27
aper. re.cyc m.g Incineration 126.21
MSW incineration 4.48
Waste management Recycled paper —2.64
Energy recovery from 2034
Energy recovery from -3.95 incineration ’
incineration
Total 202.46 33041
HlaL Z4o] golst== A skt 2HlE S 22433 kgCO2eq2 YEREO™ Fo] Az ¥4
Figure 5914 X 50| paper-based mask packaging ©I Z - 2 IO IEA A 2 28 A 4
plastic-based mask packaging THH] X213} x|<Rof A ol W} 7P & 714E she AR JERTE E8E 7]
32% W& Zlog EALAT} Table 11914 YEPdE ©HA g GFulg F2 A¥XgAls £ 22EE 330 kgCO2eq
2 BH 48 AL #H7] A @A A, plastic- 2 Fo] 7Nt uApd Ax A il 32% ¥ =AUk
based mask packaging®] Eom™ h$-X] XA GAIE paper- o 22 A8 A dAlA Z2E EFPF ingot
based mask packaging’} 7 o & JFL vHE A AR 3 Be oUA|7E AREe] BAhuiEEo] o A
o2 Yepth E3] 48 AL dACIME plastic-based Uee Aoz BMFHY. AAHoE T A9 37

mask packaging ©] paper-based mask packaging TtH¥]3l]
A 6o B = Usker 7] A dAlME 25 &
7} Al Wshe SRkl Eot ofF 39% =7 UElTh
Table 120114 A|2<Ble] 7} Stage B2 71 7|yt w=&
AR e FEES SAUE eI

A
=

i

oyl AelME AARH7IE B3l dFrlE 2 A
A (PET/VMPET/LLDPE)®} o] 7]8F uxjehbd Ax
A (Barrier coating/Paper)2] 373 F3}-S Hlnl H4
otz A2 75 F9e KF 94 B4 npads BHE
37 s gk kA (<1 g/m’day) B S (<3 g/m’day)
apgto] 7hset AAl 7IRke] w3 AR 10,0002 A
Aot 4 A3t Fol 7k IAY AxgAe] F '

ek 2ol #A7lE HE ARolA Feol 7Rk e
AZGA ] G Goldol mE 4 o] 5ellA YERT

2021 2 e 717 EF U] mRaa ARERe
2021 71% 739700 geitka B sk ok, AMAIE
o2 Ay 7)7F H<F wid gk 150,000 ¢7H¢] wia=
7} ZHEQTRs Bt Ui o]F 7uke® Fo] 7wk 31
A AXAANE 283102 45 =W 715 77.38 billion
kg CO2 eq, A AlAl 715 1,590 trillion kg CO2 eqoll &
Foh o= U g 1F 7t A7F 8kgol Ads) vk
TTE vk V1EeE 77 9679, 200% 27| WS
Al a8 B F e Aotk EE ols W ik
2Rl Aoz Alzdlol] JEFs WA F A= 5 A,
ARBA QRIES WA Adfolt), 3% AAEA A
7} (Consequential LCAYS &-8-3lo] #AAIHQl Al&H9] 3
7 A BAe FAT dF ol
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