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ABSTRACT

In recent years, a great deal of attention has been focused on the environmental impact of plastics, includ-
ing the carbon emissions related to plastics, which has promoted the application of biodegradable plas-
tics. Countries worldwide have shown high interest in replacing traditional plastics with biodegradable
plastics. However, no systematic comparison has been conducted on the carbon emissions of biodegrad-
able versus traditional plastic products. This study evaluates the carbon emissions of traditional and
biodegradable plastic products (BPPs) over four stages and briefly discusses environmental and economic
perspectives. Four scenarios—namely, the traditional method, chemical recycling, industrial composting,
and anaerobic digestion—are considered for the disposal of waste biodegradable plastic product (WBBPs).
The analysis takes China as a case study. The results show that the carbon emissions of 1000 traditional
plastic products (plastic bags, lunch boxes, cups, etc.) were 52.09-150.36 carbon emissions equivalent of
per kilogram (kg CO,eq), with the stage of plastic production contributing 50.71%-50.77%. In comparison,
1000 similar BPPs topped out at 21.06-56.86 kg CO,eq, approximately 13.53%-62.19% lower than tradi-
tional plastic products. The difference was mainly at the stages of plastic production and waste disposal,
and the BPPs showed significant carbon reduction potential at the raw material acquisition stage. Waste
disposal plays an important role in environmental impact, and composting and anaerobic digestion are
considered to be preferable disposal methods for WBBPs. However, the high cost of biodegradable plas-
tics is a challenge for their widespread use. This study has important reference significance for the sus-
tainable development of the biodegradable plastics industry.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

boxes, and cups comprise a significant source of GHG emissions
[5-8]. To cope with these environmental problems, Circular of

Greenhouse gas (GHG) emissions from human activities have
resulted in serious global warming [1]. Over the past 70 years, glo-
bal plastics production has shown a sustained increase from
1.5 x 10° metric tons (Mt) in the 1950 s to 359.0 x 10°% Mt in
2018 [2]. According to statistics, the production of plastic products
in China reached about 7.84 x 107 Mt in 2020 [3,4]. The produc-
tion, use, and disposal of plastic products such as plastic bags, meal
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https://doi.org/10.1016/j.eng.2023.10.002

the State Council banning certain types of plastic (such as super-
thin plastic bags) were implemented in 2008 in China and further
strengthened in 2020; since then, restricting and banning the use
of traditional plastics have become an important step in promoting
sustainable and circular economic development [9]. In addition,
China has promised to follow a low-carbon road toward greener
and high-quality development [10,11]. Against this background,
China’s annual apparent consumption of biodegradable plastics
reached more than 150 kt in 2020, as the nation begins to transi-
tion from demonstration to large-scale industrialization [3,4].

2095-8099/© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Polylactic acid (PLA) is a biodegradable material that is widely
used because of its favorable biodegradability and its advantageous
biomass raw materials [12-14]. There are several major advan-
tages in using biodegradable materials for biodegradable plastic
products (BPPs): (D reducing the use of fossil resources and the
release of fossil CO, emissions by using biomass as a feedstock;
@ providing climate change mitigation benefits by temporarily
storing biogenic carbon in biodegradable materials for a period of
time; and Q@ offering innovative disposal strategies such as com-
posting or anaerobic digestion [15,16]. Furthermore, biodegradable
materials are suitable for mechanical and chemical recycling if a
dedicated infrastructure is in place [17,18]. In recent years,
biodegradable materials have been widely applied in various fields.
Their application in daily life accounts for about 80% of total con-
sumption. Among their applications, biodegradable plastic bags,
meal boxes, and cups account for 38.34%, 38.82%, and 4.07% of all
BPPs, respectively [19,20]. Biodegradable materials such as PLA
are widely used as an alternative to traditional plastic materials
such as polyethylene (PE) and polypropylene (PP), which are com-
monly used as the materials for plastic meal boxes and cups
[21,22]. In addition, polybutylene adipate terephthalate (PBAT),
which is a biodegradable material produced from petroleum-
based raw materials, is commonly mixed with PLA for the produc-
tion of plastic bags, due to its better flexibility and lower cost.

With the rapid development of biodegradable materials, the
recovery of resources or energy from used/wasted biodegradable
plastics has attracted attention worldwide [23,24], providing new
development ideas and opportunities for biodegradable materials
such as PLA [25,26]. Therefore, various studies have been per-
formed to assess or discuss the environmental impacts of
biodegradable plastics using life-cycle assessment (LCA) [27,28].
The LCA evaluations suggest that the use of biodegradable material
for BPPs has overall environmental advantages over traditional
plastic products [28-30]. In summary, most of these studies have
focused on assessing the various environmental impacts and
energy consumption of different plastics. However, the global cli-
mate impact due to GHGs emissions, especially carbon emissions,
has aroused great concern around the world [1]. At present, no
studies have focused on systematically comparing the carbon foot-
prints of traditional plastic products with those of BPPs.

To broaden current knowledge and provide a more holistic per-
spective on the use of biodegradable plastics, this study systemat-
ically investigates the resulting impact on carbon emissions when
traditional plastic products are replaced with BPPs. To do so, we
examine: (D the carbon emissions of traditional plastic products
versus those of BPPs, from raw materials acquisition to waste dis-
posal; @ the differences in carbon emissions at every stage;  the
environmental and economic benefits of the different plastic
products.

2. Materials and methods

In this study, the system boundaries were determined by refer-
ence to International Organization for Standardization (ISO) 14,040
and ISO 14044 [31,32].

2.1. Definition of the goal and scope

In this study, 62.75%-79.25% PBAT with 20.75%-37.25% PLA was
selected and defined as PBAT-LA [33]. Based on a market survey, PE
and PP materials were chosen as samples for traditional plastic
products, and PBAT-LA and PLA materials were chosen for BPPs
(the market survey is provided in Tables S1 and S2 in Appendix A).

This study focuses on the carbon emissions of plastic products
throughout their whole life cycle, with a comparison of different
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materials. The calculations and analyses focus on plastics in China.
The differences in the carbon emissions from traditional plastic
products and BPPs during their transport and use stages are minor
[29,34-36]. Thus, this study did not compare emissions during
these stages. The system boundary of this study includes four
stages, as shown in Fig. 1: raw materials acquisition (T1), plastic
production (T2), product manufacturing (T3), and waste disposal
(T4) (Fig. S1 in Appendix A for details).

2.2. Functional unit (FU)

The FU was defined as 1000 single-use bags, meal boxes, or cups
used in daily life. Dimensions of 260.00 x 420.00 x 0.04, a volume
of 1000, and 500 mL were respectively chosen as samples for the
single-use bags, meal boxes, and cups (Section S1 in Appendix A
for further details).

The weights of the single-use bags were calculated according to
their size and material density [37,38]. Each single-use bag with
the dimensions 260.00 x 420.00 x 0.04 weighs 8.04 g if made from
PE or 10.83 g if made from PBAT-LA. Based on the market survey,
the weight of a 1000-mL meal box is 25-31 g if made from PP or
27-34 g if made from PLA, and the respective weights of a 500-
mL cup are 8-11 and 10-14 g. However, to avoid the differences
in weight observed in the market, which may not be caused by
the material properties but rather by the limitations of the process-
ing equipment and techniques, we used a theoretical approach to
estimate the weights of plastic meal boxes and cups made from
different materials. Ashby [39,40] has proposed the material index
(MI) to indicate the stiffness of a material as a function of the
Young's modulus E and the density p of that material (Eq. (1)).

E] /3
Mlstiffness = 7 (1)

Then, the material substitution factor (MSF) represents the ratio
between the minimum masses needed by two materials to satisfy
the same requirement (e.g., the same stiffness performance). The
MSF is defined as the ratio between the MI of the reference mate-
rial (Mlf) and that of the new material (Ml,) (Eq. (2)) [36]. The
comparative analysis of weight for a novel material by defining
the MSF is given as follows.

MIref
M, @)

First, the 1000-mL PLA meal box and 500-mL PLA cup were
assumed to be 27 and 10 g, respectively, which was within the
scope of the weights of the products observed in the market (27-
34 and 10-14 g, respectively). Applying the concept of the MSF,
the theoretical weights of the PP meal box and cups were calcu-
lated to be 23.17 and 8.58 g, respectively. The data used to calcu-
late the MSFs, Mls, and weights of the PP meal box and cups for
the same FU are shown in Table S3 in Appendix A.

MSFstiffness =

2.3. Life-cycle inventory analysis

The life-cycle inventories of different plastic products, from raw
materials acquisition to waste disposal, are described in this sec-
tion (Section S2 in Appendix A for more details). The relevant
parameters are provided in Table 1 [29,36,38,41-60].

2.3.1. Raw materials acquisition (T1)

The raw material for the PE and PP is mostly naphtha obtained
from the secondary distillation of crude oil, where the latter was
formed through the deposition of organic matter over thousands
of years [46,61]. Thus, it was considered that no carbon capture
occurred for traditional plastics at the T1 stage [62,63]. In contrast,
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Fig. 1. The system boundary. BDO: 1,4-butanediol; APA: adipic acid; TPA: terephthalic acid; LA: lactic acid.

Table 1
The relevant parameters of different plastic products.
Stage  Relevant parameter PE PP PBAT-LA PLA References
T1 Carbon content 85.60%-93.02% 77.60%-85.62% 58.56%-58.62%  50.00%-50.20%  [36,38,52,58-60]
T2 CO, emission factor (t-t™1) 2.250 (1.575-2.925)  2.250 (1.575-2.925) — - [42]
Geographical adjustment factor 130% (120%-140%) 130% (120%-140%) - -
CH, emission factor (kg-t~1) 3.30 (2.97-3.63) 3.30 (2.97-3.63) — —
Carbon emissions of per kilogram (kg CO,eq) — — 2.95-3.22 1.30-2.19 [43-47]
T3 The electricity consumption (kW-h-kg™!) 1.03-2.00 1.41-2.00 1.23-2.00 1.23-2.00 [29,36,38,41]
T4 Emission factors of plastics for incineration* 3.14 3.14 1.62 1.47 [48]
Chemical recovery rate — — — 60%-80% [49,50]
Industrial composting rate — — 20.0%-81.1% 70%-82% [51-53]
Proportion of CO; released in industrial composting — — 57.1% 57.1% [53]
Anaerobic digestion ratio — — 70%-80% 70%-80% [54-57]
Proportion of CO, in biogas — — 20%-40% 20%-40% [54-57]

" These were calculated via stoichiometry; detailed data are provided in Table S4 in Appendix A.

CO, is absorbed by the biomass that will later be used to make PLA
at the T1 stage [64]. The biological carbon content of PLA is shown
in Table 1 [29,36,38,41-60]. The calculation method was adjusted
according to the biomaterial storage method, as shown in Eq. (3) in
Fig. 2 [34,42,43,48-50,54-56,65,66].

2.3.2. Plastic production (T2)

At present, ethylene and propylene are usually produced via the
steam cracking of fossil fuel in a tubular furnace [67]. CO, and CH,4
emissions during ethylene and propylene production are calcu-
lated in Egs. (4) and (5) in Fig. 2 [34,42,43,48-50,54-56,65,66].
For the polymerization of the monomer, the electricity consump-
tion of PE and PP is assumed to be 0.37 kW-h-kg~! [29].

PLA is commonly produced via the lactide ring-opening poly-
merization method, which consumes natural gas and electricity
[28,30,68]. The carbon emissions for 1.00 kg of PLA are found to
be 1.30-2.19 carbon emissions equivalent of per kilogram
(kg CO,eq) [43,45-47]. In addition, 0.41 kg of 1,4-butanediol
(BDO), 0.37 kg of adipic acid (APA), and 0.33 kg of terephthalic acid
(TPA) are required for the production of 1.00 kg of PBAT [44,45].
The carbon emissions of 1.00 kg of PBAT-LA are found to be
2.95-3.22 kg CO,eq [43-46].

2.3.3. Product manufacturing (T3)

The melting point of PP is as high as 189 °C, while that of PE is
only 85-110 °C. Therefore, the electricity consumption of thermo-
forming per kilogram of PE and PP is 1.03-2.00 and 1.41-2.00 k-W-h,
respectively [36,38]. PLA and PBAT have similar melting points;

thus, the electricity consumption of PBAT-LA and PLA is 1.23-
2.00 kW-h [36,41]. The carbon emissions of electricity consump-
tion are calculated in Eq. (15) in Fig. 2 [34,42,43,48-50,54—
56,65,66].

2.3.4. Waste disposal (T4)

The traditional method currently used in China for the disposal
of plastics—that is, 39% landfill, 31% incineration, and 30% mechani-
cal recycling—was set as the waste disposal option for the tradi-
tional plastic products in this study [18]. Four scenarios were set
for the disposal of waste BPPs (WBPPs): the traditional method
(S1); 100% chemical recycling (S2); 100% industrial composting
(S3); and 100% anaerobic digestion (S4).

The carbon emissions generated by the landfill disposal of tradi-
tional plastic products are evaluated in the form of CO, in this
study [69]. PLA and PBAT can be completely degraded to produce
water and CO, [36,70]. For the WBPPs disposed of in a landfill,
the calculation of the carbon emissions is shown in Eq. (6) in
Fig. 2 [34,42,43,48-50,54-56,65,66]. For the incinerated WBPPs,
the carbon emissions were calculated using stoichiometry, as
shown in Eq. (7) in Fig. 2 [34,42,43,48-50,54-56,65,66]. For the
WBPPs disposed of via mechanical recycling, it was considered that
there were no carbon emissions for all plastic products.

The carbon emissions of the WBPPs in the scenarios S2, S3, and
S4 were calculated as follows (Table S5 in Appendix A for relevant
parameters). The calculation method for chemical recycling is
shown in Eq. (8) in Fig. 2 [34,42,43,48-50,54-56,65,66]. Based on
the requirement for a 30-day maximum operation time in
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¥
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PLA: 1.30 to 2.19 kg CO,, per kg

PBAT-LA: 2.95 to 3.22 per kg

y

Products manufacturing

Eco,=ELx0.62

v

Traditional plastics waste disposal
K‘. Solid waste containing C

Landfill S1
“ Eco, = SW, x OF, (7)
Tt ; S2
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(15)

y

Biodegradable plastics waste disposal

Landfill: Eco,=SW,* Cy, % 3.67 (6)
Incineration: Eco,=SW,* OF; (7)
Recycle: No C emissions were involved
Eco,=SW;x(1=R)*xCx3.67  (8)

Eco,=Ei+E, (9)
E,=8W,x Cy %D x Sc % 3.67 (10)
E,=SW,x Coux (1= D:)x3.67  (11)
Eco,=Ei+E, (12)
E, = SW,x Gy x AD X B, * 3.67 (13)
E,=SW,x Cyx(1—-AD)x3.67 (14)

Fig. 2. Summary of the relevant equations used in the calculations. In regard to the four scenarios, traditional method (S1), 100% chemical recycling (S2), 100% industrial
composting (S3), and 100% anaerobic digestion (S4), the T4 stage of the BPPs takes place using the S1, S2, S3, or S4 [34,42,43,48-50,54-56,65,66]. Aco, : absorption of CO,,
kg; Cior: biological carbon content, %; Eco,: emissions of CO,, kg; pp: yields of ethylene, kg; EF: CO, emission factor of steam cracking, kg CO,-kg~'; GAF: geographical
adjustment factor for ethylene production via steam cracking, %; EF;: CH, emission factor of naphtha steam cracking, kg CH4-t~"; SW;: weight of plastic products, kg; i: the
type of plastic product waste; OF;: emission factors of plastic products for incineration disposal, tCO,-t~! plastic; Rc: chemical recycling rate, %; Dc: industrial composting rate,
%; Sc: proportion of CO; released in industrial composting, %; AD: anaerobic digestion ratio, %; Bco, : proportion of CO, in biogas, %; EL: electricity consumption, kW-h; 3.67:

conversion factor from C to CO,.

industrial composting in China [20], the calculation method for
industrial composting was adjusted, as shown in Eq. (9) in Fig. 2
[34,42,43,48-50,54-56,65,66]. Eq. (10) in Fig. 2 [34,42,43,48-50,
54-56,65,66] was used to calculate the escaped carbon emissions,
and the carbon emissions without composting were calculated
using Eq. (11) in Fig. 2 [34,42,43,48-50,54-56,65,66]. The product
of anaerobic digestion is biogas (mainly CH, and CO,), where
60%-80% of the CHy, is reused as energy. Based on the requirement
for a 40-day maximum operation time for anaerobic digestion in
China [20,66], the specific calculation method is presented in
Egs. (12)-(14) in Fig. 2 [34,42,43,48-50,54-56,65,66].

2.4. The computing method

All the equations in this study have been adjusted according to
the 2019 Intergovernmental Panel on Climate Change (IPCC) report
[42] and relevant studies based on emission factors and mass bal-
ance methods, as shown in Fig. 2 [34,42,43,48-50,54-56,65,66]
(The bases of definition for the equations are shown in Section S3
in Appendix A).

3. Results and discussion

3.1. Carbon emissions from the life-cycle of traditional plastic products
The carbon emissions related to traditional plastic products,

from raw materials acquisition to waste disposal, are shown in

Fig. 3. The net carbon emissions of different plastic products from
T1 to T4 are denoted by total carbon emissions (TC).

Crude oil was formed through the deposition of organic matter
over many thousands of years [46,61]. Thus, regarding the negative
carbon emissions of traditional plastic products at the stage of T1,
it was considered that no carbon capture occurred.

The carbon emissions of PE plastic bags at the T2 stage
accounted for 50.77% of the TC, and those of PP plastic meal boxes
or cups accounted for 50.71%, making this stage one of the main
sources of emissions. This is because traditional plastic products
consume a large amount of GHG-intensive fossil-derived resources
(e.g., naphtha) at this stage, resulting in a large amount of CO,
emissions and releasing the GHG methane as well, which has a
higher global warming potential [71,72]. Based on the electricity
consumption, there were relatively fewer carbon emissions at the
T3 stage, accounting for 14.49%-16.29% of the TC. The carbon emis-
sions of the PP plastic products at this stage were slightly higher
than those of the PE plastic products, due to the difference in melt-
ing points, which affected the electricity consumption.

The carbon emissions at the T4 stage were calculated based on
traditional disposal methods. The results showed that the carbon
emissions of 1000 single-use PE plastic bags, PP plastic meal boxes,
and PP plastic cups at this stage were 18.10, 49.62, and 18.38
kg CO,eq, respectively, making this stage the second highest source
of carbon emissions from traditional plastic products. Traditional
plastic products directly contribute to carbon emissions during dis-
posal in the incineration scenario, which is the main source of
emissions at the T4 stage. Moreover, the traditional combination
methods included 30% mechanical recycling, whereas single-use
plastic products might not be able to achieve this percentage.
Therefore, it is likely that the carbon emissions from traditional
plastic products at the T4 stage are higher than those presented
in Fig. 3. In addition, traditional plastic products are decomposed
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Fig. 3. Carbon emissions of traditional plastic products across the whole life cycle. (a)-(c) Carbon emissions of (a) 1000 single-use PE plastic bags; (b) 1000 single-use PP

plastic meal boxes; and (c) 1000 single-use PP plastic cups.
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Fig. 4. Carbon emissions of BPPs in the whole life cycle. (a)-(c) Carbon emissions of
(a) 1000 single-use PBAT-LA plastic bags; (b) 1000 single-use PLA plastic meal
boxes; and (c¢) 1000 single-use PLA plastic cups. Here, the labels T4-S1, T4-S2, T4-S3,
and T4-S4 indicate that the T4 stage takes place using S1, S2, S3, or S4.

(by landfilling) over a period ranging from decades to hundreds of
years [73]. The greenhouse effect from the landfill disposal of tra-
ditional plastic products might be even worse than predicted in
this study.

Therefore, eco-friendly production techniques and waste dis-
posal methods should be considered in order to potentially reduce
the carbon emissions from traditional plastic products.

3.2. Carbon emissions from the life-cycle of BPPs

The carbon emissions of PBAT-LA and PLA plastic products, from
raw material acquisition to waste disposal, are shown in Fig. 4. The
carbon emissions for 1.00 kg of PBAT-LA plastic products are about
3.41-4.43 kg CO,eq, which is slightly higher than the emissions for
1.00 kg of PLA plastic products (1.37-2.15 kg COeq).

At the T1 stage, the CO, absorption of 1.00 kg of PBAT-LA and
PLA plastic products was 1.16 and 1.84 kg CO,eq, respectively,
because the raw material of PLA is derived from biomass. It was
verified that BPPs hold the potential for carbon neutrality, espe-
cially PLA [74]. The reason for the difference between PBAT-LA
and PLA plastic products at this stage is that the raw materials of
PBAT are petroleum-based products, such as nitric acid and cyclo-
hexane, through which no carbon capture occurs [45].

Similar to traditional plastic products, the main carbon emis-
sions source from the BPPs was the T2 stage. The results showed
that the carbon emissions of PBAT-LA and PLA plastic products
accounted for 55.20%-61.76% and 43.81%-52.93% of the TC, respec-
tively. These emissions mainly came from the energy inputs for
monomer production and polymerization, such as natural gas,
electricity, and steam. The carbon emissions of 1.00 kg of PBAT-
LA plastic products (3.09 kg CO,eq) were significantly higher than
those of 1.00 kg of PLA (1.75 kg CO,eq), due to the relatively
complex production process of PBAT. At the T3 stage, the carbon
emissions of the PBAT-LA and PLA plastic products accounted for
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17.86%-20.05% and 25.14%-30.37% of the TC, respectively. The
carbon emissions of the PBAT-LA plastic products were lower than
those of PLA, mainly because the total mass of 1000 single-use
PBAT-LA plastic bags was lower, resulting in relatively lower
power consumption.

As shown in Fig. 4, four different scenarios were set for the dis-
posal of WBPPs. In S1, the carbon emissions of the PBAT-LA plastic
bags and of PLA meal boxes and cups at the T4 stage were 13.37,
32.25, and 11.95 kg CO,eq, respectively. These values might be
due to the large amounts of GHGs caused by the landfill and incin-
eration of WBPPs, which are released directly into the environ-
ment. When the other three waste disposal scenarios at the T4
stage were considered, the results indicated that the WBPPs held
potential for carbon emission reduction in a particular scenario.
For example, the carbon emissions of WBPPs in S4 were 26.35%-
27.80% lower than those in S1. The carbon emissions of S3 scenario
were relatively high, which should be due to two factors: (D The
composting of WBBPs mainly produces carbon fertilizer and CO,;
@ industrial composting generates uncontrolled CO, escape emis-
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sions [75]. In S2 scenario, the carbon emissions for 1.00 kg of PBAT-
LA and PLA plastic products were only 1.52 and 0.55 kg CO,eq,
respectively. The higher carbon emissions of the PBAT-LA plastic
products in the S2 scenario were mainly due to the difficulty of
the chemical recycling of composite plastics. Although the PLA
plastic products had lower carbon emissions in the S2 scenario,
the uncertainty of the recovery rate and the secondary contamina-
tion of chemical agents are the major challenges presented by
chemical recycling [76]. In S4 scenario, the carbon emissions of
1.00 kg of PBAT-LA and PLA plastic products were only 0.91 and
0.86 kg CO,eq, respectively. In comparison with the other scenar-
ios, anaerobic digestion can be considered the preferable technol-
ogy for disposing of these WBPPs due to the biodegradability of
BPPs. Furthermore, there is a much greater margin for improve-
ment in the digestibility of WBPPs toward achieving lower carbon
emissions. However, other PBAT plastic products might not achieve
the same digestibility as single-use PBAT-LA plastic bags [77]. In
addition, the CH4 in biogas produced by anaerobic digestion could
be used to replace some traditional energy sources, thereby further
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Fig. 5. Comparison of life-cycle carbon emissions from traditional plastic products and BPPs. (a) 1000 single-use PE and PBAT-LA plastic bags; (b) 1000 single-use PP and PLA
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reducing the carbon emissions of traditional energy sources. Cur-
rently, most WBPPs in China cannot be well distinguished from
waste traditional plastic products, making it difficult to achieve
these disposal advantages; moreover, the long operation cycle of
biomass treatment facilities cannot satisfy existing degradation
standards [20,78].

In conclusion, the carbon emissions of BPPs could be reduced by
decreasing the energy consumption in their production or by pro-
moting waste disposal methods involving resource or energy
recovery, such as anaerobic digestion.

3.3. Comparison between carbon emissions from biodegradable and
traditional plastic products

Fig. 5 shows a comparison of the carbon emissions for the PBAT-
LA, PLA, PE, and PP plastic products used in daily life. The results
show that the TC of the BPPs is 7.60%-73.75% lower than that of
the traditional plastic products. Among them, the TC of PLA plastic
products is 61.43%-73.75% lower than that of PP plastics products,
showing a greater advantage in carbon emission reduction (Tables
S6 and S7 in Appendix A for detailed data).

At the T1 stage, the raw material of the BPPs had absorption of
CO,, which was one of the reasons why the TC of the BPPs is lower
than that of the traditional plastic products. The negative carbon
emissions in stage T1 are a significant advantage of the utilization
of BPPs, especially plastics made from biomass such as PLA.

As shown in Fig. 5, the difference in the carbon emissions of tra-
ditional plastic products versus BPPs was obvious at the T2 stage.
The carbon emissions of 1000 PLA plastic products were lower
by about 10.79-29.13 kg CO,eq in comparison with those of the
traditional plastic products. Thus, replacing traditional plastic
products with PLA plastic products holds potential for carbon
emissions reduction at the T2 stage. The difference between the
PLA and traditional plastic products was mainly attributed to the
use of fossil-derived resources to manufacture the traditional plas-
tic products [71,72]. In comparison, the carbon emissions of 1000
PBAT-LA plastic products were 6.79 kg CO,eq higher than those
of PE products, which may be due to the petroleum-based raw
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materials and cumbersome production process of PBAT. Compared
with the established PE and PP plastic production techniques,
those of biodegradable plastics are under development [79,80].
For example, Nature Works is attempting to reduce the consump-
tion of natural gas, electricity, water, and other resources for PLA
plastic production [43]. Therefore, PBAT-LA and PLA plastic prod-
ucts might achieve lower carbon emissions than those presented
in this study. In addition, as the four plastic products were all ther-
moformed, the carbon emissions were not significantly different at
the T3 stage.

At the T4 stage, the waste flows and carbon emissions of tradi-
tional plastic products and BPPs were compared. As shown in
Fig. 6(a), The BPPs at the T4 stage showed a clear difference from
the traditional plastic products, mainly due to the lower carbon
content. As shown in Fig. 5, the TC of the WBPPs that were disposed
of according to S1 was 65.00%-73.88% of that of the disposal of tra-
ditional plastic products in the same scenario, and did not show a
clear advantage. However, the greenhouse effect of traditional
plastic products in landfills is worse and continues for centuries
[69]. The landfill and incineration of WBPPs not only had a non-
negligible greenhouse effect but also contributed to the destruc-
tion of the ozone layer. The analysis found that the WBPPs had bet-
ter carbon emission advantages in a particular scenario. As shown
in Fig. 6(b), the waste flows of PLA plastic products in S2 showed
that there was lactic acid (LA) recovery, and the proportion of
CO, decreased by about 17.60% compared with S1. The carbon
emissions of WBPPs at the T4 stage in S2 were 29.95%-90.95% of
those of traditional plastic products. Among them, the potential
for carbon reduction through the use of PBAT-LA plastic products
was not obvious, due to the difficulty in the chemical recycling of
composite plastics. The difficulty of chemical recycling also
includes the use of toxic solvents and a complex recycling process.
Fig. 6(c) shows that 11.10% and 16.30% of PBAT-LA and PLA plastic
products, respectively, were recycled through fertilizer in indus-
trial composting. In the S4 scenario (as shown in Fig. 6(d)), the pro-
portion of CO, emissions decreased by 8.90%-9.10% compared with
S1, and the process generated biogas energy products. As shown in
Fig. 5, the carbon emissions of WBPPs at the T4 stage in S3 and S4
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Table 2
Annual consumption and carbon reduction of different plastic products.

Engineering xxx (XXXX) XXx

Plastic products Annual consumption (t)

Traditional - Biodegradable

Carbon reduction (kg CO,eq-a~")

s1 S2 s3 S4
Plastic bags 4.00 x 10° PE—PBAT-LA 2.82 x 107 1.58 x 107 1.66 x 107 423 x 107
Plastic meal boxes 1.07 x 10° PP—PLA 1.00 x 108 1.19 x 108 0.99 x 10® 1.10 x 108
Plastic cups 3.00 x 10* PP—PLA 1.04 x 10° 1.23 x 10° 1.03 x 10° 1.14 x 10°

were 67.29%-89.91% and 46.93%-54.41%, respectively, of those of
traditional plastic products. These results indicate that the poten-
tial for carbon emission reduction from the disposal of WBPPs in
S3 is not as good as that in S4, which should be viewed from the
following two aspects: (D industrial composting generates uncon-
trolled CO, escape emissions; and @ the anaerobic digestion of
WBPPs is faster and releases much less CO, than composting.

The carbon emissions of products such as plastic bags, meal
boxes, and cups were compared from the perspective of replacing
traditional plastic products with BPPs (as shown in Table 2). The
results indicate that replacing PE plastic bags with PBAT-LA and
replacing PP plastic meal boxes and cups with PLA may reduce car-
bon emissions by 4.23 x 107, 1.10 x 108, and 1.14 x 10° kg CO,eq
per year in the optimal scenario. From the perspective of the pro-
duct’s carbon footprint, BPPs have the potential to reduce carbon
emissions, especially the use of separate PLA plastic products.

Therefore, the use of BPPs holds the potential for carbon emis-
sion reduction compared with traditional plastic products; how-
ever, it must be considered that this study is a carbon emission
assessment based on the current situation of plastic products used
in daily life. The wide application of BPPs might require a compre-
hensive assessment of other environmental impacts, economic
benefits, and feasibility.

3.4. Environmental and economic discussion

3.4.1. Environmental discussion

In addition to emitting GHGs, the production and waste dis-
posal of traditional plastic products cause serious environmental
pollution, such as the generation of hazardous wastes, the destruc-
tion of oceans and soils, and the emission of air pollutants (volatile
organic carbon, carbon monoxide, etc.) [81,82]. More specifically,
traditional plastic products rely on oil feedstock, so their manufac-
turing depletes fossil-fuel resources. Previous LCAs of biodegrad-
able plastics have shown significant reductions in the depletion
of nonrenewable resources when biodegradable plastics replace
traditional plastics, ranging between 7% and 70% depending on
the polymer, plastic item, and form of waste management
[83,84]. Furthermore, the generation of waste plastic products is
contaminating the oceans and soils due to the low global recycling
rate of traditional plastic products. This issue could be mitigated by
biodegradable plastics, which are intended to degrade faster in the
natural environment [84].

However, the production and waste management of BPPs can
also cause environmental risks (Table S8 in Appendix A for a

Table 3
Comparison of costs of biodegradable and traditional plastic products.

detailed description of the BPP environmental impact) [82,85,86].
Regarding raw materials, PLA is produced from renewable
resources such as corn and sugarcane, which require land for
2.0-2.5 t of biomass per ton of PLA. The stage of biomass cultiva-
tion contributes to eutrophication and agricultural land use [87].
Furthermore, converting biomass into sugars and then polymers
requires a significant energy consumption [43]. Although PBAT is
a degradable plastic material, its petroleum-based raw materials
can deplete fossil-fuel resources, similar to traditional plastics in
the production process [20,88]. The manufacturing of PBAT-LA
requires a high energy consumption because of the complex pro-
duction process for PBAT [45]. Thus, the current production process
of PBAT also has an environmental impact in terms of air pollution,
acidification, greenhouse effect, and among others [20,36]. In addi-
tion, the polyesters and additives (i.e., compatibilizers and others)
added to PLA have a major environmental impact that is often
neglected in their LCAs [88]. From the perspective of environmen-
tal impact, components such as compatibilizers should be mini-
mized. Nevertheless, energy consumption is expected to have
much more margin for improvement in the case of biodegradable
plastics compared with well-established traditional plastics.

The inappropriate disposal of WBPPs may result in worse envi-
ronmental impacts than the disposal of waste traditional plastic
products in certain cases. For example, the WBPPs in landfills
may produce landfill gas relatively quickly, causing climate change
impacts and ozone depletion [29,36]. Potentially hazardous emis-
sions such as particulate matter, dioxins, and furans during the
incineration of WBPPs are a major environmental pollution
[23,36]. While recycling is possible for WBPPs, its success is limited
by the lack of dedicated infrastructure, since WBPPs exhibit deteri-
oration in their physical properties during the mechanical recy-
cling process and thus cannot be recycled together with
traditional plastics. Chemical recycling is possible as an alternative,
but it generally requires the use of toxic solvents to degrade the
polymers into monomers [23,89]. The biodegradability of
biodegradable materials makes it possible to adopt end-of-life
strategies for WBPPs such as composting and anaerobic digestion
to prevent direct leakage into the environment. Composting and
anaerobic digestion are considered to be preferable end-of-life dis-
posal methods for WBPPs, along with fertilizer or CH, energy
recovery in biogas. However, these methods present the challenges
of a long operating cycle and inefficient recovery of WBPPs [57].

In conclusion, the environmental impact of WBPPs varies
greatly according to the different disposal scenarios, and it is
essential to choose appropriate waste management strategies in
order to reduce their environmental impact.

Products Price of plastic (RMB-kg™!) Weight of 1000 plastic products (kg) Price of plastic products (RMB x 1073)  Annual cost of plastic products (RMB)
PE bags 8.28 8.04 66.51 3.31 x 10'°
PBAT-LA bags  21.77 10.83 235.85 8.71 x 10'°
PP meal boxes 8.06 23.17 186.84 8.63 x 10°
PLA meal boxes  25.50 27.00 688.50 2.73 x 10'°
PP cups 8.06 8.58 69.20 242 x 108
PLA cups 25.50 10.00 255.00 7.65 x 108
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3.4.2. Economic discussion

Many factors affect the cost of plastic products, including the
raw material, equipment, research and development, and energy
needs. When comparing the costs of BPPs with those of traditional
plastic products, the difference mainly comes from the variance in
the cost of materials. In China, the production method used for
BPPs (taking PLA and PBAT as examples) is shown in Fig. S1.

The production of PBAT includes the production of BDO, APA,
and TPA, as well as polymerization [45]. In recent years, the high
and greatly fluctuating price of BDO has increased the uncertainty
of PBAT production cost [20]. The production technology for PLA
that is commonly adopted in China is lactide ring-opening poly-
merization, whose core is the synthesis and purification of lactide
[90]. Of the compared plastics, PLA has the highest cost, which was
analyzed based on the following aspects: (D Corn, which is the raw
material used to make PLA in China, has a large consumption and
relatively high cost; @ the purification process of lactide is com-
plex and difficult, presenting technical barriers to the production
of lactide, with only a few domestic companies possessing this
capacity in China; and @ at present, the production capacity of
PLA is relatively low, with unsatisfied demand in China, resulting
in a relatively high import dependence [20]. The high costs of pro-
duction have become a major technology bottleneck in the large-
scale development of China’s biodegradable plastics industry.
According to domestic market research, the prices of PBAT-LA
and PLA are respectively around 21 772 and 25 500 RMB-t~! (based
on the USD/RMB exchange rate on June 31, 2023, where 1
USD = 7.11 RMB)—nearly 2.63-2.70 and 3.08-3.16 times greater
that of traditional plastics (A detailed price market survey is shown
in Table S9 in Appendix A). As shown in Table 3, the cost of 1000
plastic bags, meal boxes, and cups made from biodegradable plas-
tics was approximately 169.35, 501.66, and 185.80 RMB, respec-
tively—higher than those made from traditional plastics, with an
annual cost approximately 163%-216% higher. Therefore, develop-
ing more economical production technologies is an important
direction for the sustainable application and promotion of BPPs
in China [91,92].

4. Conclusions

This study calculated and discussed the life-cycle carbon emis-
sions of traditional plastic products and BPPs commonly used in
daily life in China. The results showed that the carbon emissions
of 1000 single-use traditional plastic products (PE and PP plastic
products) were 52.09-150.36 kg CO,eq, with the T2 stage con-
tributing 50.71%-50.77%. The emissions from 1000 single-use BPPs
(PBAT-LA and PLA plastic products) topped out at 21.06-56.86
kg CO,eq, which is 13.53%-62.19% lower than those of traditional
plastic products. Furthermore, disposal via anaerobic digestion
had the optimal performance at stage T4, with the lowest TC of
the BPPs being 17.74-41.66 kg CO,eq. The most significant differ-
ences were at the T2 and T4 stages, although the T1 stage exhibited
the unique advantage of the use of biomass raw material, which
yields negative carbon emissions.

It was determined that 1.03 x 10°-1.10 x 10® kg CO,eq of car-
bon emissions per year would be reduced in China if BPPs were
used instead of traditional plastic products (e.g., plastic bags, meal
boxes, or straws). In terms of environmental impacts, composting
and anaerobic digestion are considered to be the preferable end-
of-life disposal methods for WBPPs, with fertilizer or CH,4 energy
recovery in biogas. Conversely, the high production costs of BPPs
have limited their development. The development of more eco-
nomical production technologies and waste disposal methods to
recover resources or energy may contribute to the promotion and
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sustainable application of BPPs. This study has important reference
significance for the sustainable development of the biodegradable
plastics industry.
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