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Polyvinyl chloride (PVC) is a widely consumed plastic material and may lead various environmental pollutions.
China produces and consumes the largest amount of PVC material in the world, owing to its rapid urbanization
and economic growth. Herein, we establish a dynamic material ﬂow analysis methodology for quantifying PVC
stocks and ﬂows in China, including material input, manufacturing and consumption distribution, and waste
management stage. We examine the material ﬂow of PVC in China from 1980 to 2015. The PVC trajectory
analysis from 2016 to 2050 is based on the historical PVC material consumption data and scenario analysis. Total
amount of PVC consumption in all types of products dramatically increased from 0.4 Mt (0.4 kg/capita) in 1980
to 14.5 Mt (10.7 kg/capita) in 2015, with a cumulative amount of 173.7 Mt. The rapid increase of PVC consumption in China signiﬁcantly accelerated the PVC waste accumulation, reaching 66.3 Mt, accounting for
38.2% of total PVC use from 1980 to 2015. Building & construction sector has the largest PVC in-use stock, while
consumer goods sector generated the largest PVC waste. In recent ﬁfteen years, mechanical recycling, chemical
recycling, incineration, and landﬁll of PVC waste ratios are 25.5%, 0.8%, 9.3%, and 36.0%, respectively. The
PVC trajectory analysis shows that by the end of 2050, the accumulative PVC waste in China will be 508.6 Mt in
the limited growth scenario and 562.0 Mt in the business as usual scenario. Based on the MFA results, policies for
improving PVC recycling system were analyzed in this work.

1. Introduction
Plastics, with inexpensive, lightweight, and durable properties, become one of the most commonly used materials worldwide, making
modern life possible (Hopewell et al., 2009). They are widely employed
for various applications, such as building and construction, packing and
consumer goods, transportation, and so forth. Plastics have been massproduced since 1950s, with a trend of exponential increase thereafter
(Jambeck et al., 2015). Geyer et al. (2017) investigated global production, use, and fate of plastics from 1950 to 2015. The recycling rate
of plastic waste increased from 0% to 18% in the last thirty-ﬁve years,
although that rate is still low in 2015 (Geyer et al., 2017). Intensive
concerns on global plastic waste crisis are raised recently, owing to a
great deal of environmental issues caused by overusing plastic materials. It demonstrated that a huge amount of plastic wastes have been
emitted into rivers and oceans, a part of those plastic wastes are microplastics (under the size of 5 mm), resulting signiﬁcant impacts to
marine and terrestrial ecosystem (Andrady, 2017; Browne et al., 2011;
Jambeck et al., 2015). In addition, disposal of plastic wastes becomes a
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troublesome task in a lot of cities and rural areas. Landﬁlling plastics
occupy multiple land resource, while incinerating the chlorine-containing plastic (e.g., Polyvinyl chloride, PVC) waste may release dioxin
and other air pollutants (Zhou et al., 2013). Therefore, a more balanced
and environmental friendly use of plastic materials will play a crucial
role for achieving the 2030 Sustainable Development Goals (SDGs)
proposed by the United Nations (United Nations, 2015).
PVC is one of the most widely consumed plastics worldwide (Ye
et al., 2017). PVC, a durable and corrosion resisting material, is widely
used in building, construction, transportation, packaging, electrical and
healthcare applications, and so forth. Diﬀerent from other plastics (e.g.,
PET and PP), PVC is not easy to be recycled (Ragaert et al., 2017) and
often be discarded directly in the post-consumption stage. Inappropriate treatment of PVC waste could result in several environmental pollutions. First of all, PVC is a kind of chlorine-containing
plastic, thus, dioxin, a highly toxic persistent organic pollutant (POPs),
could be synthesized under the condition of insuﬃcient combustion
during the processes of producing, regenerating, and incinerating PVC
(Zhang et al., 2018). Secondly, several toxic chemicals such as
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plasticizer, lead based stabilizers, and ﬂame retardants were commonly
used as additives for producing functional PVC materials (Cao et al.,
2019; Yu et al., 2016). For instance, some types of PVC materials
contain ﬂame retardants, such as tris-(2-chloroethyl)-phosphate
(TCEP), tris-(2-chloropropyl)-phosphate (TCPP) and tris(1,3-dichloro-2propyl)phosphate (TDCPP), which show great reproductive, development, and inhalation toxicity of human body and can cause cancer,
birth defect, chromosomal abnormality, and other illnesses (Föllmann
and Wober, 2006; van der Veen and de Boer, 2012). To promote PVC
recycling and mitigate relative environmental pollution, the very ﬁrst
step is to understand the ﬂows, stocks, wastes, and recycling patterns of
PVC, as well as to analyze the trends of PVC consumption in the future.
Dynamic material ﬂow analysis (MFA) methodology has been
widely used for studying socioeconomic metabolism process of material, especially for analyzing material ﬂows and stocks over a long
period (Augiseau and Barles, 2017; Bergsdal et al., 2007; Brunner and
Rechberger, 2003; Chen and Graedel, 2012; Ciacci et al., 2017;
Wiedenhofer et al., 2019). A dynamic MFA model is applied to represent the process of PVC stocks and ﬂows. There are only limited MFA
studies of plastic materials at global-, regional-, and national- scale
(Geyer et al., 2017), providing useful information to understand the
patterns of plastic cycle in the socioeconomic system. A global MFA
research was conducted to evaluate the plastic production, use, and fate
from 1950 to 2015 worldwide. At regional scale, Ciacci et al. (2017)
quantiﬁed the in-use stock and ﬂows of PVC in Europe from 1960 to
2010, and suggested improvements towards a more sustainable closure
of material ﬂows. Seven commonly used commodity plastics in Europe
was studied by probabilistic material ﬂow analysis to provide a detailed
exposure assessment of these plastics and their additives (Kawecki
et al., 2018). At national scale, plastic stocks and ﬂows in Austria were
examined for the reference year of 2010, the majority of the total
plastic waste was incinerated in waste-to-energy plant (46%) or in the
cerement industry (21%) (Van Eygen et al., 2017). The importance of
high-quality single-polymer plastics recycling in the plastic packaging
industry of Austria was highlighted from an environmental perspective
(Van Eygen et al., 2018b). Consumption of PVC, as well as other types
of plastics, keep increasing in China, owing to its rapid urbanization
and economic growth (Brooks et al., 2018). To our best knowledge,
very little research addressed the material ﬂows and stocks of PVC
material in China. Zhou et al.(2013) provided a ﬁrst quantiﬁcation of
the industrial metabolism of PVC in China, and suggested a peak of PVC
consumption around 2030. However, it still calls for further researches
on characterization of the PVC ﬂows among diﬀerent sectors and more
end-use categories in the in-use stage, and hidden ﬂows in the waste
management stage, to provide a more comprehensive panorama of PVC
cycle in China.
In this study, a dynamic MFA methodology has been employed to
establish a more comprehensive model for quantifying the PVC stocks
and ﬂows in China. Seven consumption sectors and ﬁve end-use categories were included for analyzing PVC cycle, and top-down and
bottom-up methods were integrated to obtain data. The plastic industry
initiated in 1950 in China, with extremely low production and consumption. Since 1980, China’s plastics industry began mass production
and developed rapidly. Production, consumption, and waste generation
of PVC in China have been systematically analyzed in the period from
1980 to 2015. With consideration of China’s great impacts on global
PVC demand and supply in the future, trajectories scenarios of PVC use
and waste between 2016 and 2050 are analyzed, for the ﬁrst time. The
historic MFA and future trajectories of PVC in China presented here
could provide scientiﬁc evidences for making relevant policies to promote sustainable use of PVC materials.

2. Methodology
2.1. System boundaries
We examine the material ﬂow in Chinese mainland from 1980 to
2015. There are four main steps of PVC cycle in socioeconomic system,
including production, distribution (incl. import and export), consumption & stock, and waste & recycling. Seven sectors are divided for
analyzing the amount of PVC consumption and waste per year, including building & construction, transportation, electronics, packaging,
agriculture, medical care, and consumer goods & others. We present the
PVC material ﬂows in China in two periods: 1) year 1980–2000, China’s
plastic industrialization began to develop since 1980; 2) year
2001–2015, China’s urbanization rate has grown very rapidly after
2000, leading to fast development of plastic industry. Moreover, trajectories of PVC material consumptions between 2016 and 2050 are
analyzed.

2.2. The dynamic MFA model
A dynamic MFA model is applied to represent the process of PVC
stocks and ﬂows. The equations of dynamic MFA model are listed as
follow. The dynamic model includes (1) material input stage, (2)
manufacturing and consumption distribution stage, and (3) waste
management stage, and provides an estimation of PVC in-use stock and
PVC waste generation. The conceptual framework of PVC material ﬂow
is shown in Fig. S1.
(1) Material input stage
Mk = Pk + Ik - Ek

(1)

Where, Mk is apparent consumption of PVC materials in k year; Pk is
PVC material production amount; Ik is PVC material import amount; Ek
is PVC material export amount; k is the year.
(2) Manufacturing and consumption distribution stage
Qk = Mk + Nk

(2)

Nk = Rk + Bk

(3)

Where, Qk is amount of PVC product; Nk is recycled PVC waste amount;
Rk is the amount of domestic mechanical recycled PVC waste; Bk is
imported amount of PVC waste; k is the year.
Sk = Qk + Zk-Vk

(4)

Where, Sk is the amount of PVC products consumption; Zk is the import
amount of PVC product; Vk is the export amount of PVC product; k is
the year.
To examine the in-use stock, waste, and recycling of diﬀerent types
of PVC products, the amounts of PVC products consumption are divided
by sectors.
Si,k = Sk·ui,k

(5)

Where, Si,k is the amount of PVC products consumption by the sector i
in k year; ui,k is the proportion of PVC consumption of sector i in k year;
i is the sectors (incl. building & construction, transportation, electronics, packaging, agriculture, medical care, and consumer goods &
others); k is the year.
Hi,k = Si,k - Si,k-wi

(6)

Where, Hi,k is net annual increment of in-use stock of PVC consumption
in sector i in k year; Si,k is the amount of PVC products consumption by
the sector i in k year; wi is average lifetime of PVC consumption in
2
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previous reports (Tam and Tam, 2006; Zhiyan Consulting Group, 2016).
2) Data for automotive industry of China, including the plastic demands
of automotive industry, the average plastic usage for automobiles, and
the consumption of diﬀerent types of plastics for automotive industry,
were based on China Plastics Industry Yearbook, China Chemical Industry Yearbook and a previous report (China Packaging Federation,
2015; China Plastics Processing Industry Association, 2001-2016;
Zhiyan Consulting Group, 2016). 3) Data of PVC in electronic sector
were obtained based on a survey on GEM Co., Ltd in China, the biggest
electronic waste recycling and recovering company in China. The
electronic waste disposal capacity of China was 75 million in 2016, and
over 10 million among them was disposed by GEM Co., Ltd, via 6 recycling industrial parks covering 10 provinces in China. The plastic
amount and PVC ratio of dismantled electronic waste in China are listed
in Table S5. Share of PVC products in other sectors, are referred to PVC
consumption data of China in “China Plastics Industry Yearbook”
(China Plastics Processing Industry Association, 2001-2016), and the
PVC contents in downstream industries based on a report (Zhiyan
Consulting Group, 2016). The data availability of shares of PVC products in diﬀerent sectors could not cover all the years from 1980 to
2015, and thus the shares of PVC products in diﬀerent sectors are assumed to maintain the same in adjacent years.
Lifetime, or lifespan, is a key parameter to determine the potential
waste and emission generation from durable products (Khan et al.,
2018; Kleijn et al., 2000). The lifetime of various products containing
PVC material is mainly dependent on the sectors where the products are
applied. In this work, the lifetime data were adopted from the following
sources, and shown in Table S4.

sector i; k is the year.
(3) Waste management stage
Out ﬂows of PVC materials, i.e., the waste generated from diﬀerent
sectors could be calculated by Formula (7). Multiple ways of treatment
and disposal are taken into consideration in this work. PVC waste can
be recycled and reused by mechanical recycling, be utilized as other
raw materials in chemical recycling. Finally, PVC wastes are disposed
by incinerators and landﬁlls, or, ultimately abandoned in the environment.
Lk = ∑Li,k = ∑Si,

(7)

k-wi

Li,k is the domestic PVC waste generated by sector i in k year. wi is
average lifetime of PVC consumption in sector i. Lk is total domestic
PVC waste generation in k year, which is the sum of Li,k.
Rk = Lk·rk

(8)

Ck = Lk·ck

(9)

Dk = Lk·dk

(10)

Fk = Lk·fk

(11)

Gk = Lk·gk

(12)

Where, Rk and rk are mechanical recycling amount & rate of PVC
wastes; Ck and ck are chemical recycling amount & rate of PVC wastes;
Dk and dk are incineration amount & rate of PVC wastes; Fk and fk are
landﬁll amount & rate of PVC wastes; Gk and gk are unknown/discarded
amount & rate of PVC wastes; k is the year.

1) The lifetime of products containing PVC in the building & construction sector: According to a Chinese technical standard, Uniﬁed
standard for reliability design of building structures (GB500682001), the designed lifetime of buildings is 50 years, and memorial
and other important architectures are designed for 100 years. The
actual average service lifetime of residential buildings is ∼30 years
due to the rapid urbanization, regarded by the real estate development industry of China (Hu et al., 2010). Hu et al.’s study focused on
residential buildings, however, the actual average service lifetime of
memorial and other important architectures is normally more than
30 years based on the standard for reliability design of such architectures. In a previous study, 35 years is used for the service lifetime
of buildings globally (Geyer et al., 2017). Here, 30 years, 35 years
and 40 years are studied as the lifespan of buildings in China.
2) Lifetime of products containing PVC in the transportation sector:
The service lifetime of automobile is 10–15 years in general, according to “Standard for compulsory scrapping of automotive vehicles” (2012). Here the lifetime of PVC products applied inside the
automobile is estimated ∼13 years, and 10 years, 13 years, and 16
years are investigated for scenario analysis.
3) Lifetime of products containing PVC in the electronics sector:
Lifetime of domestic appliances such as TV, washing machine and so
on mainly refers to Chinese electronic product annual data according to “China Statistical Yearbook” (National Bureau of
Statistics of China, 1980-2016) and lifespan database (National
Institute for Environmental Studies Japan, 2010), together with the
European Union's research on the average lifetime of plastics in
various sectors and the proportion of plastics used in diﬀerent sectors on a global scale (PlasticsEurope, 2018).
4) Lifetime of products containing PVC in package and agriculture
sectors: The plastic package and plastic agriculture ﬁlm both have a
short-lived nature and their lifetimes are assumed as one year. The
lifetime of products containing PVC in medical care sector is estimated according to the shelf life of medical care such as syringes,
gloves and medicals. The lifetime of products containing PVC in the
consumer goods and others sector is based on a previous study
(Geyer et al., 2017).

2.3. Data sources
A large amount of data is involved in this work, including statistic
yearbooks, reports, and databases by associations, scientiﬁc literature,
and ﬁeld investigation of relative companies. Total primary production
quantity, import & export quantity, and apparent consumption quantity
per year from 1980 to 2015 were taken from China Plastics Industry
Yearbook (China Plastics Processing Industry Association, 2001-2016),
and the detailed data can be found in Table S1 and S2. The amounts and
shares of diﬀerent types of PVC products are shown in Table 1, including pipes, special proﬁles, sheets/tubes, other rigid products, ﬂexible ﬁlm, cables, artiﬁcial leathers and other soft products. The primary
PVC products are then used in multiple industrial sectors for manufacturing diﬀerent commodities, e.g., building & construction, transportation, electronics, packaging, agriculture, medical care, and consumer goods & others, as shown in Table S3.
Shares of diﬀerent PVC products in sectors in China are shown in
Table S4, and were calculated based on the data from China Plastics
Industry Yearbook, China Packaging Yearbook, and Industry development report of recycled resources of China (China National Resources
Recycling Association, 2015; China Packaging Federation, 2015; China
Plastics Processing Industry Association, 2001-2016). 1) Share of PVC
products in the building & construction sector was analyzed based on
Table 1
Share of diﬀerent primary PVC products in China.
Products

1980-1994

1995-2010

2011-2015

Pipes
Special proﬁles
Sheets and tubes
Other rigid products
Flexible ﬁlm
Cables
Artiﬁcial leathers
Other soft products

12.0%
6.4%
6.4%
14.4%
16.0%
11.2%
12.8%
20.8%

22.3%
20.0%
6.3%
3.3%
15.0%
11.3%
7.0%
14.7%

35.5%
17.0%
7.0%
6.0%
13.5%
7.5%
4.0%
9.5%
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Leading Action Plan” of China is to establish a sound recycling system,
with a waste recycling rate of 54.6%, which will signiﬁcantly improve
the recovery rate of PVC. Therefore, in BAUR scenario, the PVC recycling rate is assumed to increase 5% every 5 years from 2016 to 2050.
In 2015, municipal solid waste harmless treatment rate in China already reached 94.1%. In the 13th Five-year Plan of waste treatment
system in China, the waste incinerating rate will keep growing. PVC
wastes are often mixed with other wastes, and PVC waste incineration
rate is assumed to increase to 30% in 2030. In the future, with reﬁnement of waste classiﬁcation, PVC waste incineration rate is assumed to
be stable since dioxin could be produced during PVC incineration. Thus,
BAUR Scenario is based on BAU Scenario, in which the PVC recycling
rate increases 5% every ﬁve years till 2050, and incineration rate increases to 30% in 2030, and then incineration rate is assumed to be
stable from 2030 to 2050. The lifespans of PVC products are assumed to
be the same for the period of 2015–2050 and the period of 1980–2015,
however, the sensitivity analysis on lifetime is conducted.

Plastic waste quantity, discarded fraction, and potentially recyclable
fraction were accessed from the references (China Association of
Automobile Manufacturers (CAA) and China Automotive Technology
and Research Center China Association of Automobile Manufacturers
(CAA) and China Automotive Technology and Research Center China
Association of Automobile Manufacturers (CAA) and China Automotive
Technology and Research Center China Association of Automobile
Manufacturers (CAA) and China Automotive Technology and Research
Center (CATARC), 1992-2016; China Automobile Dealers Association,
1999-2016; China Electric Appliance Research Institute, 2015; China
National Resources Recycling Association, 2015). PVC waste amount
and recycling rates were accessed and calculated based on the reports
(China National Resources Recycling Association, 2018; China Plastics
Processing Industry Association, 2001-2016). We assumed that the
imported PVC wastes were fully used for regenerating secondary materials. The export of PVC wastes in China was excluded in this work,
owing to the fact that the exporting quantity of PVC waste was only
−0.035% of the importing quantity. In the disposal stage, i.e., landﬁlling and incinerating, the proportion of PVC among total plastic
waste was calculated based on previous studies (Gu et al., 2017; Li,
2014; Zhou et al., 2015). The shares of landﬁlling and incinerating of
municipal solid waste in China could be found in references (Gu et al.,
2017; Li, 2014; Ministry of Housing and Urban-Rural Development of
China, 2006-2016; Zhou et al., 2015), assuming those shares of PVC
disposing methods were the same as plastic waste.
The software e!Sankey4.0 was used to present China’s PVC ﬂows,
stocks, and trades; other ﬁgures were drawn by using Microsoft Excel
2016.

3. Results
3.1. Quantities of PVC consumption and waste: 1980-2015
Annual PVC consumption in diﬀerent sectors of China from 1980 to
2015 is presented in Fig. 1(a). Total amount of PVC consumption in all
types of products dramatically increased from 0.4 Mt (0.4 kg/capita) in
1980 to 14.5 Mt (10.7 kg/capita) in 2015 (Fig. 1(a) and Fig. 2), and the
cumulative amount of PVC consumption reached 173.7 Mt from 1980
to 2015. A sharply increasing trend of PVC consumption can be observed; annual PVC consumptions in 2001 and 2015 were 12.1 and 36.5
times of that in 1980, respectively.
The shares of PVC consumption in the seven main sectors, i.e.,
building and construction, transportation, electronics, packaging,
agriculture, medical care, and consumer good & others were 60.0%,

2.4. Scenarios and trajectories
The PVC trajectory analysis from 2016 to 2050 is based on the
historical PVC material consumption data and scenario analysis. Fig. S3
shows historical amount of PVC consumption in China from 1980 to
2015, as well as the result of regression between the PVC consumption
and the year. It shows an increase trend for the historical amount of
PVC consumption in China from 1980 to 2015 and it can be divided
into two periods with diﬀerent increase rates. During 1980–2000, it
shows a relative slow increase, while after 2000, it shows a rapid increase in PVC consumption. Therefore, PVC materiel consumption data
in recent years, from 2001 to 2015, were ﬁtted, showing a linear regression, y = 0.8266x - 1649.2, with R2 = 0.976. It is set as business as
usual scenario (BAU scenario). In BAU scenario, PVC consumption increases linearly. The PVC consumption trajectories from 2016 to 2050
show a linear growth trend (see Fig. S3). Considering the SDGs’ 2030
goal on plastics and the global plastic production increase rate changes
(PlasticsEurope, 2018), the slowdown in China’s population growth,
relatively stable PVC consumption per capita trend, the probability of
exponential function growth of PVC consumption is not large, and the
PVC production and consumption may peak in 2030 (PlasticsEurope,
2018). Thus, a limited growth scenario (LG) was designed, assuming
China’s PVC consumption has a turning point in 2030. PVC consumption reaches a plateau after 2030 and subsequent plastic consumption is
in a stable state. The data of shares of PVC products for scenario analysis after 2016 refer to the data from 2011 to 2015.
To reveal the importance of PVC recycling for sustainable PVC
material ﬂow management, an additional scenario, PVC waste disposal
rate variation scenario (BAUR Scenario), was designed based on business as usual scenario. Mechanical recycling rate, chemical recycling
rate, incineration rate, landﬁll rate and unknown/discarded rate
changes of PVC wastes are shown in Fig. S4 in the supporting information. According to the “13th ﬁve-year plan for ecological and
environmental protection” of China, agricultural ﬁlm recovery rate will
reach over 80% in 2020. Due to the Chinese waste import ban, import
PVC waste is forbidden, thus, the PVC recycling rate would be impacted
in a short period (Qu et al., 2019). One goal of “Circular Development

Fig. 1. Amounts of annual PVC consumption and domestic PVC waste generation in diﬀerent sectors of China (1980–2015); (a) PVC consumption; (b)
domestic PVC waste generation.
4
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1980–2000, during 2001–2015, the ratio of cumulative PVC in-use
stock of building & construction sector was signiﬁcantly increased by
16.4%. The four sectors with the largest amounts of PVC waste generation were consumer goods & others, packaging, agriculture and
electronics, accounting for 34.1%, 25.8%, 19.9%, and 12.9%, respectively. Compared with the period of 1980–2000, during 2001–2015, the
ratio of cumulative PVC waste of consumer goods & others remains
high, but decreases. The ratios of cumulative PVC waste of electronics
and packaging sectors increased dramatically. Mechanical recycling,
chemical recycling, incineration, landﬁll and unknown/discarded of
PVC waste were 17.5 Mt, 0.5 Mt, 6.3 Mt, 24.7 Mt, and 19.4 Mt, respectively, accounting for 25.5%, 0.8%, 9.3%, 36.0%, and 28.4% of total
PVC waste, respectively.
Domestic PVC primary production from 2001 to 2015 was 7.1 times
of that from 1980 to 2000, import primary PVC from 2001 to 2015 was
2.4 times of that from 1980 to 2000, and export primary PVC from 2001
to 2015 was 10.7 times of that from 1980 to 2000. Import PVC product
from 2001 to 2015 was similar to that from 1980 to 2000. Export PVC
product from 2001 to 2015 was 4.8 times of that from 1980 to 2000.
PVC products used in building & construction, transportation, electronics, packaging, agriculture, medical care, and consumer goods &
others from 2001 to 2015 were 7.5, 7.0, 5.0, 6.3, 3.3, 4.6 and 3.3 times
of those from 1980 to 2000 respectively. Compared with the PVC material ﬂow in 1980–2000, there were some changes of PVC material
ﬂow in consumption increment, stock structure, treatment and disposal
methods from 2001 to 2015. During these two periods, the amounts of
cumulative PVC waste were far less than that of the PVC in-use stock.

Fig. 2. Amounts of per capita PVC consumption and per capita domestic PVC
waste generation in China (1980–2015).

2.0%, 9.0%, 11.1%, 5.0%, 2.0%, and 10.9%, respectively, in 2015.
Around 60.0 % of the PVC product in China was used for constructing
buildings and infrastructures, increasing from 0.11 to 8.7 Mt in recent
thirty-ﬁve years. It was consistent with the fact of China’s rapid urbanization process, as well as the fast growth of real estate industry during
the same period. In 2015, the amount of PVC used in packaging accounted for the second largest share of the total PVC consumption
(11.1%), followed by consumer goods & others (10.9%). PVC products
used in packaging industry increased by 50.2 times between 1980 and
2015, and the increasing rate is the third highest among all the sectors.
PVC products used for packaging have comparatively short lifetime,
resulting in an increase of PVC waste from packaging sector.
Total amount and per capita PVC waste generation in China from
1980 to 2015 are presented in Fig. 1(b) and Fig. 2. In 2015, the PVC
domestic waste generation reached 5.2 Mt (3.8 kg/capita), accounting
for 35.9% of total PVC use in China. From 1980 to 2015, accumulated
PVC waste reached 66.3 Mt, accounting for 38.2% of total accumulated
PVC use in the same period. The rapid increase of PVC consumption in
China signiﬁcantly accelerated the PVC waste accumulation in the last
thirty-ﬁve years. Interestingly, the PVC waste increased by 54.5 times
between 1980 and 2015, with an average annual growth rate of 11.7%,
and its increasing rate was much higher than that of historical PVC
consumption (36.5 times). It may be owing to the fact that consumption
of PVC products with shorter lifetime, such as packaging, agriculture,
and consumer goods, increased dramatically in recent years.

3.3. Trajectories of PVC uses
Fig. 4 shows trajectories results of PVC in China from 1980 to 2050
in the BAU and LG Scenarios. The dynamic model was applied to calculate PVC in-use stock from 1980 to 2050 in China. In the BAU scenario, PVC consumption follows the historic trend, a linear model, and
the use of PVC materiel will reach 45.3 Mt by 2050, which is 182.8%
higher than that in 2015. The PVC in-use stock in 2050 in the BAU
scenario will be 761.9 Mt, 7.1 times of that in 2015. In the LG scenario,
the PVC consumption follows a limited growing trend. The use of PVC
in 2050 will be 28.8 Mt, with an increase of 79.5% compared with that
in 2015. The PVC in-use stock in 2050 in the LG scenario will be
620.3 Mt, 5.8 times of that in 2015. As estimated in the LG Scenario,
PVC in-use stock will increase more slowly compared with the BAU
Scenario. Compared with the BAU scenario, the in-use stock of PVC in
2050 in the LG Scenario will be reduced by 141.6 Mt.
From 2016 to 2050, the cumulative PVC waste generation in the
BAU Scenario will reach 495.7 Mt, which is 7.5 times higher than that
of cumulative PVC waste generation during the past 36 years from 1980
to 2015 (66.30 Mt). In the LG Scenario, cumulative PVC waste generation from 2016 to 2050 will be 442.3 Mt, which is 6.7 times of the
cumulative PVCs generation from 1980 to 2015. Due to the durable
characteristic of PVC (e.g., the lifetime of PVC used in buildings and
constructions is around 35 years), PVC waste generation will dramatically increase by 2050, which will create a grand challenge, but also a
great opportunity for innovations of their recycling, treatment, and
disposal.
From 2015 to 2050, cumulative PVC waste generation in both the
BAU Scenario and BAUR Scenario will increase greatly (Fig. 5). The
cumulative discarded PVC materials will decrease by 50% and cumulative recycled PVC will increase by 25.3 Mt compared with the BAU
Scenario in 2050. In BAU Scenario, unknown/discarded PVC wastes are
the second largest, only lower than landﬁll. By 2050, cumulative unknown/discarded PVC wastes will be 173.7 Mt, posing a serious threat
to the marine environment. In the BAUR Scenario, cumulative unknown/discarded PVC wastes will be 85.9 Mt. Recycling rate of plastic
waste is expected to be improved in China due to several new policies.
For instance, in 2018, Chinese government issued a Circular

3.2. Characterization of PVC ﬂows and stocks in China
Material ﬂow analysis of PVC in China is shown in Fig. 3a for the
period of year 1980–2000, while in Fig. 3b for the period of 2001–2015.
During 1980–2000, quantities of cumulative PVC production, in-use
stock, domestic waste generation, imported PVC waste were 20.2 Mt,
15.3 Mt, 11.4 Mt, and 1.3 Mt, respectively. The three sectors with the
largest cumulative PVC in-use stocks were building & construction,
electronics, and consumer goods & others, accounting for 67.3%,
12.8%, and 11.4% of total PVC use. Sectors with the largest amounts of
PVC waste generation were consumer goods & others, agriculture,
packaging and electronics, accounting for 41.3%, 26.4%, 18.2%, and
8.6%, respectively. Mechanical recycling, chemical recycling, incineration, landﬁll and unknown/discarded of PVC wastes were 2.1 Mt,
0.1 Mt, 0.04 Mt, 4.9 Mt, and 5.6 Mt, respectively, accounting for 16.2%,
0.9%, 0.3%, 38.8%, and 43.8% of total PVC waste, respectively.
During 2001-2015, quantities of cumulative PVC production, in-use
stock, domestic waste generation, and imported PVC waste were
143.1 Mt, 92.1 Mt, 54.8 Mt, and 13.6 Mt, respectively. The three sectors
with the largest cumulative PVC in-use stock were building & construction, electronics, and consumer goods & others, accounting for
83.7%, 8.4%, and 3.2% of total PVC use. Compared with the period of
5
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Fig. 3. PVC material ﬂow analysis in China. (a) year 1980–2000, (b) year.2001–2015.

PVC waste generation was 5.2 Mt in 2015, accounting for 34.7% of
global PVC waste generation. PVC waste generation per capita was
3.8 kg in 2015 in China and is estimated to dramatically increase to
7.6 kg in 2030 and 20.1 kg in 2050. It suggested that over 0.6 billion
tons of PVC waste will have accumulated by the end of 2050 (Zhou
et al., 2013). It is consistent with our estimation, accumulative PVC
waste in China will reach 508.6∼562.0 Mt. These results indicate that
China will face massive PVC waste generation in the next thirty years.
Compared with other types of plastics, PVC waste may result in higher
environmental and health risks due to the addition of ﬂame retardants
in its production process. Firstly, informal recovery PVC wastes may
bring air pollution, furthermore, a large number of waste incinerators
were built in recent years in China, and a certain number of PVC waste
was incinerated in the waste disposal facilities. Therefore, PVC may be

development leading action Plan, which could be greatly improved the
recycling infrastructures and incentives in China. Besides, more than
thirty companies in the ﬁeld of supplying plastic products recently
formed the “Alliance to End Plastic Waste”, aiming at promoting
minimizing and recycling plastic waste, and searching for solutions for
sustainable plastic waste management.

4. Discussion
Results of PVC material ﬂow analysis in diﬀerent regions or countries are compared herein. PVC waste generation was 15 Mt in 2015
globally (Geyer et al., 2017), and PVC waste generation per capita was
2.1 kg/capita. In Europe, PVC waste generation was estimated at 5 kg/
capita in 2012 (Ciacci et al., 2017). In our study, for China, domestic
6
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the main contributor to the dioxin and other air pollutants emissions
from the waste disposal facilities.
According to the results of MFA and trajectories of PVC, several
policies can be put forward for a sustainable cycle of PVC material. First
of all, PVC is a crucial material used for buildings and constructing
infrastructures, both in China and the world (Ciacci et al., 2017). Based
on our research, the cumulative PVC waste generated from the building
& construction sector will be 87.5 Mt by 2050. Therefore, it is necessary
to launch relevant policies to promote the recycling and utilization
rates of construction waste. Secondly, in the waste disposal stage, PVC
material is always mixed with other components, raising the diﬃculty
for recycling and treatment of PVC materials. For instance, the PVC
used for packaging sector reached 1.6 Mt in 2015. The packaging PVC
material is often mixed with other wastes, and when they run into the
incinerators, the risk of dioxin emission is increased (Zhang et al., 2018;
Zhou et al., 2013). Therefore, it is vital to limit the amount of PVC
products used in packaging sectors, especially those of e-commerce and
express delivery companies (Duan et al., 2019), promote the use of
soluble tape, and guide consumers to tear down the tape while handling
packages. Cleaner production method and plastic recovery technologies
are needed for sustainable use of PVC materials (Jehanno and Sardon,
2019; Sardon and Dove, 2018). Thirdly, Chinese new import ban of
plastic waste will throw great impacts on both China and the world. In
2016, more than 7.3 Mt of plastic waste, a great fraction of them is PVC,
from the developed countries was exported to and treated in China
(Brooks et al., 2018). The import PVC waste to China was 303.9 kt in
2017 before the ban, and was sharply reduced to 0.2 kt in 2018 after the
import ban went into eﬀect, according to the data from China Customs.
Our work ﬁnds that ∼50% of the secondary PVC material was recovered from the wasted PVC imported from other countries. Therefore,
incentive policies, such as subsidies on PVC recycling, can be considered to ensure the supplying quantity of PVC waste. Lastly, it can be
learned from the structure of PVC ﬂows and stocks that a lot of stakeholders were involved in the socioeconomic cycle of PVC materials.
Thus, multiple stakeholders should be considered when making policies
for minimizing and recycling of PVC materials. Compared with our
current manufacturing-use-disposal mode, the “circular economy” of
plastics provides a much more desirable choice (Liu et al., 2018a,
2018b; Van Eygen et al., 2018a; Walker and Xanthos, 2018).
To increase the resolution of material ﬂow analysis on PVC, as well
as other plastics, high-quality data is heavily demanded in future researches. Among all parameters used in this work, the lifespan (or
lifetime) of the products containing PVC materials may pose the
greatest impacts on the results. Therefore, a sensitivity analysis on
product lifetime variation has been examined in this work (see Fig. S5).
Results show that: 1) If the lifespan of buildings varies from 35 ± 5
years, the PVC in-use stock and cumulative waste generation of this
sector vary from −7.33–5.69% and −46.93–60.39%, accordingly; 2) If
the lifespan of automobiles varies from 13 ± 3 years, the PVC in-use
stock and cumulative waste generation of this sector vary from
−20.29–18.66% and −14.49–15.76%; 3) The lifespan parameters
changes of these two sector could result in variations of the overall PVC
in-use stock (−6.60–5.11%) and cumulative waste generation
(−7.45–9.62%) by 2050 in China. Furthermore, during the manufacturing, consumption distribution, and waste management stages,
several parameters used in the MFA could bring uncertainties as well,
such as the share of PVC use in each sector, the reuse rate of the products, the share of diﬀerent waste disposal method, and so forth. In
addition, our work examined the import and export of plastic products
containing PVC material, however, the hidden ﬂow of imports and
exports of PVC-containing bulk products, such as automobiles and
home appliances, merits further analysis. The relationship between
recycled plastic substitute and raw plastic material needs to be further
identiﬁed. Therefore, a plastic database is merit to be developed, including the quantity and characteristics of plastic materials, products,
and wastes, as well as the reuse, recycle, remanufacture, and disposal of

Fig. 4. Trajectories of the in-use stock and cumulative waste generation of PVC
material in China by 2050; (a) the in-use stock; (b) the cumulative waste
generation.

Fig. 5. Cumulative PVC waste in China in (a) BAU Scenario and (b) BAUR
Scenario.(1980–2050).
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plastic materials (Liu et al., 2018a, 2018b).
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5. Conclusions
Material ﬂow analysis (MFA) has been used to set up a model for
quantifying PVC stocks and ﬂows in China, including material input
stage, manufacturing and consumption distribution stage and waste
management stage. In China, total amount and per capita use of PVC
materials dramatically increased in recent thirty-ﬁve years, owing to
the rapid urbanization and economic growth. The sectors with the
largest cumulative PVC in-use stock are building & construction, electronics, and consumer goods & others. In the future, both the in-use
stock and waste generation will increase by 2050. It suggests that the
rapid consumption of PVC in China will accelerate PVC waste accumulation in the future. Improving the recycling system (i.e., in building
and construction sector, short lifetime PVC products, etc.) and decoupling of PVC material use would be helpful to achieve the goals of PVC
waste reduction.
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