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ABSTRACT
Global contamination of the oceans by waste plastics is of increas-
ing concern. Besides being the largest emitter of CO2 in the world,
China is suspected of being the largest contributor to marine plas-
tic waste pollution. Responsible for the latter is the still inadequate
management of waste in China, a significant improvement of which
is necessary for addressing the issue ofmarine plastic pollution. Since
plastics are hydrocarbons, submitting them to appropriate waste
treatment/recycling technologies could contribute tomitigating the
emission of CO2, indicating the possibility of addressing the two
environmental issues simultaneously. Based on the combined use
of waste input–output and linear programming, we investigated
options formitigating CO2 emissions under consideration of alterna-
tive waste treatment/recycling processes applied towaste plastics of
China. It was found that of the nine processes considered, four could
result in a net reduction in the emission: a win-win situation.
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1. Introduction

The millions of tons of plastic waste discarded annually in China can physically harm
wildlife either because plastic waste is itself potentially toxic or because plastic waste
absorbs other pollutants (Rochman et al., 2013). Due to the mismanagement of plastic
waste, a significant amount of it ends up in the oceans via inland waterways, wastew-
ater outflows, and transport by wind or tides, thus threatening the marine wildlife that
ingests it or becomes entangled in plastic debris (Jambeck et al., 2015). Among the many
types of plastic waste, microplastics in particular can accumulate in organisms’ bodies after
ingestion and can even come to be incorporated into tissue (Derraik, 2002; Lönnstedt and
Eklöv, 2016; Qiu et al., 2015). The mismanagement of plastic waste, especially the low
rate of proper treatment of household and business plastic waste (24% in 2010; Jambeck
et al., 2015), creates significant amounts of marine plastic debris. In 2010, China gener-
ated 1.32–3.53 million metric tons (MMT) of marine plastic debris and was considered
the largest contributor to such pollution (Jambeck et al., 2015). Meanwhile, China is also
the largest CO2 emitter in the world and is facing increasing pressure to reduce its CO2
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emissions. Since plastics contain a significant amount of carbon, the two global environ-
mental problems of marine plastic pollution and climate change are naturally linked. CO2
reduction and marine debris mitigation may conflict with each other. For example, if we
tried to prevent the disposal of plastic waste into the oceans by increasing the rate of recov-
ery of household and business plastic waste for treatment, say, by incineration, the carbon
contained in plastics would end up emitted into the atmosphere as carbon dioxide. How-
ever, the waste treatment strategy can be rearranged to avoid the conversion of carbon in
plastic waste into carbon dioxide emissions. For example, instead of incinerating plastic
waste, which is currently mostly the case in China, we could reuse plastic waste to produce
refuse plastic fuel (RPF; Brunner and Rechberger, 2015; Kumar and Samadder, 2017). This
motivates an analysis of technology selection to see what the best technology combina-
tion for plastic waste treatment is with respect to both CO2 reduction and eventual marine
debris mitigation. In summary, we are interested in finding a well-designed waste manage-
ment system under which both CO2 emission and marine plastic debris could be reduced
simultaneously.

Treatment and recycling options for plastic waste in themanagement of municipal solid
waste (MSW) in China has been the subject of a number of studies (Chen et al., 2011;
Hong et al., 2010). Based on methods of process-based life-cycle assessment, these indi-
cate great potential for CO2 mitigation of the reorganization ofwastemanagement systems.
The widespread use of plastics in all sectors of the economy, from agriculture, manufac-
turing, and services, to final consumers, implies that waste plastics occur also from almost
every sector of the economy, more or less proportional to the level of its activity. Assess-
ing the feasibility of waste management options requires a holistic approach based on a
well-defined accounting system capable of representing the economy-wide intersectoral
flow of plastics throughout a whole life cycle. Input–output analysis (IOA) emerges as the
best analytical tool to consider the environmental effects of plastics. To our knowledge,
studies that have used input–output frameworks to consider waste plastic issues are lim-
ited. Duchin and Lange (1995) considered the recycling of plastics in the United States
within an IOA framework. Hoekstra et al. (2006) considered plastic waste and recycled
plastics in a numerical example of a full physical input–output table. In their mathematical
models, the former treated waste recycling as an exogenous sector while the latter required
the one-to-one correspondence between endogenous waste types and treatment processes.
To provide a flexible framework without the one-to-one correspondence between waste
types and treatment processes, Nakamura and Kondo (2002, 2009) developed the waste
input–output analysis (WIO), which is a comprehensive analysis framework that accounts
for production, consumption, and waste treatment sectors (Lin, 2009; Tsukui et al., 2015).
While IOA has become a standard tool of life-cycle inventory analysis, the use of WIO
makes it possible to extend the system boundary by including the end-of-life phase in a
highly general fashion.

The best way of mitigating the amount of waste plastics that become marine debris is
to cut down at the point of origin, that is, to reduce the use of plastics in the economy.
However, this requires substantial changes in both life-styles and technology. A strategy
that would be easier to implement is to increase the share of waste plastics submitted to
proper treatment via increases in the rate of collection. As previously mentioned, this,
however, may result in additional CO2 emission. There may thus exist a trade-off between
the amount of waste plastics recovered to mitigate marine contamination and the CO2
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emission associated with that mitigation. We are interested in identifying the optimal, if
any, combination of available waste processes that minimizes the emission of CO2 for a
given rate of waste plastics recovery. In other words, we are interested in obtaining the low-
est Pareto frontier for the environmental burdens of improperly discarded plastic waste and
CO2 emission. The term ‘improperly discarded plastic waste’ refers to the part of plastic
waste discarded directly into the natural environment without proper treatment. This leads
us to mathematical optimizationmodels aimed at finding the optimal selection of technol-
ogy under ‘what’s best scenarios’ (Pulido-Velazquez et al., 2008). For a linear model, such
as an input–output model, linear programming (LP) is a useful and transparent tool for
selecting the ‘best scenario’ (Azapagic and Clift, 1999; He et al., 2015; Vogstad, 2009; Ohno
et al., 2017). The IO-based LP is frequently used to select optimal technologies among alter-
native options to address both theoretical and empirical problems (Duchin, 2005; Duchin
and Lange, 1995; Leontief, 1985; Lin, 2011; Oliveira et al., 2016). Kondo and Nakamura
(2005) introduced an LP model based on the WIO model to find an optimal solid waste
management and recycling strategy from among a given set of alternative options.

With these backgrounds, this work is aimed at identifying the optimal treatment strat-
egy, if any, of waste plastics to minimize both marine contamination and GHG emissions
simultaneously. To account for the inter-sector linkages of the use and discard of plas-
tics based on a rigorous system definition (Brunner and Rechberger, 2015), we developed
the first WIO table (Nakamura and Kondo, 2002; 2009) of plastics and waste plastics for
China that describes the flow of plastics and waste plastics among producing sectors, final
consumers, and waste treatment sectors. This enables us to quantify, among others, the
amounts of improperly discarded plastic waste and CO2 emission resulting from different
treatment programmes. Building upon previous work (Kondo and Nakamura 2005; Lin
2011), we use input–output-based LP to identify an optimal way to treat waste plastics in
furtherance of the above goal. After a brief introduction to the methodology, we describe
the data, and show the results and main findings, before concluding the paper.

2. Methods

2.1. Basic framework

In this study the WIO framework (Nakamura and Kondo, 2002) was applied to the flow
of plastic in China, involving production, use, disposal, and recycling (Table 1). We con-
sider n economic sectors, nt waste treatment processes, and nw types of wastes. Here, XI,I
(n × nmatrix) refers to the matrix of goods and services flows, andXI,II (n × nt matrix) to
the inputs of goods and services to treatment processes, andWI (nw × nmatrix) andWII
(nw × nt matrix) to the waste flows of production sectors and treatment processes, respec-
tively. The elements of these twomatrices are positive whenwaste is generated and negative
when waste is recycled. In this work, xI,df (n × 1 vector) is the vector of final demand for
goods and services, xI,e (n × 1 vector) the vector of exports for goods and services, and
xI,m (n × 1 vector) the vector of imports for goods and services. The total output of goods
and services is denoted by xI. In addition, wfd (nw × 1 vector) refers to waste generated by
the domestic final demand, we (nw × 1 vector) to exported waste, and wm (nw × 1 vector)
to imported waste, while w (nw × 1 vector) denotes the total waste generation. Further eI
(1 × n vector) is the emission from production sectors, eII (1 × nt vector) the emission
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Table 1. The framework of a Chinese WIO with plastic waste.

Goods /services

Recycling/
waste

treatment
Domestic final

demand Export Import
Domestic
production

Goods /services XI,I XI,II xI,df xI,e xI,m xI
Plastic Waste WI WII wdf we wm w
CO2 eI eII ef e

from treatment processes, and ef (1 × 1 scalar) the emission generated directly by the final
consumption. The emissions from the production of goods and services and waste treat-
ment/recycling are fully considered as far as they occur in China. However, the emissions
outside China that are induced by Chinese demand for imports are not considered. Our
analysis is static and does not consider any dynamics of waste generation and production.
In particular, consideration of repeated cycles of recycling as in Nakamura et al. (2017) is
outside the scope of this study.

2.2. TheWIOmodel

Based on WIO modelling, the economy-wide emission of CO2, e (1 × 1 scalar), that is
induced by the final demand for goods and services and the discard of waste from the final
demand is given by

e = r(I − A)−1
(

(I − m̂)xI,df + xI,e
SHf � (wdf − we + wm)

)
+ ef , (1)

where

A =
(

(I − m̂)AI,I (I − m̂)AI,II
S(HI � Gout

I − Gin
I ) S(HII � Gout

II − Gin
II )

)
.

The 1 × (n + nt) vector r is the emission coefficients. Subscript I refers to production
sectors and II to waste treatment sectors (Table 1). Accordingly, AI,I (n × nmatrix) is the
matrix of the input coefficient of production sectors, andAI,II (n × nt matrix) is the matrix
of the input coefficient of treatment processes. The model handles imports according to
the Chenery–Moses model (Chenery, 1953; Moses, 1955). Therefore, the proportion of
imports to domestic demands m̂ is used to determine the imports endogenously. The ith
diagonal element of m̂ (n × n matrix) is given by mi = xiI,m/(xiI + xiI,m − xiI,e). Here, x

i
I,m

and xiI,e stand for the import and export of goods and services i, respectively, and xiI indi-
cates the total output of goods and services i. Also, Gout

I (nw × nmatrix) and Gin
I (nw × n

matrix), respectively, refer to the matrix of waste generation and waste absorbing (recy-
cling) coefficients of production sectors, with the (i,j)-th element of Gin

I referring to the
amount of waste i recycled per production unit of sector j. The counterparts of Gout

I and
Gin
I for treatment processes are given by Gout

II (nw × nt matrix) and Gin
II (nw × nt matrix),

respectively. The allocation matrix of plastic waste into these processes is denoted by S
(nt × nw matrix), the proportion of plastic waste generated from economic sectors treated
via proper treatment processes is denoted by HI (nw × n matrix), and the proportion of
plastic waste generated from treatment processes treated via proper treatment processes
byHII (nw × nt matrix). The Hadamard product is expressed by �. Improperly discarded
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waste refers to that portion of plastic waste discarded directly without being submitted to
any proper treatment. Therefore,HI � Gout

I − Gin
I andHII � Gout

II − Gin
II give the net waste

generation coefficients, whose (i,j)-th element refers to the amount of waste i allocated to
proper treatment per production unit of sector j, and lf (1 × 1 scalar) is the direct CO2
emission from the final consumption.

The quantity of waste treated via improper processes, d (1 × 1 scalar), can be attributed
to three sources of origin, economic sectors, treatment processes, and final consumption:

d = ((ıı′ − HI) � Gout
w,I)xI + ((ıı′ − HII) � Gout

II )xII + (ıı′ − Hf ) � wf , (2)

where xI (nw × 1 vector) refers to the total output of economic sectors and xII (nt × 1
vector) to the treatment quantity of treatment processes, and ι to a column vector of unity
with proper dimensions.

2.3. TheWIO-LPmodel

We next turn to the identification of optimal (emission and marine contamination min-
imizing) treatment strategies from among the combination of alternative treatment tech-
nologies/options based on the WIO-LP methodology (Kondo and Nakamura, 2005).
Writing rI (1 × n vector) for the vector of the emission coefficient whose j-th element refers
to the CO2 emission per unit of output of the j-th sector and rII (1 × nt vector) for the cor-
responding vector of CO2 emission coefficients of treatment processes, we consider the
following WIO-LP model:

Minimize

rIxI + rIIxII, (3)

subject to

xI = (I − m̂)AI,IxI + (I − m̂)AI,IIxII + (I − m̂)xI,df + xI,e,

w = (HI � Gout
I − Gin

I )xI + (HII � Gout
II − Gin

II )xII + Hf � (wdf − we + wm),

xII = Sw.

with respect to

xI, xII,w, S ≥ 0.

Lenzen and Reynolds (2014) and Fry et al. (2015) extended the WIO framework by
incorporating a supply-use formalism, resulting in waste supply-use tables (WSUTs). The
main multipliers provided by WSUTs were proven to be equivalent to standard WIO
(Lenzen and Reynolds, 2014). The LP extension of WSUTs is also equivalent to standard
WIO. FollowingKondo andNakamura (2005), Lin (2011), andOhno et al. (2017), we chose
to use the original WIO framework.

3. Data

Following the framework presented in Table 1, we developed a Chinese WIO table for
plastic waste for 2007 with 138 plastic-producing sectors, seven types of plastic-related
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Table 2. Composition of Plastic Waste.

PE PP PS PET PVC Other Metal Wood Total

30.2% 21.1% 17.7% 13.8% 4.9% 2.4% 2.6% 7.3% 100.0%

Note: PE refers to polyethylene; PP refers to polypropylene; PS refers to polystyrene; PET refers to polyethylene terephthalate;
and PVC refers to polyvinyl chloride. Data source: JCPRA8.

waste/products, and nine waste treatment processes. The year 2007 was chosen as the
benchmark because of the availability of waste input–output data from 2007 (Lin et al.,
2014). The seven types of plastic-related waste/products included household and business
plastic waste, industrial plastic waste, imported plastic waste, plastic waste pellets, plas-
tic residue, plastic blast furnace (BFs) reductant, and RPF. The nine treatment processes
included incineration without energy recovery, incineration with energy recovery, sanitary
landfilling, RPF production, liquefaction, ammonia production, gasification (fuel), injec-
tion of plastic waste into BFs as a substitute for coke, and plastic pallet production. The
last six treatment processes mentioned above are alternative technologies of plastic waste
treatment, whereas the first three are traditional waste treatment processes. We considered
those alternative technologies because they are frequently discussed in the literature and
are considered feasible and efficient technology alternatives (Chen et al., 2011; Nakatani
and Hirao, 2010). Specifically, incineration here refers to mixed incineration with other
MSW; plastic pallet production converts plastic waste into plastic pallets as a replace-
ment for wooden pallet boards; liquefaction produces light oil, medium oil, heavy oil,
hydrochloric acid, and carbide using plastic waste; and gasification produces synthetic gas
as fuel. Besides these proper treatment processes, we also considered improper treatment
process of plastic waste that contributes to oceanic plastic pollution. We considered one
type of emission, namely, CO2. Here, CO2 refers to carbon dioxide itself, but not to CO2
equivalents.

The input coefficients of the treatment/recycling processeswere obtained from the Japan
Containers and Packaging Recycling Association (JCPRA, 2007). The inventory is related
to the composition of plastic waste. To the authors’ knowledge, there are no statistical
data available on the average composition of plastic waste nationwide, and the compo-
sition varies across cities. We used the composition shown in Table 2, which was obtained
from JCPRA (2007); these compositions are close to the results of sampling surveys in
China on plastic composition (Zhang et al., 2007; Chen et al., 2010). Because the input
coefficients of the treatment/recycling processes are mostly determined by the physical
condition of plastic waste, we find it reasonable to use the Japanese input–output data for
our study due to the similarity of the composition of plastic waste. Furthermore, many
MSW treatment technologies used in China were imported from developed countries
including Japan (Lu et al., 2017), providing another justification for using Japanese data.
Chen et al. (2011) also used the same source of data from JCPRA to study plastic waste
issues of China. The transportation of plastic wastes to treatment facilities was considered
in this study. The average transportation distances of plastic waste to landfills, incinera-
tion facilities, and other recycling facilities were provided by Wang et al. (2001) and Liu
(2011). For the details of the compilation methods and data sources, please refer to the
appendix.



ECONOMIC SYSTEMS RESEARCH 7

Figure 1. Allocation of household and business plastic waste in benchmark year.1

Note: 0.09% and 2.39% are the proportions of incineration without energy recovery and incineration
with energy recovery, respectively.

Table 3. Treatment and recovery scenarios of plastic waste.

Default scenario: the state of 2007 Optimization scenario

Objective No optimization CO2 minimization
Recovery rate of discarded plastic waste 0–0.8 0–0.8

4. Results

4.1. Scenario settings

In 2007, 76% of household and business plastic waste was improperly discarded, with
21.05% of this waste littering the ocean (Jambeck et al., 2015). Of the remaining fraction
(24%) that was treated properly, 0.09%, 2.39%, 13.39%, and 8.33% were treated through
incineration without energy recovery, incineration with energy recovery, landfilling, and
material recycling, respectively (Figure 1). In other words, 0.39%, 9.94%, 54.96%, and
34.71% of the properly treated plastic waste were treated through incineration without
energy recovery, incineration with energy recovery, landfilling, and material recycling,
respectively. As for plastic waste originating from industrial (pre-consumer) sources, it was
assumed that 90% of it is recycled, which corresponds to the Japanese situation (PWMI,
2017).We justify this assumption by the fact that pre-consumer plastic waste such as indus-
trial packaging is usually recycled at a much higher rate than post-consumer packaging, as
it is relatively pure and available from a smaller number of sources with relatively higher
volumes (Hopewell et al., 2009).

Because proper treatment of plastic waste may generate carbon emissions while
improper treatment leads to marine debris, a trade-off relationship may result. We con-
ducted the scenario analysis presented in Table 3 to assess the relationship between CO2
emission and the recovery rate of improperly treated plastic waste as well as the effect
of treatment strategy rearrangement. We considered two types of scenarios: default and
optimization.

1 Please refer to the Appendix A1 for the data source of the estimation
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4.2. Comparison of scenarios

In the default scenario, recovered plastic waste is treated in the same way as the properly
treated plastic waste in 2007 as mentioned above. In the optimization scenario, the CO2
emission is minimized based on Equation (3) by allowing the plastic waste to be allocated
among the nine treatment processes. To see the effects of a change in the recovery rate
of plastic waste in these two scenarios, the recovery rate was altered from 0 to 0.8, which
corresponds to the reduction in the fraction ending up in the oceans from 1.33 to 0.26
MMT.

4.2.1. Default: the state of 2007
The solid line in Figure 2 shows the relation between the recovery rate of improperly treated
plastic waste andCO2 emissionwhen the plastic waste is treated under the default scenario.
The horizontal axis shows the recovery rate of improperly discarded plastic waste. The ver-
tical axis shows the difference in CO2 emissions between the scenarios in question and the
2007 reality. In Figure 2, the lower-right area of the figure is enlarged to show the details. As
seen in the figure, the increase in the recovery rate increasesCO2 emissions. The generation
of plastic waste in China is expected to increase because of the current boom in the produc-
tion and use of plastics. Many environmental initiatives by the Chinese government aim to
increase the waste recovery rate (Zhang et al., 2010). However, our findings indicate that,
under current conditions, increasing the recovery rate of plastic waste will increase CO2
emissions, thus increasing pressures on China for carbon mitigation. Because the Chinese
government has pledged to cap the country’s carbon emissions by 2030, better strategies
are needed for plastic waste management.

4.2.2. Optimization scenario
To address this challenge and determine the optimal plastic waste management strategy,
we used the WIO-LP model (Equation (3)). Figure 2 (the lowest dash-circle line) shows
the CO2 emission under optimized strategies obtained by WIO-LP. The minimization of
CO2 emission was achieved by selecting liquefaction as the optimal treatment process,
under which the CO2 emission decreases up to 9 Mt with an increase in the recovery rate.
The result supports the argument that the MSW is one of the most potentially renewable
energy sources if waste to energy technologies are adopted that will not only reduce the
dependency on conventional energy sources to meet the ever-increasing energy demand,
but also reduce the problem of MSW (Kumar and Samadder, 2017).

The dashed lines in Figure 2 show CO2 emissions when the plastic waste was treated
solely by each of the alternative treatment processes. The second-best treatment process is
plastic pallet production, and gasification andRPF production serve as the third and fourth
best options. The slopes of the curves of these four processes are negative and imply that
they create a win-win situation for the mitigation of CO2 and marine debris; an increase
in recovery rate of discarded plastic waste decreases the CO2 emission.

The other processes, such as currently operated incineration with energy recovery,
induce a trade-off relationship between CO2 and marine debris mitigations. The results
are consistent with those of other studies that have shown that the recycling processes are
better than incinerationwith recoverywith respect toCO2 mitigation (Nakatani andHirao,
2010, Chen et al., 2011). The seemingly superior performance of the default scenario over
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Figure 2. Default and optimization scenarios and the performance of treatment processes.

Note: The vertical axis shows the difference in CO2 emissions between the scenarios in question and the
2007 reality.
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Table 4. Relation between waste composition and power output.

Food Paper Textile Plastics Green waste Power output (kWh/kg)

Beijing 0.72 0.11 0.02 0.13 0.02 1.29
Shanghai 0.73 0.04 0.02 0.20 0.01 1.57
Tianjin 0.75 0.09 0.02 0.12 0.02 1.24
Shenyang 0.85 0.08 0.01 0.05 0.02 0.55
Hangzhou 0.78 0.15 0.02 0.03 0.02 0.49
Qingdao 0.82 0.04 0.03 0.11 0.00 1.14
Tibet 0.75 0.06 0.07 0.12 0.00 1.27
Ningbo 0.83 0.05 0.03 0.08 0.01 0.92
Guanghan 0.84 0.09 0.01 0.06 0.00 0.64
Chongqing 0.64 0.10 0.06 0.16 0.04 1.45
Guangzhou 0.71 0.06 0.05 0.15 0.03 1.37
Shenzhen 0.65 0.17 0.05 0.13 0.00 1.36
Hong Kong 0.52 0.26 0.03 0.18 0.01 1.62

Data sources: Tanaka and Matsuto (1998) and Zhang et al. (2010).

incineration, ammonia production and reductant production is realized by disposingmost
of recovered plastic waste in a landfill (Figure 1). Given that the construction of a landfill
site is a controversial issue in China with local people opposing new construction (Che
et al., 2013, Zhang and Klenosky, 2016), this scenario appears to be neither realistic nor
sustainable.

4.3. Sensitivity analyses

Note that the incineration of plastics mentioned above refers to a mixed incineration with
other items ofMSW.Accordingly, the composition ofMSW is likely to affect the power gen-
eration efficiency of plastic waste (Tanaka and Matsuto, 1998). Therefore, we conducted a
sensitivity analysis to test the robustness of our model with respect to possible changes
in waste composition. Table 4 shows the relation between the composition of municipal
waste from various Chinese cities and the theoretical power generation per unit of plas-
tic content, obtained using the Hokkaido University model (Tanaka and Matsuto, 1998),
a system engineering model that provides theoretical amounts of power generation from
waste incineration under various parameter settings related towaste composition and facil-
ity specifications. The power output range varies widely depending on the composition of
waste.We reran the optimization problems by varying thewaste composition setting for the
13 cities/regions shown in Table 4. This resulted in the emergence of new trade-off lines
(the dashed lines in Figure 3). With the waste composition changed, the emission from
incineration with energy recovery showed values near those of ammonia production. The
higher the plastic content, the higher the combustion efficiency is. While incineration with
energy recovery outperformed ammonia production in an extreme case, it was not able to
reduce the overall emission. On the other hand, liquefaction was the optimal choice across
all the scenarios we considered. Plastic pallet production, gasification, and RPF production
also turned out to produce win-win situations, though to lesser extents. It is concluded that
we have quite a robust result that a proper selection of plastic waste recycling processes
results in a win-win situation in terms of both CO2 emission and the recovery of plastic
waste.

Finally, we considered possible implications of transport distances for the above results.
The above results were obtained by assuming fixed distances of waste transport given by
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Figure 3. Default and optimization scenarios under varying waste composition.

Note: The vertical axis shows the difference in CO2 emissions between the scenarios in question and the
2007 reality.
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Wang et al. (2001) and Liu (2011). The transportation distance, however, can vary signif-
icantly among cities. To assess the robustness of our results, we conducted a sensitivity
analysis considering these variations in transport distances and found2 that adjusting
the transportation distance did not change the optimal plastic waste treatment/recycling
processes.

5. Discussion

The Premier Minister of China, Li Keqiang, in his report on government work for the
13th National People’s Congress, promised to reinforce the waste-sorting system of China
(Li, 2018). Also in this report, Li Keqiang promised to reduce the proportion of coal con-
sumption to the total energy consumption by 8.1%. As shown by our study, the products of
recycling processes of plastic waste, such as RPF production, gasification, and liquefaction,
can replace fossil fuels, such as coal. Meanwhile, the waste-sorting system, actually, is the
foundation of conducting the above-mentioned recycling processes of plastic waste. There-
fore, our results suggest that the realization of the first promise by the Premier Minister
(reinforcement of the waste-sorting system) can help China to achieve his second promise
(reducing the proportion of coal consumption). For the same reason, the waste-sorting
system is the key to achieving a win-win situation with regard to both CO2 reduction and
marine debris mitigation. The lack of well-organized waste-sorting systems, however, is a
feature still common to most Chinese cities (Steuer et al., 2016). However, the introduc-
tion of liquefaction requires the sorting of plastics from other components of MSW. In
Chinese cities, recyclable waste is largely collected by informal parties (Tai et al., 2011),
mainly scavengers and junk-buyers, although according to the Law of China on the Pre-
vention of Environmental Pollution Caused by Solid Waste (Chi et al., 2011), the local
Infrastructure and Construction Bureau is responsible for the collection, storage, trans-
portation, and final disposal of MSW. Informal recyclers use crude and polluting methods
to separate reusable components fromotherMSW, entailing serious, negative environmen-
tal and health effects. The prevalence of informal recycling can be linked to the lack of
formal recyclers (JCPRA, 2007). Therefore, a well-designed source-separated collection of
waste plastics implemented and overseen by a formal institution would be necessary for
the introduction of the optimal strategy proposed in this study.

We close this study by mentioning some of its major limitations and suggesting impor-
tant directions for future research. This study was limited to a static analysis. Because
plastic waste generation is related to the evolution of plastic stock, a dynamic analysis based
onWIO (Nakamura et al., 2017) for plastic waste in China is an important future direction
for research. Consideration of dynamics is also important to take into account possible
adverse effects of recycling due to the unintentional concentration of hazardous materials
in recycled plastics (Puype et al., 2015; Leslie et al., 2016; Turner, 2018). Besides limitation
in terms of time, this study was also limited in terms of space because of its focus on China
alone. A multi-regional extension based on an MRIO framework involving waste flows,
such as in Tisserant et al. (2017), would be able to address this, although development of
the relevant data is non-trivial. Our study focused on an approach to reducing both CO2

2 To save space, because there was no change in the selected treatment strategy or the shape of the Pareto frontier for
environmental burdens when the transportation distance was changed within a reasonable range, we do not show the
resulting figure here.
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emissions and marine debris for a given amount of plastic waste consumption. Reducing
consumption of plastic products, targeting ‘single-use’ plastics, for example, would be a
highly effective way of mitigating those environmental problems (European Commission,
2018), although proper attention should be paid to the impact of alternative materials that
may replace plastics.

Acknowledgements

The work of C. L. was supported, in part, by the Fundamental Research Funds for the Central
Universities, and the Research Funds of Renmin University of China (17XNB006).

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work of C. L. was supported, in part, by Fundamental Research Funds for the Central
Universities, and the Research Funds of Renmin University of China [17XNB006].

References

Azapagic, A. and R. Clift (1999) Life Cycle Assessment and Multiobjective Optimization. Journal of
Cleaner Production, 7, 135–143.

Brunner, P.H. and H. Rechberger (2015) Waste to Energy-Key Element for Sustainable Waste
Management.Waste Management, 37, 3–12. doi:10.1016/j.wasman.2014.02.003.

Che, Y., K. Yang, Y. Jin, W. Zhang, Z. Shang and J. Tai (2013). Residents’ Concerns and Attitudes
Toward aMunicipal SolidWaste Landfill: Integrating aQuestionnaire Survey andGISTechniques.
Environmental Monitoring & Assessment, 185, 10001–10013. doi:10.1007/s10661-013-3308-y.

Chen, X., Y. Geng and T. Fujita (2010). An Overview of Municipal Solid Waste Management in
China.Waste Management, 30, 716–724. doi:10.1016/j.wasman.2009.10.011.

Chen, X., F. Xi, Y. Geng and T. Fujita (2011) The Potential Environmental Gains from Recycling
Waste Plastics: Simulation of Transferring Recycling and Recovery Technologies to Shenyang,
China.Waste Management, 31, 168–179. doi:10.1016/j.wasman.2010.08.010.

Chenery, H. (1953) Regional Analysis. In: H. Chenery, P. Clark and V. Pinna (eds.) The Structure
and Growth of the Italian Economy. Rome, US Mutual Security Agency, pp. 91–129.

Chi, X., M. Streicher-Porte, M.Y. Wang and M.A. Reuter (2011) Informal Electronic Waste
Recycling: A Sector Review with Special Focus on China. Waste Management, 31, 731–742.
doi:10.1016/j.wasman.2010.11.006.

Derraik, J.G. (2002) The Pollution of the Marine Environment by Plastic Debris: A Review.Marine
Pollution Bulletin, 44, 842–852. doi:10.1016/S0025-326X(02)00220-5.

Duchin, F. (2005) A World Trade Model Based on Comparative Advantage with Regions, Goods,
and Factors. Economic Systems Research, 17, 141–162. doi:10.1080/09535310500114903.

Duchin, F. and G.M. Lange (1995) The Choice of Technology and Associated Changes
in Prices in the U.S. Economy. Structural Change and Economic Dynamics, 6, 335–357.
doi:10.1016/0954-349X(95)00023-G.

European Commission (2018) A European Strategy for Plastics in a Circular Economy. Accessed
March 12, 2018. http://eur-lex.europa.eu/legal-content/EN/TXT/?qid= 1516265440535&uri=
COM:2018:28:FIN

Fry, J., M. Lenzen, D. Giurco and S. Pauliuk (2015) An AustralianMulti-Regional Waste Supply-Use
Framework. Journal of Industrial Ecology, 20, 1295–1305. doi:10.1111/jiec.12376.

He, P., T.S. Ng and B. Su (2015) Energy Import Resilience with Input–Output Linear Programming
Models. Energy Economics, 50, 215–226. doi:10.1016/j.eneco.2015.05.007.

https://doi.org/10.1016/j.wasman.2014.02.003
https://doi.org/10.1007/s10661-013-3308-y
https://doi.org/10.1016/j.wasman.2009.10.011
https://doi.org/10.1016/j.wasman.2010.08.010
https://doi.org/10.1016/j.wasman.2010.11.006
https://doi.org/10.1016/S0025-326X(02)00220-5
https://doi.org/10.1080/09535310500114903
https://doi.org/10.1016/0954-349X(95)00023-G
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1516265440535&amp;uri=COM:2018:28:FIN
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1516265440535&amp;uri=COM:2018:28:FIN
https://doi.org/10.1111/jiec.12376
https://doi.org/10.1016/j.eneco.2015.05.007


14 C. LIN AND S. NAKAMURA

Hoekstra, R. and J. van den Bergh (2006) Constructing Physical Input–Output Tables for Envi-
ronmental Modeling and Accounting: Framework and Illustrations. Ecological Economics, 59,
375–393. doi:10.1016/j.ecolecon.2005.11.005.

Hong, J., X. Li and Z. Cui (2010) Life Cycle Assessment of Four Municipal SolidWaste Management
Scenarios in China.Waste Management, 30, 2362–2369. doi:10.1016/j.wasman.2010.03.038.

Hopewell, J., R. Dvorak and E. Kosior (2009) Plastics Recycling: Challenges and Opportunities.
Philosophical Transactions of the Royal Society B, 364, 2115–2126. doi:10.1098/rstb.2008.0311.

Jambeck, J.R., R. Geyer, C. Wilcox, T.R. Siegler, M. Perryman, A. Andradi, R. Narayan and
K.L. Law (2015) Plastic Waste Inputs from Land into the Ocean. Science, 347, 768–771.
doi:10.1126/science.1260352.

JCPRA (2007) Environmental Load Assessment of Plastic Containers and Packaging Recycling
(Technical Report. Japan Containers and Packaging Recycling Association. In Japanese).

Kondo, Y. and S. Nakamura (2005)Waste Input–Output Linear ProgrammingModel with Its Appli-
cation to Eco-EfficiencyAnalysis. Economic Systems Research, 17, 393–408. doi:10.1080/09535310
500283526.

Kumar, A. and S. Samadder (2017) A Review on Technological Options of Waste to Energy
for Effective Management of Municipal Solid Waste. Waste Management, 69, 407–422.
doi:10.1016/j.wasman.2017.08.046.

Lenzen, M. and C.J. Reynolds (2014) A Supply-Use Approach to Waste Input-Output Analysis.
Journal of Industrial Ecology, 18, 212–226. doi:10.1111/jiec.12105.

Leontief, W. (1985). Technological Change, Prices, Wages, and Rates of Return on Capital in the
U.S. Economy. In: W. Leontief (ed.) Input–Output Economics. Oxford, Oxford University Press,
392–417.

Leslie, H., P. Leonards, S. Brandsma, J. de Boer and Jonkers, N. Propelling Plastics Into the Circular
Economy-Weeding out the Toxics First. Environment International, 2016, 94, 230–234.

Li, Keqiang (2018). Report on Government Work for the13th National People’s Congress. Accessed
May 17, 2018. http://www.gov.cn/zhuanti/2018lh/2018zfgzbg/zfgzbg.htm.

Lin, C. (2009) Hybrid Input–Output Analysis of Wastewater Treatment and Environmen-
tal Impacts: A Case Study for the Tokyo Metropolis. Ecological Economics, 68, 2096–2105.
doi:10.1016/j.ecolecon.2009.02.002.

Lin, C. (2011). Identifying Lowest-Emission Choices and Environmental Pareto Frontiers for
Wastewater Treatment Wastewater Treatment Input-Output Model Based Linear Programming.
Journal of Industrial Ecology, 15, 367–380.

Lin, C., M. Tsukui, K. Ji and X. Lang (2014) How Do the Waste Treatment Scenarios Affect the
Environment Impact of Commute Approaches in China? An Application Based on Waste Input-
Output Table of China. (Paper presented at the 21th International Input-Output Conference 2014,
Kitakyushu, Japan).

Liu, J. (2011) Study on Optimization Models for Municipal Solid Waste Collection and Transporta-
tion System. (Doctoral Diss., Southwest Jiaotong University).

Lu, J.-W., S. Zhang, J. Hai and M. Lei (2017) Status and Perspectives of Municipal Solid Waste
Incineration in China: A Comparison with Developed Regions.Waste Management, 69, 170–186.
doi:10.1016/j.wasman.2017.04.014.

Lönnstedt, O.M. and P. Eklöv (2016) Environmentally Relevant Concentrations of Microplastic
Particles Influence Larval Fish Ecology. Science, 352, 1213–1216.

Moses, L. (1955) The Stability of Interregional Trading Patterns and Input–Output Analysis. Amer-
ican Economic Review, 45, 803–826.

Nakamura, S. and Y. Kondo (2002) Input–Output Analysis of Waste Management. Journal of
Industrial Ecology, 6, 39–63. doi:10.1162/108819802320971632.

Nakamura, S. and Y. Kondo (2009) Waste Input–Output Analysis: Concepts and Application to
Industry and Science. Eco-Efficiency in Industry and Science. New York, Springer. ISBN-10:
1402099010

Nakamura, S., Y. Kondo, K. Nakajima, H. Ohno and S. Pauliuk (2017) Quantifying Recycling and
Losses of Cr andNi in Steel ThroughoutMultiple Life CyclesUsingMaTrace-Alloy.Environmental
Science & Technology, 51, 9469–9476. doi:10.1021/acs.est.7b01683.

https://doi.org/10.1016/j.ecolecon.2005.11.005
https://doi.org/10.1016/j.wasman.2010.03.038
https://doi.org/10.1098/rstb.2008.0311
https://doi.org/10.1126/science.1260352
https://doi.org/10.1080/09535310500283526
https://doi.org/10.1080/09535310500283526
https://doi.org/10.1016/j.wasman.2017.08.046
https://doi.org/10.1111/jiec.12105
http://www.gov.cn/zhuanti/2018lh/2018zfgzbg/zfgzbg.htm
https://doi.org/10.1016/j.ecolecon.2009.02.002
https://doi.org/10.1016/j.wasman.2017.04.014
https://doi.org/10.1162/108819802320971632
https://doi.org/10.1021/acs.est.7b01683


ECONOMIC SYSTEMS RESEARCH 15

Nakatani, J. and M. Hirao (2010) Recycling of Plastic Containers and Packaging and Its Effect
on Environmental Load Reduction. Journal of the Japan Society of Material Cycles and Waste
Management, 21, 309–317. In Japanese.

Ohno, H., K.Matsubae, K. Nakajima, Y. Kondo, S. Nakamura, Y. Fukushima and T. Nagasaka (2017).
Optimal Recycling of Steel Scrap and Alloying Elements: Input-Output Based Linear Program-
ming Method with Its Application to End-of-Life Vehicles in Japan. Environmental Science &
Technology, 51, 13086–13094.

Oliveira, C., D. Coelho and C.H. Antunes (2016) Coupling Input–Output Analysis withMultiobjec-
tive Linear Programming Models for The Study of Economy–Energy–Environment–Social (e3s)
Trade-Offs: A Review. Annals of Operations Research, 247, 471–502. doi:10.1007/s10479-014-
1773-5.

PWMI (2017) Basic Knowledge on Plastic Recycling (Plastic Waste Management Institute (PWMI),
Tokyo, Japan). Accessed December, 2017. https://www.pwmi.or.jp/pdf/panf1.pdf

Pulido-Velazquez, M.J., A.S. Andreu, A. Sahuquillo and D. Pulido-Velazquez. (2008) Hydro-
economic River Basin Modelling: The Application of a Holistic Surface-Groundwater Model
To Assess Opportunity Costs Of Water Use in Spain. Ecological Economics, 66, 51–65.
doi:10.1016/j.ecolecon.2007.12.016.

Puype, F., J. Samsonek, J. Knoop, M. Egelkraut-Holtus and M. Ortlieb Evidence of Waste Electrical
and Electronic Equipment (WEEE) Relevant Substances in Polymeric Food-Contact Articles Sold
on the European Market Food Additives & Contaminants: Part A, 2015, 32, 410–426

Qiu, Q., J. Peng, X. Yu, F. Chen, J. Wang and F. Dong (2015) Occurrence of Microplastics in The
Coastal Marine Environment: First Observation on Sediment of China.Marine Pollution Bulletin,
98, 274–280. doi:10.1016/j.marpolbul.2015.07.028.

Rochman, C.M., M.A. Browne, B.S. Halpern, B.T. Hentschel, E. Hoh and H.K. Karapanagioti, et al.
(2013). Policy: Classify Plastic Waste as Hazardous. Nature, 494, 169–171. doi:10.1038/494169a.

Steuer, B., R. Ramusch, F. Part and S. Salhofer (2016). Analysis of the Value Chain and Network
Structure of InformalWaste Recycling in Beijing, China.Resources Conservation&Recycling, 117.
doi:10.1016/j.resconrec.2016.11.007.

Tai, J., W. Zhang, Y. Che and D. Feng (2011). Municipal Solid Waste Source-Separated Collection in
China: A Comparative Analysis.Waste Management, 31, 1673–1682.

Tanaka, S. and T.Matsuto (1998) Report on theDevelopment of the Evaluation System that Supports
the Integrated Control of Municipal Waste (Graduate School of Environmental Engineering of
Hokkaido University, Hokkaido).

Tisserant, A., S. Pauliuk, S. Merciai, J. Schmidt, J. Fry, R. Wood and A. Tukker (2017). Solid Waste
and the Circular Economy: A Global Analysis of Waste Treatment and Waste Footprints. Journal
of Industrial Ecology, 21, 628–640.

Tsukui, M., S. Kagawa and Y. Kondo (2015) Measuring the Waste Footprint of Cities in Japan: an
Interregional Waste Input–Output Analysis. Journal of Economic Structures, 4, 149–124.

Turner, A. (2018). Concentrations and Migratabilities of Hazardous Elements in Second-Hand
Children’s Plastic Toys. Environmental Science & Technology, 52, 3110–3116.

Vogstad, K.O. (2009) Input–Output Analysis and Linear Programming. In: S. Suh (ed.) Handbook
of Input–Output Economics in Industrial Ecology. Eco-Efficiency in Industry and Science, Vol. 23.
New York, Springer, 801–818.

Wang, Z., C. Xingeng, B. Chen and S. Wang (2001) On Planning of Municipal Solid Waste
Management System in Guangzhou City. Environmental Pollution and Control, 23, 4–6.

Zhang, L., and D.B. Klenosky (2016). Residents’ Perceptions and Attitudes Toward Waste Treat-
ment Facility Sites and Their Possible Conversion: a Literature Review. Urban Forestry & Urban
Greening, 20, 32–42. doi:10.1016/j.ufug.2016.07.016.

Zhang,G.H., J.F. Zhu andA.Okuwaki (2007) Prospect andCurrent Status of RecyclingWaste Plastics
and Technology for Converting Them Into Oil in China. Resources, Conservation and Recycling,
50, 231–239. doi:10.1016/j.resconrec.2006.11.007.

Zhang, D.Q., S.K. Tan and R.M. Gersberg (2010). Municipal Solid Waste Management in
China: Status, Problems and Challenges. Journal of Environmental Management, 91, 1623–1633.
doi:10.1016/j.jenvman.2010.03.012.

https://doi.org/10.1007/s10479-014-1773-5
https://doi.org/10.1007/s10479-014-1773-5
https://www.pwmi.or.jp/pdf/panf1.pdf
https://doi.org/10.1016/j.ecolecon.2007.12.016
https://doi.org/10.1016/j.marpolbul.2015.07.028
https://doi.org/10.1038/494169a
https://doi.org/10.1016/j.resconrec.2016.11.007
https://doi.org/10.1016/j.ufug.2016.07.016
https://doi.org/10.1016/j.resconrec.2006.11.007
https://doi.org/10.1016/j.jenvman.2010.03.012

	1. Introduction
	2. Methods
	2.1. Basic framework
	2.2. The WIO model
	2.3. The WIO-LP model

	3. Data
	4. Results
	4.1. Scenario settings
	4.2. Comparison of scenarios
	4.2.1. Default: the state of 2007
	4.2.2. Optimization scenario

	4.3. Sensitivity analyses

	5. Discussion
	Acknowledgements
	Disclosure statement
	Funding
	References



