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Abstract: Bio-plastics such as polylactic acid (PLA) have been investigated as a sustainable alternative
to petroleum-based plastics. In this study, the carbon footprint of packaging films made from LDPE,
PLA, and PLA /PBAT blends was measured with three different waste scenarios based on the database
of South Korea using life cycle assessment (LCA). The LCA followed ISO standards, and was a
cradle-to-grave analysis. The functional unit was defined as 400,000 pieces of a film of 300 x 250 mm
with thickness of 0.06 mm for packaging bag manufacturing. The waste treatments considered were
incineration, landfill, and recycling applied with the present conditions of South Korea. Under the
present analysis conditions, the PLA film with landfill was the most effective for reducing carbon
emission. The PLA /PBAT with incineration was the worst case among the packaging films tested.
Incineration was the worst choice of waste treatment in terms of carbon dioxide emissions. Generally,
landfill may not be the best option in terms of sustainability but landfill was a better option for
waste treatment than incineration. In addition, before bio-plastics are blended with other material,
the blending material should first be evaluated for its environmental impact. The blended bio-plastics
with PLA, such as PLA/PBAT, can be more inimical to the environment in terms of carbon dioxide
emissions than existing materials, such as LDPE.

Keywords: carbon footprint; life cycle assessment (LCA); packaging film; low-density polyethylene
(LDPE); polylactic acid (PLA); polybutylene adipate terephthalate (PBAT)

1. Introduction

Bio-plastics have been regarded as a sustainable alternatives to petroleum-based plastics [1-3].
In particular, polylactic acid (PLA) is noted as the most promising material in the bio-plastic sector.
Since PLA has properties comparable to those of polystyrene (PS) and polyethylene terephthalate
(PET), it can replace these petroleum-based plastics for a wide range of applications [4,5]. In the global
market of bio-plastics, the biodegradable polymers market is expected to grow to 5324.4 million dollars
by 2021 [6]. In the case of PLA, 43.1% of the market share came in 2016 [6].

Despite packaging films now gaining popularity and economic growth [7], PLA has limitations
for use as a packaging film owing to its poor performance of mechanical and physical properties.
Accordingly, various attempts have been made to improve the properties of PLA through blending
with other bio-plastics [8-13].

Carbon is one of the fundamental elements for the composition of plastics and fuels [14].
The sustainability of managing carbon has been an issue for the past few decades due to global
warming and climate change. There have been several studies about greenhouse gas (GHG) emissions
in the packaging sector [15,16]. Various studies have assessed and compared PLA (or multilayer films
with PLA) and petroleum-based polymers using the LCA method [17,18].

Sustainability 2018, 10, 2369; doi:10.3390/su10072369 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/2071-1050/10/7/2369?type=check_update&version=1
http://dx.doi.org/10.3390/su10072369
http://www.mdpi.com/journal/sustainability

Sustainability 2018, 10, 2369 20of 11

In addition, there have been various carbon footprint studies in terms of global warming
potential (GWP) using LCA concerning the comparison of biopolymers and petroleum-based polymers
(see Table 1). LCA studies showed that bio-based containers and films are a better alternative than
petroleum based plastics regarding the environmental impact. A garbage bag of PBAT /starch blends had
the lowest environmental impact in the climate change category in the cradle-to-gate approach among
three materials: Bio-PE, PBAT /starch blends, and PE [2]. In another previous study that considers energy
recovery in the end-of-life perspective, PLA film was best for environmental impact in the climate change
categories among four materials: PLA/TPS/PLS, PLA, PET, and PP [4]. Additionally, the biocomposite
film based on PLA, wood fiber, and thermoplastic starch (TPS) was more environmentally friendly than
PP film in the global warming categories in the cradle-to-gate approach [1].

Some findings show that GHG emission results of PLA can be changed depending on kind
of blended materials or system boundary. For example, the PLA clamshell container had a lower
carbon dioxide emission than PET and a higher than PS materials when the cradle-to-grave process
(including energy recovery and the energy production) was considered in the system boundary [8].
Similarly, in the cradle-to-grave-LCA study of the comparison between a PLA and polystyrene (PS)
tray, the PLA-based tray (PLA and PLA /starch) had a higher environmental impact than the PS tray in
both the climate change and the global warming categories [19]. In addition, the biocomposite film
based on pectin jelly-corn starch caused slightly higher GWP value than the LDPE film [7]. Another
LCA study dealt with bio-plastics such as polyhydroxyalkanoate (PHA), and gave similar results to
that of PLA [20]. However, there was a study suggested that a PLA based box production could be
more environmentally friendly than a PS box production when suitable waste treatment is applied [21].

This study aims to evaluate and compare GWP value (CO; eq.) of packaging films made from
LDPE, PLA, and PLA /PBAT blends focusing on waste treatment scenarios with the cradle-to-grave
approach in South Korea. Based on the results of the LCA, the conclusions, implications, and limitations
of this study were discussed.

Table 1.
petroleum-based polymers.

Previous studies for the comparison of GHG emissions of biopolymers and

Products Comments

Materials data obtained from Ecoinvent database and literature review.

This study considered waste scenario that is landfilling, landfilling with energy recovery,
incineration with energy recovery and composting, and composed of six types of waste
scenario. The data was collected from experiments and calculations.

Cradle-to-grave (raw material extraction, bag manufacture, transportation, and end of life)
PBAT/starch < Bio-PE < PE (CO; eq.)

Bio-PE, PBAT /starch garbage
bag vs. PE garbage bag [2]

Most data used were from Ecoinvent, plasma treatment data was from the literature
review and calculation.

Cradle-to-grave (raw material, plasma treatment, end of life)

Waste scenario: 22.5% recycling

PLA < PP <ML < PET (CO; eq.)

PLA/TPS/PLS(ML), PLA film
vs. PET, PP film [4]

Ecoinvent and literature review was used for data as a life cycle inventory.
Cradle-to-grave (tray manufacture, transportation and end of life)

Waste scenario: 30% landfill

PS < PLA (CO; eq.)

PLA tray vs. PS tray [19]

Some energy scenarios were conducted for making products and were extracted from
available databases and research works.

Database obtained from Ecoinvent, literature review, and calculation.

Cradle-to-gate (container manufacturer, transportation)

PS < PLA < PLA/starch (CO; eq.)

PLA, PLA/Starch tray vs. PS
tray [21]

Data obtained from Ecoinvent except PLA, which was from literature review.

PLA clamshell containers vs.
PET, PS clamshell
containers [8]

Cradle-to-grave (container manufacturer, transportation, consumption of the containers,
end of life)

Waste scenario: 76.5% landfill and 23.5% incineration

PS < PLA < PET (CO; eq.)

Wood fiber (W), PLA, TPS (%)
F1:W(30)/PLA(35)/TPS(35)
F2:W(30)/PLA(70) vs. PP [1]

Production and transport data was obtained from US-EI of changed to national condition
and national database.

Cradle-to-gate (only production)

F1=F2 < PP (CO; eq.)
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Table 1. Cont.

Products Comments

Database was sourced from various literature in the review.

Four kinds of energy scenarios were assessed during the production stage, respectively.
Cradle-to-gate (only production)

PP < PHA (CO; eq.)

PLA and fossil-based polymer (PVC, PP, HDPE, LDPE, PET, PS, ABS, PC, PMMA,
PLA vs. Fossil based and polyamide) data was obtained from NatureWorks and PlasticsEurope
polymer [17] Cradle-to-pellet

PLA < Fossil based polymer (CO; eq.)

PHA bag vs. PP bag [20]

2. Materials and Methods

In this study, the Publicly Available Specification 2050 [22] was applied to analysis and the
principles and guidelines of 15014040:2006, 1SO14044:2006 and ISO14067:2013 were followed [23-25].

2.1. Goal and Scope

The goal of this study is to evaluate and compare the carbon footprint of packaging films
made from LDPE, PLA, and PLA /PBAT blends using LCA method. The scope of this study is from
cradle-to-grave perspective with three waste treatment scenarios based on the present conditions of
South Korea.

2.1.1. Functional Unit

The functional unit is defined as a film of 300 x 250 mm with a thickness of 0.06 mm for a normal
packaging bag. The weight of each film was 4.15 g (LDPE), 5.58 g (PLA), and 5.61 g (PLA/PBAT),
calculated by specific gravity. In addition, one production unit of each film was defined as 400,000
pieces for the film manufacturing and transport processes. The characteristics of the three types of
packaging films are shown in Table 2. The reference flow is 400,000 pieces of each film.

Table 2. Characteristics of LDPE, PLA, and PLA /PBAT packaging films.

- Dimensions t of Film (2) s
e Weight of Film Density (g/.
P Length (mm)  Width (mm)  Thickness (mm) & & ensity (gfem)
LDPE 300 250 0.06 415 0.92
PLA 300 250 0.06 5.58 1.24
PLA/PBAT 300 250 0.06 5.61 1.25

2.1.2. System Boundary

The system boundary is described in Figure 1. The cradle-to-gate part of the study was comprised
of three stages: raw materials, manufacture, and film extrusion. The cradle-to-grave comprised of five
stages among which the stages of usage and disposal were considered. The raw material stage consisted
of the manufacturing for a single material. The manufacture stage produced resin for single-layer
film. The film extrusion stage contained the process of packaging film manufacturing. The usage part
included packaging filling and use, but this stage was excluded from this study. In the disposal stage
of this study, three waste treatments were considered: incineration, landfill, and recycling.
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Figure 1. System boundary of this study.

2.1.3. Assumptions and Limitations

The assumptions and limitations in this study are as follows:

e Same dimensions of packaging films made from LDPE, PLA, and PLA/PBAT blends have the
comparable value for practical use in the packaging sector.

e In the manufacturing process of packaging films, film extrusion was considered only as a
primary process.

e A specific temperature for each film in the extrusion process was not considered and was directly
proportional to the mass of each film.

e Every database is based on its origin. For example, this study utilized the data of imported LDPE
pellets from Europe because the European database of LDPE was applied.

e  Packaging filling and use are excluded in this study because of the variety of transport distances
and routes travelled by the consumer.

2.2. Life Cycle Inventory

2.2.1. Preparing Packaging Films

Table 3 show that the sources of inventory data for packaging film production. The PLA production
process has five stages: production of corn including transport; extraction of dextrose from corn starch;
modification from dextrose to lactic acid; modification from lactic acid to lactide; and PLA pellets
production [17]. The life cycle data of PLA is obtained from corn producers of 26 counties in the U.S.
The complete stages are calculated based on the Ingeo ecoprofile methodology. The manufacturing of
PLA data was collected based on the production of PLA in Nebraska by NatureWorks. The data for
LDPE packaging films was collected from the Ecoinvent 3.0 database, available with SimaPro software,
and was included in all processes from raw material extraction until delivery at plant.
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Table 3. Sources of inventory data for packaging film production and waste treatment.

Inventory Source LDPE PLA PLA/PBAT
LDPE Ecoinvent X - -
PLA Mabhalle, L. et al. [17] - X -
PBAT Modified from Ecoinvent - - X
Extrusion Modified from Ecoinvent X X X
Landfill KEITI X X X
Incineration KEITI X X X
Recycling KEITI X - -

In the case of PBAT, there was no specific data from an environmental database such as Ecoinvent.
According to previous research [26], feedstock requirements for 1 kg of PBAT were 0.41 kg of 1,4
butanediol, 0.37 kg of adipic acid, and 0.33 kg of terephthalic acid when a synthesis efficiency of
90% was assumed. Also, its esterification process was comparable to polyethylene terephthalate
(PET). Based on these points, the PBAT database was formulated and utilized in the SimaPro
software. The PLA /PBAT packaging film applied the ratio of 70% PLA and 30% PBAT considering the
crystallinity of LDPE and PLA films.

The data of extrusion was collected from the Ecoinvent 3.0. This database was from European
and Swiss converting companies and applied from the electricity profile of South Korea. The extrusion
database contained auxiliaries and the energy demand for the conversion process of plastic films.

2.2.2. Transport

The transport process was considered to be the route from the pellet manufacturing plant to the main
port, the route from the main port nearest to the pellet manufacturing plant to the imported country by
barge ship, and domestic distribution from port to the film manufacturing factory by truck (see Table 4).
The plant of the LDPE and PBAT pellets is assumed to be located in the Netherlands on the basis of
the Agri-footprint data profile. The distance from the pellet manufacturing plant to the Rotterdam port
was assumed to be 274 km by a 10 ton truck. The distance from Rotterdam to Busan was assumed to be
21,000 km by a 320 ton barge ship. The PLA pellet was made in the US. The distance from the pellet
manufacturing plant to the LA port was assumed to be 2173 km by a 10 ton truck. The distance from LA
to Busan was assumed to be 9800 km by a 320 ton barge ship. For domestic distribution, the distance
from the Busan port to the film manufacturing factory was assumed to be 327 km by a 2.5 ton truck.
The inventory database of the 10 ton truck and barge ship was collected from Agri-footprint and the
2.5 ton truck transport was based on the Korea Environmental Industry and Technology Institute (KEITI).
The government has analyzed the Korean database for LCA since 1995 because of the “Enforcement
Decree of the Environmental Technology and Industry Support Act” [27,28].

Table 4. Sources of transport by each packaging film.

Packaging Film Source Type of Shipment Distance (km)
Agri-footprint Truck (The Netherlands) 274
LDPE Agri-footprint Ocean freighter 21,000

KEITI Truck (South Korea) 327
Agri-footprint Truck (The US) 2173
PLA Agri-footprint Ocean freighter 9800
KEITI Truck (South Korea) 327

Agri-footprint Truck (The US/ The Netherlands) 2173/274

PLA/PBAT Agri-footprint Ocean freighter 9800/21,000

KEITI Truck (South Korea) 327
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2.2.3. Waste Treatments

Table 3 show that the sources of inventory data for waste treatment. Based on the previous
researches [2,29], three waste treatment types (landfill, recycling, and incineration) were considered and
utilized as waste treatment scenarios (see Table 5). The bio-plastics such as PLA and PLA /PBAT blends
were applied to the incineration (S1) and the landfill (52), and the recyclable petroleum-based plastic
such as LDPE was utilized in all the scenarios. The recycling (S3) was excluded on PLA and PLA /PBAT
blends due to bio-based plastics could disturb the current recycling system of existing petroleum-based
plastics [30]. All data of waste treatment referred to South Korea national environmental database [27].
Used plastics were recycled to the raw materials of recycled plastic. Recycling process data included
specific processes—such as separation, soring, intermediate treatment, melting, and treatment of
recycling—for one year. Mixed plastics and LDPE in municipal solid waste (MSW) were incinerated at
an incineration facility. Incineration process data included specific processes such as the treatment
of burning gas, drain water and incineration ash, input materials, combustion, and the use of the
remaining heat during one year. The recovery energy was specified by applying a MSW and heat value
ratio. Mixed plastics in municipal solid waste (MSW) were landfilled on reclaimed land. Landfilling
process data was a single process and omits the treatment of leachate and land fill gas during the
eight years.

Table 5. Waste treatment scenarios.

Scenarios (S) Exposition
S1 100% incineration
52 100% landfill
S3 100% recycling

2.3. Life Cycle Impact Assessment

Alife cycle impact analysis (LCIA) was carried out based on CML-IA baseline v3.03 using SimaPro
8.2.0 software. The CML-IA baseline is a LCA methodology developed by the Center of Environmental
Science (CML) of Leiden University in the Netherlands. The CML-IA baseline method elaborates the
problem-oriented approach. The CML method support that elevated level of detail allowing to develop
a specific environmental picture of each scenario [31]. The GWP was applied and the characterization
model, as developed by the Intergovernmental Panel on Climate Change (IPCC), was selected for the
development of characterization factors. Factors are expressed as GWP for a time horizon of 100 years
(GWP100), in kg carbon dioxide equivalent/kg emission.

3. Results and Discussion

3.1. GWP of Packaging Films

The GWP results of different packaging films are shown in Figure 2. PLA/PBAT film with
incineration (S1) was the worst case of this analysis despite consisting of 70% PLA. The GWP value of
a PLA /PBAT pellet was almost seven times higher compared to a PLA pellet, and over twice higher
than a LDPE pellet. PBAT is a petrochemical biodegradable material but the esterification process is
similar to that for PET as petroleum-based plastic. [26,32]. In the previous study, PET (amorphous
grade) had the highest GWP value among PLA, PVC, PP, HDPE, and LDPE [17]. Therefore, the result
of the present study stems from the high GWP value of PET. The PLA with landfill (52) had the
lowest GWP value of approximately three-quarters of LDPE with landfill (S2) and approximately
one-half of PLA /PBAT with landfill (S52). Consequently, though PLA was well known for being an
environmentally friendly material in terms of GHG emission, blended PLA with other biodegradable
materials may have a higher GWP value compared to existing petroleum-based plastics, such as LDPE.
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Figure 2. GWP of different packaging films by each waste scenario.

In the pellet stage, the GWP value of PLA/PBAT was highest and next came LDPE and PLA.
In the previous study, PBAT/starch blends had lowest carbon dioxide emissions among Bio-PE,
PBAT/starch, and PE [2]. When these results were combined, it seemed that the starch had extremely
low carbon dioxide value. In the transport stage, LDPE imported from Europe had the highest GWP
value. Next came PLA /PBAT imported from 30% Europe to 70% the US. The PLA imported from the
US had the lowest GWP value. These results were directly proportional to traffic distance and mode.
In the film manufacturing stage, only the extrusion process was considered. The extrusion process was
directly proportional to the mass of each material according to specific gravity. LDPE had the lowest
GWP value, and next came PLA and PLA /PBAT.

During the waste treatment stage, the incineration of each film had the highest GWP value;
next came recycling, and landfill ranked third. In the case of LDPE, the landfill had a GWP value
approximately 76 times lower than recycling and 3610 times lower than incineration. The GWP value of
PLA and PLA /PBAT with landfill approximately 3280 times higher than incineration. The landfill GWP
was calculated by GWP100 of the CML method as an impact assessment, where GWP100 represents
GHG emissions for 100 years. Accordingly, the petroleum-based plastic LDPE has a very long degrade
period, and the GWP value was lower than recycling. Contrarily, in pursuance of recycling, it was
calculated to produce GHG. Although the recycling treatment is more environmentally friendly than
landfill, there were limitations to the evaluation due to the conditions of the South Korea database and
GWP100 with CML impact assessment method.

Even though the incineration with the energy recovery process was better than without this
process in terms of carbon emission [29], carbon dioxide was generated 3280 to 3610 times more than
landfill in South Korea. PLA film with landfill treatment was the best case in terms of carbon emissions.
In the cases of landfill and incineration, there is no specific data of PLA film in South Korea. Therefore
this analysis utilized data of mixed plastics.

3.2. Relative Contributions of Each Stage

The relative contributions of each stage are also presented in Figure 3 and Table 6. The largest
contribution to the GWP value of the packaging films was from pellet production, excluding the
incineration scenario (S1) and this stage of PLA transport. In the case of incineration, this stage of
waste treatment constituted more than the other scenarios due to the fact the incineration of MSW is
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the direct factor of GHG emissions [33]. In addition, trucks on the road cause a lot of carbon dioxide
emissions [34].

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
LDPES1 LDPES2 LDPES3 PLA S1 PLAS2  PLA/PBAT PLA/PBAT
S1 S2

BPellet BATransport BExtrusion MW Waste treatment

Figure 3. Relative contributions of each stage.

The pellet production ratio of LDPE with the landfill (52) and the recycling (S3) and PLA /PBAT
with the landfill (S2) was over 50 percent. There were several reasons that the carbon dioxide emissions
of petroleum-based pallet were more than bio-based plastics. The carbon dioxide emissions of PBAT
pellet production is significantly higher than other plastics, therefore, the pellet ratio of PLA /PBAT
was the highest among all scenarios. The pellet ratio of the landfill (S2) and the recycling (53) was
relatively higher than the incineration (S1), because the carbon dioxide emissions of landfill and
recycling were low.

Even though the PLA was imported from the US to South Korea, a shorter trip than from
Europe by barge ship, the GWP value of the PLA transport was higher than the LDPE transport
because the distance of the internal transport in the US by truck was eight times longer than that in
the Netherlands, and because road transport generates more carbon dioxide emissions than other
transportation modes [34].

The carbon dioxide emission ratio of waste treatment was approximately 60 percent in PLA with
the incineration (S1). PLA had the highest ratio of waste treatment among all incineration treatment
(S1) because, the carbon dioxide emission of the PLA pellet were significantly low. Landfill and
recycling had a little carbon dioxide emission ratio. The carbon dioxide emission of waste treatment
in the landfill (S2) and the recycling (S3) was significantly lower than the incineration (S1). It was
demonstrated that carbon dioxide was directly emitted in the air during burning plastics.

Table 6. Stage contribution results of carbon footprint of packaging films (kg CO, eq.).

Stage LDPES1 LDPES2  LDPES3 PLA S1 PLAS2  PLA/PBATS1 PLA/PBAT S2
Pellet 348 x 103 348 x 103 348 x10° 1.34x 10°  1.34 x 10° 9.14 x 10° 9.14 x 103
Transport 215 x 10°  215x10° 215x 103  2.35x10° 235 x 10° 2.50 x 10° 2.50 x 10°
Extrusion 1.07 x 10°  1.07 x 10>  1.07 x 10> 144 x 10> 1.44 x 10° 1.45 x 103 1.45 x 10°
Waste treatment ~ 5.74 x 10°  1.59 x 10° 121 x 102 7.10 x 10> 2.16 x 10° 7.14 x 10° 2.18 x 109

Total 124 x 10* 670 x 10°  6.82 x 103 122 x10* 5.13 x 10° 2.02 x 10* 1.31 x 10%
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4. Conclusions

There have been various studies on the environmental impact of PLA or PLA blends compared
with petroleum-based plastics. In previous research, PLA-based plastics had various results in terms of
GHG emissions and GWP value than traditional petroleum based plastics regardless cradle-to-grave
approach and the waste treatments. Consequently, this study compared the carbon footprint of
PLA /PBAT blends film for packaging, which is for improvement of properties with LDPE and PLA
films using the LCA method.

Under the present analysis conditions, the PLA film in landfill was the most effective for the
GWP among LDPE and PLA /PBAT in every waste scenario. While, PLA /PBAT blending film with
incineration had the worst GWP value. Even though PLA was well known for being an environmentally
friendly material in terms of GHG emission, blended PLA with other biodegradable materials may
have a higher GWP value compared to existing petroleum-based plastic such as LDPE. Consequentially,
an environmental evaluation is required prior to the beginning of blending film with a bio-plastic such
as PLA. Generally, landfill as a waste treatment may not be the best option in terms of sustainability.
However, the landfill of plastic packaging waste was found to be a better option than incineration
considering the GWP value in the CML method.

The limitation of this study is that the South Korea national database was applied to the analysis.
Therefore, this result may differ from other results using the global or European databases. For future
study, there are various biodegradable materials which can blend with PLA. Therefore, various
environmental evaluations of material are required for the preparation of PLA blends. In addition,
the functional unit may be defined considering the properties of each blend.
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