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The Japanese government developed a strategy for plastics and
laid out ambitious targets including the reduction of 25% for
single-use plastic waste and the reuse/recycling of 60% for plastic
containers and packaging by 2030. However, the current usage
situation of single-use plastics including containers and packaging,
which should be a basis of the strategy, is unclear. Here, we iden-
tify the nationwide material flow of plastics in Japan based on
input-output tables. Of the domestic plastic demand of 8.4 Mt in
2015, 1.6 and 2.5 Mt were estimated to be for containers and
packaging comprising household and industry inflows, respec-
tively, through the purchase/procurement of products, services,
and raw materials. Considering the current amount of recycling
collected from households (1.0 Mt) and industries (0.3 to 0.4 Mt),
the reuse/recycling target has already been achieved if the goal is
limited to household container and packaging waste, as is the fo-
cus of Japan'’s recycling law. Conversely, the results indicate that it
will be extremely difficult to reach the target collectively with in-
dustries. Therefore, it is essential that efforts be made throughout
the entire supply chain. Food containers and packaging that flowed
into the food-processing and food service sectors accounted for
15% of the inflow of containers and packaging into industries.
Thus, the key to achieving the reuse/recycling target will comprise
the collection of plastic food packaging from not only households
but also the food industry. Furthermore, the collection of flexible
plastic films used between industry sectors will put the target
within reach.

plastic container and packaging | material flow analysis | input-output
table | recycling rate | Japan

lastic production and consumption are increasing worldwide

(1). Plastic containers and packaging, which are typical
single-use plastics, cause various problems not only by entering
the ocean (2-6) but also by occupying landfill sites, influencing
climate change through CO, emissions during incineration,
consuming fossil resources, and impacting the environment over
their life cycles (7-9). There have been wide-ranging discussions
regarding methods to solve and alleviate such problems (10-14),
including the reduction and recycling of single-use plastics
(15-23), the introduction of biobased and biodegradable plastics
(24-29), and the implementation of extended producer respon-
sibility (EPR) (30). In this context, the Japanese government,
which, along with the United States, did not ratify the Ocean
Plastics Charter (31) and thus caused global disappointment, is
now eager to make up for lost ground in the plastic issue. At the
same time, Japan and many other countries, including those in
Europe, face problems caused by increasing amounts of waste
plastics that must be processed or recycled domestically due to
the ban on the import of waste plastics by China at the end of
2017 (32) and the subsequent plastic import restrictions in Asian
countries such as Thailand and Vietnam. The influence of import
restrictions on waste plastics is enormous in Japan because the
country has depended on the export of ~1.5 million tons (Mt) out
of ~9 Mt of annual waste plastics to Asian countries, mainly
China, in recent years (33, 34). Against this backdrop, the Japa-
nese “Resource Circulation Strategy for Plastics” was rapidly
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developed before the G20 Summit hosted by Japan in June 2019;
the final version of the strategy was released at the end of May
2019 (35). The following are some of the goals laid out in the
Japanese strategy for plastics that are strongly conscious of the
Ocean Plastics Charter (31) and the European strategy for plastics
in the Circular Economy (11): a reduction of 25% in the gener-
ation of single-use plastic waste by 2030; a 60% reuse/recycling
target for plastic containers and packaging by 2030; a 100% uti-
lization rate, including energy recovery, for all waste plastics by
2035; and introduction of 2 Mt of biobased plastics by 2030.

Of these, the second goal is above the 55% target for the
recycling of plastic packaging by 2030 in the Ocean Plastics
Charter (31) and Europe (36). Since containers and packaging
are the symbol of wasteful plastics, this target must be achieved.
However, surprisingly, the total amount of plastic containers and
packaging that should be used as a denominator of the reduction
and reuse/recycling targets is unclear. Regarding the quality of
plastic waste including the composition of resin types, which is
the major determinant of recyclability (especially in mechanical
recycling), only fragmentary information such as waste compo-
sition survey data with a limited sample of waste sources are
available.

The situation is more or less similar in Europe and the United
States in regard to confusion about the flow of plastics for con-
tainers and packaging. As in Japan (33, 34), the United States
adopts an approach in which the amount of waste generated is
determined by estimating domestic consumption, starting from
the production amount of plastic products, including containers
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and packaging, with attention on exports and imports; then, the
life span of each type of product is considered (37). In both
countries, in terms of the breakdown of waste treatment, the
amount of plastic waste in landfills (in Japan, the sum of the
incinerated and landfilled plastic waste) is calculated by sub-
tracting the confirmed amount of waste collected for recycling
and energy recovery from the amount of generated waste de-
termined above. The same applies to Eurostat’s estimation of
packaging waste generated in European countries, which is
considered equal to the amount of packaging distributed in the
European market during the year, including imported packaging
and excluding exported packaging (38). This type of approach,
which does not reveal the breakdown of the waste generated by
sector, only yields limited information basis for the argument of
reducing plastic waste and improving the recycling rate. In ad-
dition, there is the problem of potential differences between the
amount of generated waste and the confirmed amount of col-
lected waste, although there is less risk of omitting the generated
waste in terms of the total amount.

In contrast, PlasticsEurope’s calculation of the recycling rate
in European countries (39) is based on the breakdown of waste
treatment (recycling, energy recovery, landfill) of officially col-
lected plastic packaging. On the production side, 39.7% (20.3
Mt) of the 51.2 Mt of total plastic converter demand in 2016 in
Europe (28 European Union countries, Norway, and Switzer-
land) is regarded as the demand for packaging. However, there is
a discrepancy between this figure and the 16.7 Mt of post-
consumer packaging waste that were collected. The service life of
plastic products is mentioned as a reason for the discrepancy, but
normally, single-use plastics with a life span of less than 1y do
not become a factor in the gap between the amount of produc-
tion and the amount of collection. Exports and imports of plastic
products and products packed in plastics can also be factors in
the difference, but these have not been quantitatively analyzed,
and the existence of noncollected waste plastics is a known fact.
We cannot rule out the possibility of overestimations of the
recycling rate, as the estimates from the collection side alone
tend to underestimate the amount of generated waste.

In summary, there exist the following gaps between the cur-
rently available data and effective implementation of policies to-
ward achieving reduction and recycling targets. First, the total
amount of plastic container and packaging waste as a denomina-
tor of the targets should be clarified. Then, to reduce plastic usage
and increase the amount of reuse and recycling (as a numerator of
the target rate), it is essential to quantitatively identify who uses
what types of plastic containers and packaging to supply products,
and who purchases these products and then discards their con-
tainers and packaging. Moreover, to avoid mismatches between
the types of resin that are input and the recycling technologies
used, the resin composition of plastic waste for each source of
discharge needs to be identified. This information is particularly
relevant to the yield and economic efficiency of mechanical
recycling. If we know the relationship between processed forms of
plastics (such as films, sheets, and bottles) and the resin compo-
sitions, we can enable communication between the waste gener-
ators/collectors and the recyclers about the types of plastics that
should be collected to match the recycling technologies.

Material flow analysis (MFA) is effective in estimating the
amounts of consumption and disposal of products and materials
(40). The estimation methods for waste flows can be classified
into an approach wherein the amount and composition of waste
are estimated by accumulating data from the disposal side, and
an approach wherein statistical data from the production side are
used. However, it is impossible to understand the economy-wide
(or nationwide or region-wide) flow of plastics through the
former approach such as a waste composition survey, considering
that waste plastics are discharged as various types of waste from
various sectors. In contrast, the economy-wide MFAs of plastics
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using the latter approach starting from statistical data on the
amount of production and materials used have been reported in
regions such as Europe and Switzerland (41), Austria (42-44),
India (45), the Netherlands (46), Germany (47), and the United
States (48) (SI Appendix, Table S1). In particular, MFA using
input-output tables (often referred to as IO-MFA) has an ad-
vantage as an analysis method in that it can trace the flows from
the resources and materials to the products and the products’
end users. However, it is necessary to overcome the following
two challenges in IO-MFA to fill the above-described research
gaps: Plastic-related sectors have to be subdivided in order to
specify the flow of plastics as containers and packaging; and the
intersectoral transfer of containers and packaging by accompa-
nying products has to be modeled (Materials and Methods,
Challenges in MFA Using Input—Output Tables).

In this study, we estimated the nationwide material flow of
plastics in Japan through an approach from the production side
that tracked down the supply chains based on input—output ta-
bles (49) complemented by plastic production and shipment
statistics. We revealed the intersectoral material flow of con-
tainers and packaging with respect to the following five ques-
tions: 1) what types of resin and 2) processed forms of plastics
are used for containers and packaging, 3) what products are they
used for as containers and packaging, and 4) which demand
sectors consume and eventually discard them, including 5) the
changes over time from 2000 to 2015. The accuracy of our esti-
mation results was verified by comparison with published survey
results, such as data on the generation and composition of plastic
waste (SI Appendix, Figs. S10-S12).

Results

Nationwide Material Flow of Plastics in Japan. The amount of
plastic consumption associated with domestic demands and ex-
ports, including losses, in Japan was estimated to be 15.5 Mt in
2015. When exports are excluded, the inflow of plastics into
Japanese households and industries (that is, plastics that are
considered to be used and disposed domestically) was estimated
to be 8.4 Mt. The usage of containers and packaging, including
losses of 0.2 Mt, was estimated to be 4.8 Mt (HO1 of the Sankey
diagram in SI Appendix, Fig. S3), among which 0.4 Mt, including
containers and packaging associated with export products, was
exported, and 0.2 Mt was directly demanded in households and
industries. The primary products, beverages and foods (J01), had
no plastic flow as products because they do not contain synthetic
resins, but the flow amount of containers and packaging was
significant. In terms of the amount of inflow into the demand
sectors, industries accounted for 71% of all plastics (K02), and
households only accounted for 39% of all plastic containers and
packaging excluding the direct demand (1.6 Mt), which clearly
shows that the majority of the inflows went to industries (2.5 Mt).

The breakdown of the demand sectors in terms of plastic
consumption and the breakdown of products are shown in the
pie chart of Fig. 1. The usage breakdown shows that 70% of the
inflow of plastics into households comprised containers and pack-
aging, including direct demand. There was the inflow of a large
amount of plastics in products such as manufacturing products and
machinery into industries. Notably, the amount of plastic container
and packaging inflow into industries was substantial enough to
merit attention because the containers and packaging that accom-
panied the procurement of raw materials and products flowed into
industry sectors at each stage of the supply chain.

Additionally, the recycling rates of plastic containers and
packaging for households and industries (see Materials and
Methods for the definition) were estimated to be 60% (1.0 Mt
out of 1.6 Mt) and 12 to 15% (0.3 to 0.4 Mt out of 2.5 Mt),
respectively, with an overall 31 to 33% recycling rate in 2015
(Table 1). In other words, the target for reuse and recycling (27)
has already been achieved if limited to the packaging waste
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Fig. 1. Breakdown of plastic consumption by demand sector, usage, and product associated with domestic demands and exports of Japan (2015). The outer
circle shows the breakdown of products that use plastic containers and packaging (including final products, raw materials, and services), as well as those that
contain plastics. The middle circle shows the usage breakdown (whether the plastics for containers and packaging or for products). The inner circle shows the
breakdown of the demand sectors (where the inflow of the products occurs). In the diagram, “containers and packaging” is abbreviated as “C&P.” The results
of the analyses for 2000, 2005, and 2011 are shown in S/ Appendix, Fig. S4 A, B, and C, respectively.

generated from households, as is the focus of the Containers and
Packaging Recycling Law of Japan. Conversely, reaching the
reuse/recycling rate of 60% collectively with industries in 15 y
seems to be an extremely difficult task.

Who Is Using Containers and Packaging for What Purposes? The re-
sults of the estimation will be useful for considering the goals of
recycling and reducing plastic waste by sector for investigating
the users of the containers and packaging from the perspective of
both supply (the user in selling products) and demand (the user
in their purchase or procurement). For the recycling target, the
viewpoint from the demand side is central, whereas estimations
can contribute to the reduction potential of single-use plastics

Table 1. The amounts of recycling and the recycling rates of
plastic containers and packaging in Japan (2000, 2005, 2011,
and 2015)

Amount of recycling, kt Recycling rate

Year Household Industry Household Industry  Total

2000 209 (53) 64-114 (0-50) 15% 4-6% 9-10%
2005 797 (355)  146-176 (0-30) 50% 6-8%  24-25%
2011 961 (315) 261-367 (4-110) 59% 11-16% 31-34%
2015 966 (331)  291-378 (4-90) 60% 12-15% 31-33%

The values in parentheses in the columns for the amounts of recycling
represent_the amounts_input to_feedstock recycling. The ranges in the
recycling amounts and recycling rates indicate the minimum and maximum
estimates of the recycling rates (see Materials and Methods).
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not only from the supply side but also from the demand side
through the refusal of excessive packaging.

The usage of plastic containers and packaging by sector (2015)
is shown in the bar graph in Fig. 2. In the supply side of the
figure, 1.6 Mt of containers and packaging are used for the sale
of primary products, beverages and foods, accounting for 33% of
the usage of 4.5 Mt of containers and packaging, excluding the
direct demand. Of these, nonfood crops, fertilizers, forestry, and
mining account for 1.5%, so containers and packaging related to
food (edible agricultural and marine products, beverages and
foods) represent most of the usage. In the demand side of the
figure, the usage of containers and packaging (the amount of
inflow) associated with the purchase of products and services in
households is 1.6 Mt. The amount of containers and packaging
inflowing to other services sectors, excluding commerce (see
Dataset S1 for the classification of sectors), is 1.0 Mt, which is
comparable with the household amount.

To visualize the relationship between the supply side and the
demand side, the intersectoral flow of plastic containers and
packaging (2015) is shown in the bubble chart in Fig. 3. Of the
containers and packaging in the dishes, sushi, and lunch boxes
sector, representing typical takeout food in Japan, the amount of
inflow to households was 0.07 Mt, which accounted for 12% of
the containers and packaging used in narrowly defined food
(0.57 Mt excluding the containers and packaging for beverages
and tobacco). The usage of containers and packaging for com-
merce and takeout food may be reduced through the refusal of
disposable packaging by consumers or changes in the way re-
tailers sell products. However, the aforementioned reduction
target (25% of the 4.1-Mt inflow to the domestic demand
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Fig. 2. Usage of plastic containers and packaging in Japan by sector (2015). The blue bar graph on the Right side of the figure represents the containers and
packaging used in association with the sales of product outputs from each sector, and the light blue bar graph on the Left side of the figure represents the
inflow of containers and packaging into each sector with the purchase of products. Products include final products, raw materials, and services as well as their
imports. Commercial losses are included in the amount of usage associated with sales but not in the amount of usage associated with purchases. The direct

demand for containers and packaging is not included. The results of the analyses for 2000, 2005, and 2011 are shown in S/ Appendix, Fig. S5.

sectors, excluding exports, which is a reduction of ~1.0 Mt)
cannot be reached through the efforts of consumers alone.
Therefore, it is essential that efforts be made throughout the
entire supply chain; for example, the food industry can use lighter
containers and packaging (see the last paragraph of Discussion for
further consideration). Furthermore, 0.24 Mt of containers and
packaging for food flowed into the personal services sector, with

food (eating and drinking) services accounting for 95%. The flow
between sectors, such as the agricultural/fishery and food-processing
(beverages and foods) industries, that is the usage of containers and
packaging in the stage of food production, was 0.16 Mt.

What Types of Plastics Are Used for Containers and Packaging? When
we considered the total plastic consumption (15.5 Mt) associated
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Fig. 3. Intersectoral flow of plastic containers and packaging in Japan (2015). The bubble area indicates the amount of container and packaging flow as-
sociated with the output of products from the sectors on the vertical axis to the sectors on the horizontal axis. For the sectors on the horizontal axis, 71 is
consumption expenditure outside households, 72 is consumption expenditure of households, 73 is consumption expenditure of general government, and 80 is
exports. The results of the analyses for 2000, 2005, and 2011 are shown in S/ Appendix, Fig. S6 A, B, and C, respectively.
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with the domestic demand, the proportion of polyolefin, in-
cluding low-density polyethylene (LDPE), high-density polyeth-
ylene, and polypropylene (PP), was 43% (2015). When we
exclusively examined the containers and packaging (excluding
losses and the direct demand), polyolefin accounted for an es-
timated 53% (Fig. 4). In 2015, polyethylene terephthalate (PET)
accounted for 27% (1.1 Mt) of containers and packaging. The
proportion of PET has steadily increased from 16% in 2000 to
20% in 2005 and 23% in 2011.

There is a large difference in the resin composition between
containers and packaging that flow into households and that flow
into industries. The pie chart in the Upper Left section of Fig. 4
clearly shows that the biggest factor in this difference is the
proportion of plastic beverage bottles made of PET (hereinafter
referred to as PET bottles). In Japan, PET bottles are collected
separately from other plastic containers and packaging (50).
When we calculate the resin composition excluding PET bottles,
polyolefin accounts for 53% of the composition for households
and 67% of the composition for industries (2015). In Japan, the
mechanical recycling of plastic containers and packaging other
than PET bottles is generally performed by sorting polyolefins
mainly by flotation separation and producing recycled resin made
from mixed PE and PP (22). If we aim solely to efficiently recover
polyolefin by mechanical recycling, moving the collection target
from plastic container and packaging waste generated by house-
holds to the waste generated by industries is worth considering.

Regarding the plastic waste collection methods of European
countries, flexible films are sometimes not targeted for separate
collection and only rigid plastics are collected separately in about
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Fig. 4. Breakdown of plastic container and packaging inflow into domestic
demand sectors of Japan by resin type. The Upper Left pie chart shows the
inflow of containers and packaging into households and industries, and the
Upper Right pie chart shows the breakdown of the resin types of flexible
film and other processed forms of containers and packaging (both for 2015).
The light orange section represents the proportion of plastic beverage bottles
among PET. The resin-type abbreviations are described in S/ Appendix,
Abbreviations.
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half of the countries, including Belgium, France, and Italy (51).
When the resin composition is calculated separately for flexible
films and other processed forms of plastics (mainly rigid plas-
tics), there is a significant difference between the results, as
shown in the Upper Right pie chart of Fig. 4. Because most
flexible films are polyolefins, the composition seems to be suit-
able for conventional mechanical recycling processes. However,
multilayer films, which are commonly used for food packaging
[according to a survey on the compositions of plastic container
and packaging waste (52), multilayer films accounted for 66% of
polyolefin films], are known to cause problems for mechanical
recycling (51). Thus, when flexible films are excluded from col-
lection targets, the proportions of polystyrene (PS) and PET
exceed the proportion of polyolefins. To pursue increases both in
the quantity of plastic waste recycled back into plastics and in the
quality of recycled resin by mechanical recycling, it is therefore
necessary to proactively sort PS and PET, such as by optical
sorting, instead of using the aforementioned conventional pro-
cess that relies on flotation separation.

Discussion

We can elicit significant implications for the strategy to achieve
the reduction target from the intersectoral MFA results (Fig. 3).
As an approach from the production side, for example, the thin-
walled design of PET bottles contributed to a 24% reduction in
the average weight of a bottle from 2004 to 2018 in Japan (53).
For other plastic containers and packaging, a 17% reduction was
achieved during the same period (53). If the same level of weight
reduction were attained from 2015 to 2030 in all beverages and
foods sectors, food containers and packaging discharged from
households would decrease by 0.21 Mt, and the path to reaching
the 25% (0.40 Mt) reduction target could be paved for house-
holds in combination with consumers’ waste prevention efforts
including the refusal of containers and packaging distributed by
the commerce sector (0.20 Mt) such as plastic shopping bags.
Similarly, the personal services sector, including eating and
drinking services, as a waste source could benefit significantly
from the weight reduction efforts for food containers and
packaging, which accounted for 79% of the plastic container and
packaging inflow. On the other hand, such efforts targeting
consumer packaging would have little effect on other industry
sectors. Therefore, different approaches such as profound usage
of returnable transport packaging need to be put into practice,
otherwise an uneven allocation of the waste reduction target
between sectors considering the relationship with efforts on the
production side is worth discussing.

Moreover, if the reduction rate of containers and packaging
varies between sectors, the recycling and reduction targets will
become interrelated. In other words, if reduction precedes
recycling in a sector expected to have a high recycling rate, it will
be more difficult to achieve the recycling rate with the remaining
containers and packaging. More specifically, with the recent
trend against plastic usage as a backdrop, some Japanese orga-
nizations have substituted PET bottled beverages with aluminum
canned beverages in their offices. As an extreme assumption, if
the total amount of PET bottles were replaced with containers
made from different materials, container and packaging inflow
to domestic demand sectors would be reduced by 14%. On the
other hand, however, the recycling rate of container and pack-
aging, which has been boosted by the high recycling rate of PET
bottles, would decrease from 31 to 33%, to 18 to 20% (in 2015).
Such is the case with the introduction of biodegradable plastics.
The Japanese government, adopting a concrete policy following
the strategy for plastics, prohibited the free distribution of plastic
shopping bags in 2020 (54), whereas shopping bags made from
marine biodegradable plastics are exempt from this policy.
According to a survey on the compositions of plastic container
and packaging waste (52), shopping bags accounted for 25% of
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PE container and packaging waste generated from households. If
PE as a raw material of shopping bags were largely replaced with
marine biodegradable plastics in accordance with this policy, the
proportion of polyolefin in containers and packaging inflowing
into households (SI Appendix, Fig. S9), and hence the yield of
flotation-based mechanical recycling, would be significantly
lowered. If we aim to efficiently achieve both of the reduction
and recycling targets, substitute materials should strategically be
used for containers and packaging that are unlikely to be
collected for recycling.

In addition to discussion from the collection side, the recycling
target needs to be addressed from the recycler side. According to
the interview survey conducted by J.N. (SI Appendix, Table S5),
much of the waste plastics that flow back to the domestic market
due to the import regulations in countries such as China are
incinerated because these plastics are not accepted by recycling
facilities. Thus, information on the acceptable amount and
quality of waste plastics and the demand for recycled materials is
indispensable in discussions on achieving the recycling rate, es-
pecially in recent years in Japan. Here, feedstock or chemical
recycling needs to be taken into account. The annual capacities
of mechanical and feedstock recycling, which are estimated to
comprise 0.82 and 0.59 Mt of waste plastics, respectively (55), are
not abundant for achieving the recycling target (~1.9 Mt ex-
cluding PET bottles); thus, we must at least make the best use of
their capacities. Feedstock recycling technologies that currently
work in practice in Japan, including gasification and coke oven
and blast furnace feedstock recycling, are less demanding in
terms of the quality of plastic waste including the resin compo-
sition than mechanical recycling. The only exception is that the
ratio of polyvinyl chloride (PVC) and other chlorinated plastics
needs to be lowered, especially in blast furnace feedstock recy-
cling, because chlorine in plastic waste is considered to be
decomposed into hydrogen chloride and to lead to the corrosion
of facilities (56, 57). On the other hand, PS shows higher coke
and oil yields (85%) than other resin types (42%, 60%, and 33%
for PE, PP, and PET, respectively) in coke oven feedstock
recycling (56, 58). In this context, plastic container and packag-
ing inflow into manufacturing products and machinery sectors
(0.77 Mt in total) with a higher proportion of polyolefin (S
Appendix, Fig. S9) should be collected to preferentially fill the
capacity of flotation-based mechanical recycling; container and
packaging waste discharged from households and other services
sectors (2.08 Mt in total) that contains a relatively high per-
centage of PS can be efficiently recycled in coke ovens. Thus,
through the quality and quantity matching between waste sources
and recycling technologies as well as strategic expansion of
recycling capacities, appropriate allocation of roles of recycling
technologies can be explored beyond the recognition that feed-
stock recycling is a complement to mechanical recycling (59).

Finally, we discuss which types of plastic containers and
packaging should be collected from what sources to achieve the
60% reuse or recycling goal. However, in an interview survey
conducted by J.N. with manufacturers of containers and pack-
aging (SI Appendix, Table S5), there were many negative opin-
ions from the viewpoint of food hygiene on the reuse of
containers and packaging for food. Therefore, we consider
achieving the target of 60% through recycling alone as follows.
Since neither the definition nor the present value are given in the
Japanese strategy for plastics (35), we calculated the recycling
rates consistently with the definition used in Europe (36), which
is based on the input to recycling facilities after sorting. Here,
among the packaging waste collected and sorted for recycling,
the net amount of plastics is used as the numerator (Materials
and Methods, Definition and Data Collection for Calculating
Recycling Rates). Below, we set the separate collection of the net
amount of ~2.4 Mt of plastics as a specific target; this target

Nakatani et al.

represents 60% of the 4.1 Mt inflow to domestic demand sectors
in 2015 (Fig. 2).

The collection percentage of PET bottles, which are already
widely collected and recycled, has been ~90% in recent years
(60), and we assume that a 95% (0.56 Mt) separate collection
percentage can be achieved with the combination of households
and industries. For container and packaging waste other than
PET bottles generated from households (1.13 Mt), municipali-
ties covering 75% of the population carried out separate col-
lection in 2015 (61), collecting 59% of the total generated
amount of this waste. From this, we expect a collection rate of
80% (0.91 Mt) if all municipalities carry out separate collections.
Consequently, the separate collection of 0.9 to 1.0 Mt (equiva-
lent to the recycling rate of ~40%) will be required for con-
tainers and packaging (other than PET bottles) generated by
industries. In other words, sectoral goals differentiated between
households and industries for achieving the recycling target
could be based on these values.

The industry sectors that have a large inflow of containers and
packaging include the eating and drinking services sector and the
beverages and foods sector. Since these food-processing and
food service sectors are subject to Japan’s Food Recycling Law,
they are more likely to carry out separate collection for recycling
than other sectors. The amounts of plastic containers and
packaging inflowing into these sectors were 0.26 and 0.23 Mt,
respectively. Additionally, the inflow into the plastic and rubber
products sector was 0.23 Mt. Another sector with high potential
for collection is the medical institutions sector, which disposes of
medicament containers and packaging. However, because some
of these materials may fall within the category of infectious
waste, it is difficult to regard them as contributors to the target.
Therefore, there is a target shortfall of ~0.4 Mt when relying
only on the collection of plastics from specific industry sectors
that generate a large amount of waste plastics, even if the sep-
arate collection percentage is assumed to be 80%, which is the
same as the households collection percentage.

Some LDPE flexible films used for packaging for trans-
portation between industries are collected for recycling accord-
ing to an interview survey with a Japanese trading company
handling waste plastics (SI Appendix, Table S5). According to the
estimations in this study, the total amount of LDPE flexible films
(excluding printed packaging) used between industry sectors was
0.4 Mt, even outside the above-described specific sectors with a
high generation of packaging waste. The collection of these
flexible films would put the recycling target within reach. Flexible
films tend to increase in volume with weight, causing a bottle-
neck in the efficiency of collection and transportation. There-
fore, compression at the source of discharge is a key to improving
the collection rate. It is essential to have a strategy for collecting
plastic containers and packaging that involves all industry sec-
tors, and includes the cross-sectoral collection of specific items.

As discussed above, it would be numerically possible for in-
dustries to reach their recycling goals proposed above if all
feasible measures were exploited. The problem lies in the legal
system’s inability to motivate industries to increase the recycling
rate of containers and packaging used in industry sectors. Since
waste generator responsibilities have been emphasized for in-
dustrial waste management in Japan, the Containers and Pack-
aging Recycling Law of Japan, which relies on the EPR of
producers and users of containers and packaging, is aimed only
at household waste. This is considered to cause a large gap in the
recycling rates of plastic containers and packaging between
households and industries, which is supported by the sharp in-
crease in the recycling rate for households since 2000, when the
recycling law was completely enforced (SI Appendix, Table S5).
To boost the collection for recycling from industry sectors and
thereby achieve the recycling target for keeps, the focus of the
recycling law must be extended to include container and
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packaging waste discarded from business establishments and
factories.

Graedel (62) argued that the role of MFA practitioners is “to
generate, interpret, and communicate potentially relevant in-
formation” for particular policies and, furthermore, “to reach
out more vigorously to the policy community in order to dem-
onstrate the value of MFA information for policy purposes.” We
presented the tangible paths to achieving reduction and recycling
goals, as well as policy recommendations for the realization of
these paths, based on the detailed MFA results. Based on this
quantitative foundation, the Japanese government has the oppor-
tunity to take the initiative in science-based policy implementation
to solve the problems associated with single-use plastics.

Materials and Methods

Challenges in MFA Using Input-Output Tables. It was necessary to overcome
the following two challenges in I0-MFA to achieve the analysis in this paper.
First, the synthetic resins sector and the plastic products sector had to be
subdivided in order to specify the flow of plastics as containers and pack-
aging. Input-output tables are published in various countries around the
world, and the framework for a basic I0-MFA can be applied universally.
However, the analysis accuracy greatly depends on the sectoring of the
input-output tables. Even with Japan’s input-output tables, which have a
degree of precision of ~400 sectors, it is difficult to identify the flows of
containers and packaging because of the rough sectoring of plastic pro-
cessing. Elsewhere, industrial associations for plastic materials and products
voluntarily release statistical data on the amount of production and sales in
Japan. Although these data often cover limited resin types, processed forms,
and products and tend to be fragmentary, their accuracy is better than that
of the input-output tables. Therefore, this paper aims to identify the flow of
containers and packaging among all plastics according to resin types, pro-
cessed forms, products using containers and packaging, and product de-
mand sectors using a hybrid analysis. In this analysis, the input-output tables
are complemented by statistical data from industrial associations.

Second, the intersectoral transfer of containers and packaging by ac-
companying products had to be modeled. After containers and packaging are
used in the transportation and sale of products, inflowing to the demanders
with the products they contain, they are usually immediately discarded by the
demanders. In the context of input—output analysis, containers and pack-
aging are input to the production sector of their products, but when they
are collected for recycling or as waste, the sector that demands the products
becomes a source of container and packaging waste. In the MFA based on
the waste input—-output (WIO-MFA) model (63-67), the physical input to the
sector where physical products are output is either included in the product
as raw material or instead regarded as discarded as a nonproduct compo-
nent. However, the actual material flow of containers and packaging does
not necessarily fall under either category. Furthermore, there are industries,
such as commerce (wholesale and retail) and laundry, that use containers
and packaging to provide services among sectors that do not output physical
products. These containers and packaging are also ignored in the WIO-MFA
model. Other previous studies that did not use input—-output tables (S/ Ap-
pendix, Table S1) assume containers and packaging directly inflow to the
final demand sector and become waste in the same way as other final
products, without considering what products the containers and packaging
contained.

A study conducted about 20 y ago presented a material flow model that
distinguishes packaging from other products. Joosten et al. (46) estimated
the material flow of plastics in the Netherlands in 1990, using the STREAMS
model with a supply and use table. In this model, plastics are classified into
final products, components, and packaging. The packaging flow into each
industry is allocated to the products supplied by that industry. Thus, the final
consumption of packaging is estimated for each demand sector and product
type. However, the amount of plastics used in products and packaging is
given independently of the amount of resin production, and the resin is not
classified into different types. Furthermore, in the case of a MFA in the
United States in 1987 (48), which used input-output tables, the use of plastic
packaging was estimated by dividing the packaging into a direct use cate-
gory for products and services for end users and an indirect use category at
each stage of production. Although these models contain important ideas
for the material flow of containers and packaging, no studies in which they
are applied to plastics have since been confirmed. The authors of this paper
built a model for MFA that distinguishes appendages to products such as
containers and packaging by applying the above ideas to the WIO-MFA
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model (68). This study further developed the MFA model by extending the
analysis method for containers and packaging of this model.

Using the model constructed in this study, we can obtain analysis results
with the following four dimensions regarding the plastic material flow as-
sociated with domestic demands and exports: resins p, classification of usage
h (containers and packaging: 1; products: 0), products j, and demand sectors
k. Plastic containers and packaging are identified by assuming that specific
processed forms of plastics are used for packing products. Of the input to
industry (endogenous) sectors, which are regarded as the intermediate de-
mand in normal input-output analysis, products that are not used as raw
materials are considered to accumulate in these sectors in this model. The
products include final products composed of plastics output to the above
demand sectors, as well as products and services that do not contain plastics
but are packed in plastic containers and packaging. In many cases, the
containers and packaging used to provide products are single-use and are
immediately discarded after use, and the yearly amount of inflow to de-
mand sectors can be considered equal to the yearly amount generated by
the sectors.

Data Collection and Processing of Input-Output Tables. Japan’s input-output
tables for 2000/2005/2011/2015 (49), the government’s official production
statistics (69, 70), and the production and shipment statistics voluntarily
collected by the plastic and packaging industries (71-75) were used for the
classification of synthetic resin and plastic product sectors (SI Appendix,
Tables S2 and S3). The trade statistics (76) also provided the export/import
amount. According to the basic classification (the column sectors) in the 2011
input-output tables, the endogenous sectors in the input-output tables for
each year were unified to 420 common sectors. Of these, resins p were
produced from 10 sectors. Six processed forms output from the 13 sectors
that process plastics were regarded as containers and packaging (h = 1). The
products j were the output of the 420 sectors described above, 139 of which
manufacturing products composed of plastics. The demand sectors k con-
sisted of 436 sectors: the 420 endogenous sectors and 16 final demand
sectors, including 11 consumption expenditure sectors, 2 fixed capital for-
mation sectors, and 3 exports sectors.

Data Analysis for the Nationwide Material Flow of Plastics. As with WIO-MFA,
the material flow model in this study used the material composition of
products per unit production cost (million JPY)—that is, the amount of
plastics C (p x j matrix) in products j (including containers and packaging) for
each type of resin p expressed by Eq. 1. The calculation used the input co-
efficient matrix A (i xj) between endogenous sectors based on the trans-
action table and physical coefficient matrix P (p xj), which described the
output of synthetic resins (per million JPY) to the endogenous sectors based
on the physical table attached to the input-output tables. Additionally, the
calculation used a material filter matrix @ (i xj) that identified the raw
materials of the output products among input i to each endogenous sector j
through the adoption of the material filter matrix of WIO-MFA (65). The
calculation also used the plastic filter matrix @ (p x j) to separate the input of
synthetic resins to the sectors outputting nonplastic products, and the yield
ratio matrix I (i X j) showed the percentage of the raw material input con-
verted into products. The superscript P indicated a p x j matrix that extracted
only the matrix related to the output of the synthetic resins from each
matrix. I was the identity matrix, and ® was the Hadamard product:

C=(I"ed"0O0P)- (I - TOPRA) ™. 11

In the original WIO-MFA model (67), the element of @ was set to 1 when
output j was physical and input i physically entered sector j, and A = FTO®6A
was partitioned according to the degree of fabrication among resources,
materials, and products. Here, materials were assumed to be made of re-
sources, and products were assumed to be made of products and materials [a
more recent study (77) only partitioned material and products]. However, if
this definition of @ is straightforwardly applied, packaging and consumer
goods utilized for production activities cannot be distinguished from the
raw material input. For example, synthetic resins are falsely regarded as a
component of food products through plastic packaging input in the food
supply chain. To avoid such cases, in the model of this study, the elements of
material filter matrix @ (1: the input is the raw materials of products; 0: the
input is not the raw materials of products) were set according to the rela-
tionship of raw materials and products between sectors, which was exam-
ined for each combination (SI Appendix, Fig. S2). As products in the
downstream of materials (synthetic resins) are neither directly nor indirectly
input to the materials in this relationship, the essential point of the hierar-
chical structure of A in the WIO-MFA model is also satisfied.
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Here, the physical coefficients of ABS and PET (the resin type abbreviations
are described in S/ Appendix, Abbreviations), which were included in the PS
and high-function resins sectors in the original input-output tables, re-
spectively, were supplemented by referring to the ABS and PET shipment
statistics voluntarily collected by each industrial association (72, 75). Addi-
tionally, because plasticizers are generally added to flexible PVC, the
amount of plasticizers was added to the output of products made of PVC in
the physical coefficient matrix for the sectors with inputs of both PVC and
plasticizers in the transaction table (S/ Appendix, Table S2).

In this model, the material flow of plastics is calculated using the following
six patterns: 1 and 2 are the material flow of plastics that become the
components of products, and 3 to 6 are the material flow of plastic containers
and packaging (S/ Appendix, Fig. S1): 1) products (including imported
products) that flow into final demand sectors (including exports): Q°F: 2)
products (including imported products) that flow into endogenous sectors
and are not used as raw materials or containers and packaging for the
output of those sectors: Q%; 3) containers and packaging that flow into the
final demand sectors (including exports) without being attached to products
or services: Q"f; 4) containers and packaging that flow into endogenous
sectors and do not accompany the output from the sectors: Q'"; 5) con-
tainers and packaging that flow into demand sectors (including final de-
mand sectors and endogenous sectors) by accompanying domestic products,
raw materials, or services: Q"°; and 6) containers and packaging that flow
into demand sectors (including final demand sectors and endogenous sec-
tors) by accompanying imported products, raw materials, or services: Q"V.

Of these, products/containers and packaging of 1 to 4 are used and dis-
posed in the sectors they flowed into. The products of 1 apply to the consumer
goods used in each final demand sector (for example, household articles such
as tableware and kitchenware, and plastic parts of durables such as machinery
and personal computers used in households). The products of 2 apply to the
consumer goods used in each endogenous sector (for example, plastic parts of
durables such as machinery and personal computers used in factories and
offices). The containers and packaging of 3 and 4 are demanded for con-
sumption activities in final demand sectors and for production activities in
endogenous sectors but not for the sale of products. For example, garbage
bags and containers for storing products fall under these categories. The
containers and packaging of 5 and 6 are disposed in the sectors that
demanded the products or raw materials packed in them. In the example of
food supply chains, plastic packaging of food products purchased by
households (such as meats, vegetables, and a variety of processed foods) is
categorized into 5, while food packaging falls under the category 6 when it is
used for distribution between the food-processing and food service sectors.

These material flows are calculated by Egs. 2-7, in order. Here, the fol-
lowing various types of filter matrices, in addition to C and A, are used: the
container and packaging filter vector ¥ (j x 1), which identifies the sectors
that process plastics into containers and packaging among endogenous
sectors j; the accumulation vector R (j x 1), which identifies sectors that do not
output products accompanied by containers and packaging (that is, sectors
that use and dispose of containers and packaging in their own sectors); the
transfer matrix G (j x k), which represents the output ratio of products j
packed in containers and packaging by demand sectors k; and the commercial
vector E (j x 1), which represents the ratios of products j that are sold without
being discarded in commercial sectors. @ is a matrix, in which 1 and 0 of each
element of the material filter matrix are reversed. Q°F and Q" are calculated
from the final demand matrix F (j x f) obtained by extracting the final de-
mand sectors from the transaction table. In addition, @, Q", and Q""" are
calculated from domestic production X (j x 1 vector) described in the trans-
action table and Q"™ is calculated from the import amount Y (j x 1 vector):

Q" = C-(I- diag(¥)) - diag(E) - F, [2]

Q" = C-(I - diag(¥)) - (BOA) - diag(EOX), 31

Q' = C-diag(¥)- diag(E) F, 14

Q" = €. diag(¥)- (®oA) - diag(ROEGX), B5]

Q" = C-diag(¥) - (Fo®A) - (I - diag(R)) - diag(E®X) - G, 6]
Q" = C-diag(¥) - (F'o®0A)- (I - diag(R)) - diag(EOY)-G.  [7]

The element of the plastic filter matrix @ was set to 0 (1: otherwise) for the
output from the synthetic resin sectors to the final chemical product sectors
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including chemical fibers, paints, and adhesives. Based on the inventory data
on plastic processing (78), the elements of the yield ratio matrix I' were
determined to be 0.97 regarding combinations between raw materials and
products with an @ element of 1. For elements of the accumulation vector R,
construction, infrastructure, and service industries (excluding certain sectors,
such as commerce, goods rental and leasing services, eating and drinking
services, and laundry) were set as 1, and the other sectors were set as 0.
Additionally, the output ratio of products j by the endogenous and final
demand sectors calculated from the transaction table was used as an ele-
ment of transfer matrix G. The elements of commercial vector E were set
based on the rate of commercial food waste for the product output from the
sectors of the farming and fishing industries, as well as beverages and foods,
and the element of all of the other sectors was set as 1. The food waste rate
was determined to be 0.02 by dividing the sum of the food waste in
wholesale and retail in 2011 (0.2 Mt and 1.3 Mt, respectively) (79) with the
value obtained by subtracting the amount of food waste (16.6 Mt) (79) from
the amount of food supplies for domestic consumption (84.6 Mt) (80). That
is, the element E for these sectors was 0.98.

We also considered the losses domestically generated at each stage from
the production of synthetic resins to the inflow of products and containers to
the demand sectors. Production losses Q'° that occurred between the pro-
duction of synthetic resins and the manufacture of products/containers and
packaging, package losses Q" that occurred when containers and packaging
were used for packing products, and commercial losses Q*¢ of containers and
packaging that occurred in association with the disposal of products in
commercial sectors were obtained by Egs. 8, 9, and 10, respectively. More
specifically, the trim scrap of packaging falls under @, and food packaging
that is discarded along with expired food products applies to Q. Note that
T represents a matrix obtained by subtracting each element of the yield
ratio matrix from 1:

@ = (I"0e 0o0P + C-(Tod0A))- X, i8]
Q' = - diag(¥) - (TOPOA)- (I — diag(R)) - X, [9]

Qf = C-diag(¥) - (Fo®GA) - (I - diag(R))- (I — diag(E))- (X + Y).  [10]

In principle, the addition of synthetic resin exports to the total material flows
in Egs. 2-7 and the losses in Egs. 8-10, 15.5 Mt for 2015 (Fig. 1) is equal to the
value obtained by subtracting the output of synthetic resins to nonplastic
products from the total of domestic production and imports of synthetic
resins (including the amount of plasticizers added to products made of PVC)
and imports of resin components of products, containers, and packaging.
However, it does not apply when the output value in each sector and the
total demand of its products do not match in the original input-output
tables (in Japan’s input-output tables, the difference is considered to rep-
resent the increase in stocks and balancing sectors).

Sector Aggregation for Tabulating and Visualizing the Results. Finally, when
the above estimation results for 10 x 13 x 420 x 436 sectors were tabulated,
resins were integrated into 7 types (thermoset, ABS, and high-function resins
were integrated with other resins), endogenous sectors were integrated into
108 sectors, and the final demand sectors were integrated into 4 con-
sumption expenditure sectors and an export sector according to the ag-
gregated sector classification of the 2011 input-output tables (see Dataset
S1 for the sector classification). In this process, the inflow into gross domestic
fixed capital formation in the final demand sectors (calculated as elements
of Q°F) was distributed among 108 endogenous sectors (added to elements
of Q%) using the capital formation matrix attached to the input-output
tables. When the results of the analysis were visualized, the endogenous and
final demand sectors were integrated into 37 sectors and 4 sectors, and were
further aggregated into 7 categories and 3 categories, respectively. In this
ultimate aggregation process, the inflow into individual consumption ex-
penditure of general government, which refers to government expenditures
on providing households with goods and services such as education and
medical services, was distributed to households. On the other hand, collec-
tive consumption expenditure of general government, which includes di-
plomacy and defense expenditures, consisted of other final demands along
with consumption expenditure outside households. However, according to
the estimations in this study, the amount of plastic container and packaging
inflow into collective consumption expenditure was zero, and consequently
the inflow into consumption expenditure of general government was fully
contained in the inflow into households.
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Definition and Data Collection for Calculating Recycling Rates. The recycling
rate was calculated for used containers and packaging using the amount of
inflow into households and industries excluding the direct demand (the sum
of all elements of Q" and Q"™ in SI Appendix, Fig. $1) as the denominator.
Here, since containers and packaging are usually single-use and are imme-
diately discarded after use, the yearly amount of inflow is considered equal
to the yearly amount of end-of-life (EoL) containers and packaging. More-
over, the recycling rate in a broader sense can be differently defined
depending on the choice of the numerator. For metal recycling, the collec-
tion rate based on the amount of EoL metal collected for recycling is clearly
distinguished from the EoL recycling rate based on the amount of recycled
metal (81). On the other hand, the definition for the recycling rate of
packaging waste used in Europe (36) is based on the input to recycling fa-
cilities after sorting, which becomes an intermediate value between the
collected amount and the amount of recycled resin. According to this defi-
nition, the amount of container and packaging waste collected and sorted
for recycling is defined as the numerator of the recycling rate in this study.
Energy recovery, which accounted for more than half (57% in 2015) of the
treatment and disposal of the total plastic waste in Japan (82), was excluded
from calculation of the recycling rate.

The amount of recycling confirmed by the government'’s official statistics
and the statistics voluntarily gathered by industrial associations was used as
the numerator. Since data on quantities delivered to recycling facilities after
being sorted by municipalities or waste collectors were collected, the cal-
culated recycling rates were consistent with the above definition. The
amount of recycling in terms of households refers to the total amount of
plastic containers and packaging excluding PET bottles collected and sorted

1. R. Geyer, J. R. Jambeck, K. L. Law, Production, use, and fate of all plastics ever made.
Sci. Adv. 3, e1700782 (2017).

2. P.G.Ryan, B. J. Dilley, R. A. Ronconi, M. Connan, Rapid increase in Asian bottles in the
South Atlantic Ocean indicates major debris inputs from ships. Proc. Natl. Acad. Sci.
U.S.A. 116, 20892-20897 (2019).

3. D. Kawecki, B. Nowack, Polymer-specific modeling of the environmental emissions of
seven commodity plastics as macro- and microplastics. Environ. Sci. Technol. 53,
9664-9676 (2019).

4. D. Xanthos, T. R. Walker, International policies to reduce plastic marine pollution
from single-use plastics (plastic bags and microbeads): A review. Mar. Pollut. Bull. 118,
17-26 (2017).

5. J. R. Jambeck et al., Marine pollution. Plastic waste inputs from land into the ocean.
Science 347, 768-771 (2015).

6. A. Cozar et al., Plastic debris in the open ocean. Proc. Natl. Acad. Sci. U.S.A. 111,

10239-10244 (2014).

. A. Gallego-Schmid, J. M. F. Mendoza, A. Azapagic, Environmental impacts of take-
away food containers. J. Clean. Prod. 211, 417-427 (2019).

. K. Molina-Besch, F. Wikstrém, H. Williams, The environmental impact of packaging in
food supply chains—does life cycle assessment of food provide the full picture? Int.
J. Life Cycle Assess. 24, 37-50 (2019).

. S. Madival, R. Auras, S. P. Singh, R. Narayan, Assessment of the environmental profile
of PLA, PET and PS clamshell containers using LCA methodology. J. Clean. Prod. 17,
1183-1194 (2009).

10. European Parliament, Council of the European Union, Directive (EU) 2019/904 of the
European Parliament and of the Council of 5 June 2019 on the reduction of the
impact of certain plastic products on the environment. EUR-Lex (2019). https:/eur-lex.
europa.eu/eli/dir/2019/904/0j. Accessed 18 July 2020.

11. European Commission, A European strategy for plastics in a circular economy. https://
ec.europa.eu/environment/circular-economy/index_en.htm. Accessed 18 July 2020.

12. Ellen MacArthur Foundation, The new plastics economy: Rethinking the future of
plastics and catalysing action. https://www.ellenmacarthurfoundation.org/publica-
tions/. Accessed 18 July 2020.

13. Anonymous, Closing the plastics loop. Nat. Sustain. 1, 205 (2018).

14. E. MacArthur, Beyond plastic waste. Science 358, 843 (2017).

15. T. R. Walker, D. Xanthos, A call for Canada to move toward zero plastic waste by
reducing and recycling single-use plastics. Resour. Conserv. Recycling 133, 99-100
(2018).

16. R. E. J. Schnurr et al., Reducing marine pollution from single-use plastics (SUPs): A
review. Mar. Pollut. Bull. 137, 157-171 (2018).

17. E. Van Eygen, D. Laner, J. Fellner, Integrating high-resolution material flow data into
the environmental assessment of waste management system scenarios: The case of
plastic packaging in Austria. Environ. Sci. Technol. 52, 10934-10945 (2018).

18. H. Sardon, A. P. Dove, Plastics recycling with a difference. Science 360, 380-381 (2018).

19. T.P. Wagner, Reducing single-use plastic shopping bags in the USA. Waste Manag. 70,
3-12 (2017).

20. K. Ragaert, L. Delva, K. Van Geem, Mechanical and chemical recycling of solid plastic
waste. Waste Manag. 69, 24-58 (2017).

21..S. Ohtomo,.S.. Ohnuma, Psychological interventional approach for reduce resource
consumption: Reducing plastic bag usage at supermarkets. Resour. Conserv. Recycling
84, 57-65 (2014).

~

0o

©

19852 | www.phas.org/cgi/doi/10.1073/pnas.2001379117

according to the Containers and Packaging Recycling Law (including me-
chanical and feedstock recycling) (83), the amount of PET bottles collected
from households (53), and the amount of food trays made of polystyrene
paper (PSP) collected at stores (84). For industries, the sum of the amounts of
PET bottles (53) and Styrofoam (85) collected and sorted for recycling was
considered as a minimum estimate of the amount of recycling, as these were
only items with known collection data in terms of containers and packaging.
Moreover, it was reported that a part of industrial plastic waste (0.09 Mt in
2015) (82) was treated by feedstock recycling (i.e., gasification and coke
oven and blast furnace feedstock recycling), whereas the proportion of
containers and packaging to this amount was unknown. Therefore, a max-
imum estimate of the recycling rate for industrial container and packaging
waste was calculated by assuming that the industrial plastic waste input to
feedstock recycling was composed of only containers and packaging.

Data Availability. See Dataset S1 for the usage of the plastic containers and
packaging used in association with sales and the purchase of products in
each sector. The data supporting the findings of this study, including the
coefficient and filter matrices and analysis results for the intersectoral flow
of plastic containers and packaging, are available in the Open Science
Framework public repository (86).

ACKNOWLEDGMENTS. We are grateful to the Japan Packaging Institute for
providing production statistics and other useful information. This research
was supported by the Environment Research and Technology Development
Funds (Grants JPMEERF20161001 and JPMEERF20183001) of the Environ-
mental Restoration and Conservation Agency of Japan.

22. A. Nishijima, J. Nakatani, K. Yamamoto, F. Nakajima, Life cycle assessment of inte-
grated recycling schemes for plastic containers and packaging with consideration of
resin composition. J. Mater. Cycles Waste Manag. 14, 52-64 (2012).

23. J. Nakatani, M. Fujii, Y. Moriguchi, M. Hirao, Life-cycle assessment of domestic and
transboundary recycling of post-consumer PET bottles. Int. J. Life Cycle Assess. 15,
590-597 (2010).

24. J. Zheng, S. Suh, Strategies to reduce the global carbon footprint of plastics. Nat. Clim.
Chang. 9, 374-378 (2019).

25. S. Y. Lee et al., A comprehensive metabolic map for production of bio-based chem-
icals. Nat. Catal. 2, 18-33 (2019).

26. |. Tsiropoulos et al., Life cycle impact assessment of bio-based plastics from sugarcane
ethanol. J. Clean. Prod. 90, 114-127 (2015).

27. Anonymous, The future of plastic. Nat. Commun. 9, 2157 (2018).

28. S. Kubowicz, A. M. Booth, Biodegradability of plastics: Challenges and misconcep-
tions. Environ. Sci. Technol. 51, 12058-12060 (2017).

29. E.T. H. Vink, S. Davies, Life cycle inventory and impact assessment data for 2014 Ingeo
polylactide production. Ind. Biotechnol. 11, 167-180 (2015).

30. W. L. Filho et al., An overview of the problems posed by plastic products and the role
of extended producer responsibility in Europe. J. Clean. Prod. 214, 550-558 (2019).

31. Global Affairs Canada, Group of Seven, Ocean plastics charter. publications.gc.ca/site/
eng/9.859436/publication.html. Accessed 18 July 2020.

32. A. L. Brooks, S. Wang, J. R. Jambeck, The Chinese import ban and its impact on global
plastic waste trade. Sci. Adv. 4, eaat0131 (2018).

33. Ministry of the Environment, Japan, Towards reduction of natural resource con-
sumption and environmental burdens through material recycling [in Japanese].
https://mwww.env.go.jp/press/102551.html. Accessed 18 July 2020.

34. Plastic Waste Management Institute, Japan, An introduction to plastic recycling 2019.
https:/Awww.pwmi.or.jp/ei/index.htm. Accessed 18 July 2020.

35. Consumer Affairs Agency, Government of Japan, Resource circulation strategy for
plastics [in Japanese]. https://www.env.go.jp/press/106866.html. Accessed 18 July
2020.

36. European Parliament, Council of the European Union, Directive (EU) 2018/852 of the
European Parliament and of the Council of 30 May 2018 amending Directive 94/62/EC
on packaging and packaging waste. https://eur-lex.europa.eu/eli/dir/2018/852/0j. Ac-
cessed 18 July 2020.

37. US Environmental Protection Agency, Municipal solid waste generation, recycling,
and disposal in the United States: Facts and figures—A methodology document.
https:/Aiwvww.epa.gov/facts-and-figures-about-materials-waste-and-recycling/. Ac-
cessed 18 July 2020.

38. Eurostat, Packaging waste by waste management operations and waste flow. https:/
ec.europa.eu/eurostat/cache/metadata/en/env_waspac_esms.htm. Accessed 18 July
2020.

39. PlasticsEurope, Plastics—The facts 2018. https://www.plasticseurope.org/en/resources/
publications. Accessed 18 July 2020.

40. P. H. Brunner, H. Rechberger, Practical Handbook of Material Flow Analysis, (Lewis
Publishers, 2004).

41. D. Kawecki, P. R. W. Scheeder, B. Nowack, Probabilistic material flow analysis of seven
commodity plastics in Europe. Environ. Sci. Technol. 52, 9874-9888 (2018).

42. E. Van Eygen, D. Laner, J. Fellner, Circular economy of plastic packaging: Current
practice and perspectives in Austria. Waste Manag. 72, 55-64 (2018).

Nakatani et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001379117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001379117/-/DCSupplemental
https://eur-lex.europa.eu/eli/dir/2019/904/oj
https://eur-lex.europa.eu/eli/dir/2019/904/oj
https://ec.europa.eu/environment/circular-economy/index_en.htm
https://ec.europa.eu/environment/circular-economy/index_en.htm
https://www.ellenmacarthurfoundation.org/publications/
https://www.ellenmacarthurfoundation.org/publications/
publications.gc.ca/site/eng/9.859436/publication.html
publications.gc.ca/site/eng/9.859436/publication.html
https://www.env.go.jp/press/102551.html
https://www.pwmi.or.jp/ei/index.htm
https://www.env.go.jp/press/106866.html
https://eur-lex.europa.eu/eli/dir/2018/852/oj
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/
https://ec.europa.eu/eurostat/cache/metadata/en/env_waspac_esms.htm
https://ec.europa.eu/eurostat/cache/metadata/en/env_waspac_esms.htm
https://www.plasticseurope.org/en/resources/publications
https://www.plasticseurope.org/en/resources/publications
https://www.pnas.org/cgi/doi/10.1073/pnas.2001379117

Downloaded at Palestinian Territory, occupied on December 27, 2021

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

E. van Eygen, J. Feketitsch, D. Laner, H. Rechberger, J. Fellner, Comprehensive analysis
and quantification of national plastic flows: The case of Austria. Resour. Conserv.
Recycl. 117, 183-194 (2017).

D. Laner, J. Feketitsch, H. Rechberger, J. Fellner, A novel approach to characterize
data uncertainty in material flow analysis and its application to plastics flows in
Austria. J. Ind. Ecol. 20, 1050-1063 (2016).

N. H. Mutha, M. Patel, V. Premnath, Plastics materials flow analysis for India. Resour.
Conserv. Recycling 47, 222-244 (2006).

L. A. J. Joosten, M. P. Hekkert, E. Worrell, Assessment of the plastic flows in The
Netherlands using STREAMS. Resour. Conserv. Recycling 30, 135-161 (2000).

M. K. Patel, E. Jochem, P. Radgen, E. Worrell, Plastics streams in Germany—an analysis
of production, consumption and waste generation. Resour. Conserv. Recycling 24,
191-215 (1998).

F. Duchin, G.-M. Lange, Prospects for the recycling of plastics in the United States.
Struct. Change Econ. Dyn. 9, 307-331 (1998).

Statistics Bureau, Japan, Input-output tables for Japan. https:/www.soumu.go.jp/
english/dgpp_ss/data/io/index.htm. Accessed 18 July 2020.

Ministry of Economy, Trade and Industry, Japan, The containers and packaging re-
cycling law. https://www.jcpra.or.jp/english/tabid/604/index.php. Accessed 18 July
2020.

O. Horodytska, F. J. Valdés, A. Fullana, Plastic flexible films waste management—a
state of art review. Waste Manag. 77, 413-425 (2018).

Japan Containers and Packaging Recycling Association, Dataset of demonstration
about plastic containers and packaging 2012 [in Japanese]. https://www.jcpra.or.jp/
recycle/pla_survey_data/tabid/444/index.php. Accessed 18 July 2020.

Advocacy Group Network, Japan, Voluntary Action Plan 2020 [in Japanese]. www.3r-
suishin.jp/?cat=15. Accessed 18 July 2020.

Ministry of Economy, Trade and Industry, Japan, Charge for plastic shopping bags [in
Japanese]. https:/Avww.meti.go.jp/policy/recycle/plasticbag/plasticbag_top.html. Ac-
cessed 18 July 2020.

Ministry of Economy, Trade and Industry, Japan, Survey on the recyclable amounts of
containers and packaging [in Japanese]. https://www.meti.go.jp/policy/recycle/main/
data/research/h28fy/h2903-youri_kanouryou.html. Accessed 18 July 2020.

S. Nomura, Use of waste plastics in coke oven: A review. J. Sustain. Metall. 1, 85-93
(2015).

M. Asanuma et al., Development of waste plastics injection process in blast furnace.
ISlJ Int. 40, 244-251 (2000).

Y. Sekine, K. Fukuda, K. Kato, Y. Adachi, Y. Matsuno, CO, reduction potentials by
utilizing waste plastics in steel works. Int. J. Life Cycle Assess. 14, 122-136 (2009).
Ellen MacArthur Foundation, Enabling a circular economy for chemicals with the mass
balance approach (2019). https://www.ellenmacarthurfoundation.org/assets/down-
loads/Mass-Balance-White-Paper.pdf.

Council for PET Bottle Recycling, Japan, Actual volume of collected PET bottles and
collection rate/Uses of recycled PET flakes from PET bottles in Japan. http://www.
petbottle-rec.gr.jp/english/actual.ntml. Accessed 18 July 2020.

Ministry of the Environment, Japan, Separate collection by municipalities and re-
cycling under the Containers and Packaging Recycling Law [in Japanesel. https:/
www.env.go.jp/press/103766.html. Accessed 18 July 2020.

T. E. Graedel, Material flow analysis from origin to evolution. Environ. Sci. Technol.
53, 12188-12196 (2019).

H. Ohno, H. Sato, Y. Fukushima, Configuration of materially retained carbon in our
society: A WIO-MFA-based approach for Japan. Environ. Sci. Technol. 52, 3899-3907
(2018).

Nakatani et al.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

. H. Ohno et al., Toward the efficient recycling of alloying elements from end of life
vehicle steel scrap. Resour. Conserv. Recycl. 100, 11-20 (2015).

S. Nakamura, K. Nakajima, Y. Yoshizawa, K. Matsubae-Yokoyama, T. Nagasaka, An-
alyzing polyvinyl chloride in Japan with the waste input-output material flow analysis
model. J. Ind. Ecol. 13, 706-717 (2009).

S. Nakamura, K. Nakajima, Y. Kondo, T. Nagasaka, The waste input-output approach
to material flow analysis. J. Ind. Ecol. 11, 50-63 (2007).

S. Nakamura, K. Nakajima, Waste input-output material flow analysis of metals in the
Japanese economy. Mater. Trans. 46, 2550-2553 (2005).

R. Yokoi, J. Nakatani, Y. Moriguchi, An extended model for tracking accumulation
pathways of materials using input-output tables: Application to copper flows in Ja-
pan. Sustainability 10, 876 (2018).

Ministry of Economy, Trade and Industry, Japan, Chemical industry statistics. https:/
www.meti.go.jp/english/statistics/tyo/seidou/index.html. Accessed 18 July 2020.
Ministry of Economy, Trade and Industry, Japan, Paper, printing, plastics products and
rubber products statistics. https://www.meti.go.jp/english/statistics/tyo/seidou/index.
html. Accessed 18 July 2020.

Japan Packaging Institute, Shipment statistics of the packaging industry in Japan [in
Japanese]. JPI J. 57, 443-456 (2019).

Council for PET Bottle Recycling, Japan, Trend of PET bottles resin polymer in Japan.
http://www.petbottle-rec.gr.jp/english/trend.html. Accessed 18 July 2020.

Japan Polyolefin Film Industry Trade Association, Shipment data of polyolefin film [in
Japanese]. https://www.chem-t.com/link/data/po/index.html. Accessed 18 July 2020.
Japan Polypropylene Film Industry Association, Shipment data of PP film [in Japa-
nese]. https://www.chem-t.com/link/data/po/index_p_j.html. Accessed 18 July 2020.
Japan ABS Resin Industry Association, Shipment data of ABS resin [in Japanese].
https://iwww.chem-t.com/link/data/abs/index.html. Accessed 18 July 2020.

Ministry of Finance, Japan, Trade statistics of Japan. https:/www.customs.go.jp/tou-
kei/info/index_e.htm. Accessed 18 July 2020.

D. Jiang, W. Q. Chen, W. Liu, M. Chertow, Inter-sectoral bisphenol A (BPA) flows in the
2012 Chinese economy. Environ. Sci. Technol. 51, 8654-8662 (2017).

Life Cycle Assessment Society of Japan, JLCA-LCA Database 2019FY 1st edition. https:/
Ica-forum.org/login/. Accessed 18 July 2020.

Ministry of Agriculture, Forestry and Fisheries, Japan, The 90th statistical yearbook of
Ministry of Agriculture, Forestry and Fisheries. https:/swww.maff.go.jp/e/data/stat/
index.html. Accessed 18 July 2020.

Ministry of Agriculture, Forestry and Fisheries, Japan, Food balance sheet 2012 [in
Japanese]. https://www.maff.go.jp/j/tokei/kouhyou/zyukyu/. Accessed 18 July 2020.
T. E. Graedel et al., What do we know about metal recycling rates? J. Ind. Ecol. 15,
355-366 (2011).

Plastic Waste Management Institute, Japan, Plastic products, plastic waste and re-
source recovery 2015 (2017). www.pwmi.or.jp/ei/index.htm. Accessed 18 July 2020.
Japan Containers and Packaging Recycling Association, Statistics: Volume of taking-
back. https://www.jcpra.or.jp/english/tabid/612/index.php. Accessed 18 July 2020.
Japan Environmental Management Association for Industry, Recycling Data Book
2016 [in Japanesel. www.cjc.or.jp/data/databook.html. Accessed 18 July 2020.

Japan Expanded Polystyrene Association, Recycling performance [in Japanese].
https://www.jepsa.jp/recycle/results.ntml. Accessed 18 July 2020.

J. Nakatani, T. Maruyama, Y. Moriguchi, Data from “Intersectoral material flow of
plastic containers and packaging in Japan.” Open Science Framework. https:/osf.io/
¢685s/. Deposited 7 May 2020.

PNAS | August 18,2020 | vol. 117 | no.33 | 19853

www.manaraa.com

SUSTAINABILITY

SCIENCE


https://www.soumu.go.jp/english/dgpp_ss/data/io/index.htm
https://www.soumu.go.jp/english/dgpp_ss/data/io/index.htm
https://www.jcpra.or.jp/english/tabid/604/index.php
https://www.jcpra.or.jp/recycle/pla_survey_data/tabid/444/index.php
https://www.jcpra.or.jp/recycle/pla_survey_data/tabid/444/index.php
www.3r-suishin.jp/?cat=15
www.3r-suishin.jp/?cat=15
https://www.meti.go.jp/policy/recycle/plasticbag/plasticbag_top.html
https://www.meti.go.jp/policy/recycle/main/data/research/h28fy/h2903-youri_kanouryou.html
https://www.meti.go.jp/policy/recycle/main/data/research/h28fy/h2903-youri_kanouryou.html
https://www.ellenmacarthurfoundation.org/assets/downloads/Mass-Balance-White-Paper.pdf
https://www.ellenmacarthurfoundation.org/assets/downloads/Mass-Balance-White-Paper.pdf
http://www.petbottle-rec.gr.jp/english/actual.html
http://www.petbottle-rec.gr.jp/english/actual.html
https://www.env.go.jp/press/103766.html
https://www.env.go.jp/press/103766.html
https://www.meti.go.jp/english/statistics/tyo/seidou/index.html
https://www.meti.go.jp/english/statistics/tyo/seidou/index.html
https://www.meti.go.jp/english/statistics/tyo/seidou/index.html
https://www.meti.go.jp/english/statistics/tyo/seidou/index.html
http://www.petbottle-rec.gr.jp/english/trend.html
https://www.chem-t.com/link/data/po/index.html
https://www.chem-t.com/link/data/po/index_p_j.html
https://www.chem-t.com/link/data/abs/index.html
https://www.customs.go.jp/toukei/info/index_e.htm
https://www.customs.go.jp/toukei/info/index_e.htm
https://lca-forum.org/login/
https://lca-forum.org/login/
https://www.maff.go.jp/e/data/stat/index.html
https://www.maff.go.jp/e/data/stat/index.html
https://www.maff.go.jp/j/tokei/kouhyou/zyukyu/
www.pwmi.or.jp/ei/index.htm
https://www.jcpra.or.jp/english/tabid/612/index.php
www.cjc.or.jp/data/databook.html
https://www.jepsa.jp/recycle/results.html
https://osf.io/c685s/
https://osf.io/c685s/

