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The global status of dioxin emissions across 150 countries/regions were compiled in this study. China, the major
emitter of dioxin and the largest developing country, was chosen as an example to illustrate its emission re
ductions. The global dioxin emissions were about 97.0 kg TEQ/year, Asia and Africa emitted the most dioxins
among the continents. Globally, open burning processes were the most important sources of dioxins. Dioxin
emissions in developed countries have remained at low and stable level, while those in developing countries have
remained at relatively high level or have continued to increase in recent years. It can be speculated that the
global dioxin emissions will increase first and then decrease in the future. Chinese dioxin emissions were stable
around 9 kg toxic equivalent (TEQ) in recent years, while 17 subcategories are the key sources of dioxin control
in the future. Moreover, according to analysis toward China’s dioxin emission trend and sources, there is a large
space for dioxins reduction in industries such as metal production, waste incineration and disposal. The results
indicated that there is at least 30–70% of reduction scope in China based on three scenarios, and this will reduce
the world’s annual dioxin emissions by 2.7–6.8%.
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1. Introduction
Polychlorinated dibenzo-p-dioxins and polychlorinated di
benzofurans (PCDD/Fs) are commonly referred to as dioxins, they are
characterized by low water solubility, semi-volatility, high fat solubility
and can be transported long distances in the atmosphere. Besides, they
persist for years in the environment (Dachs et al., 2002; Åberg et al.,
2008). Dioxins have caused great risk to the environment and human
health because of their high toxicity and difficult degradation. The
greatest harm of dioxins is the irreversible teratogenic, carcinogenic,
and mutagenic toxicity to organisms. They also have neurotoxicity,
reproductive toxicity, endocrine disrupting toxicity and immunotoxicity
under long-term low dose exposure (Kociba et al., 1978; Poland and
Knutson, 1982; Fernandezsalguero et al., 1995; Schmidt and Bradfield,
1996). For example, due to exposures of Agent Orange, the children of
soldiers and local residents related the Vietnam War began to occur skin
rashes, cancer, psychological symptoms, congenital anomalies and
handicaps, and other health problems from the 1970s. And there is

evidence suggests some lasting health effects from these exposures,
including certain cancers (Frumkin, 2003). In 1976, a chemical plant
explosion in Seveso, Italy, exposed the residents in the surrounding
community to the highest exposure to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) known in humans, which leaded to numerous animals
died and 193 cases of chloracne were reported among residents of the
area (Eskenazi et al., 2001). In addition to direct exposure to dioxins, the
incidents of exceeding dioxins in food and feed (Bernard et al., 2002;
Hsu et al., 2005; Wang et al., 2008; Han et al., 2018) have not only
caused great harm to human health, but also caused a lot of economic
losses. Since the 20th century, dioxins have been detected in human
adipose tissue, human milk and blood (Jensen, 1987; Schecter et al.,
1987; Alcock and Jones, 1996; Norén and Meironyté, 2000; Wittsiepe
et al., 2007), indicating that dioxins have long attracted worldwide
attention. As a class of persistent organic pollutants (POPs), owing to
their toxicological effects and associated adverse health implications,
PCDD/Fs are regulated under international agreements such as the
Stockholm Convention on POPs and the United Nations Economic
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Commission for Europe (UNECE) Convention on Long-Range Trans
boundary Air Pollution (LRTAP).
Dioxins mainly come from two sources, including natural processes
such as volcanic eruptions and forest fires, as well as byproducts of
human activities and industrial production processes. The Toolkit for
Identification and Quantification of Releases of Dioxins, Furans and Other
Unintentional POPs (Hereinafter referred to as Toolkit) from the United
Nations Environment Programme (UNEP) has initially identified ten
source group of dioxins (UNEP, 2013). In order to analyze environment
pollution conditions and make effective controlling strategies, the
source profiles and emission inventories of dioxins are important in
formation we should to research. PCDD/Fs emission inventories for
some countries are available in national implementation plans on the
Stockholm Convention website and the previous studies (Chen, 2004;
Quina et al., 2011; Relvas et al., 2013; Saral et al., 2014; Fiedler, 2016;
Wang et al., 2016a; Coudon et al., 2019). The thermal and chemical
processes, such as the incineration, metal production, power generation
etc., were identified as the main dioxin sources. In addition, open fires in
agricultural/forests and open burning of waste were the main sources of
PCDD/Fs in many countries (Fiedler, 2016). Toward the main dioxin
sources, Japan and the United States have implemented a series of
measures to control dioxins emissions with remarkable results. In the
USA, PCDD/Fs emissions decreased by 95.5% (from 14.0 to 0.6 kg TEQ)
between 1987 and 2012, and the electricity and heat generation was the
major category in the controlled sources (Dwyer and Themelis, 2015).
PCDD/Fs emissions to the atmosphere in Japan were > 2000 g TEQ y− 1
before 2002 but < 400 g TEQ y− 1 after 2002. The amount of PCDD/Fs
emissions in Japan in 2014 was 122 g TEQ, which was 1.6% of the
amount emitted in 1997 (Japan Ministry of The Environment, 2016).
Among all of the dioxin sources, waste incineration contributed the most
to dioxin emission reduction in Japan.
China has the largest population and dense industrial sources, and it
is a major country with dioxins emissions in the world. High levels of
dioxins were detected in various environment media in China (Lei et al.,
2020). Therefore, dioxins reduction in China is of great significance to
the world. Developing proper emission inventories for PCDD/Fs is the
first step to assess the possible effects of dioxins on the environment and
control of dioxins in the emission sources (Saral et al., 2014). The first
PCDD/Fs emission inventory for China was compiled in 2004 and
indicated that 10.2 kg TEQ of PCDD/Fs were released (UNEP, 2007). In
recent years, with the adjustment of industrial policy and technological
progress, backward processes have been gradually eliminated, and
PCDD/Fs emissions have decreased. On the other hand, due to the
development of the economy, the output of major industries continued
to increase, resulting in a rise in total dioxins. In consequence, it is
necessary to update the inventory to understand the current situation of
dioxins emissions, identify critical emission sources, in order to control
and elimination of dioxins.
In this study, we compiled the global status and temporal trends of
dioxin emissions across countries among the world. As China is a major
emitter, the reduction of dioxin is of great significance to China and the
world. We conducted a comprehensive analysis of China’s dioxin
emission reduction potential and its role in reducing the emission in the
world through researching on the Chinese current situation of dioxin
emissions, temporal and spatial distribution trends, and emission
reduction scenarios. The results can be used as a potential guidance of
dioxin reduction for China, which is of great significance to achieve
global dioxin emission reduction and protect the human and environ
mental health in the world.

pollutants (Streets et al., 2003b; Zhou et al., 2014; Fu et al., 2018),
polycyclic aromatic hydrocarbons (PAHs) (Xu et al., 2006; Zhang and
Tao, 2009), and carbon emission (Liu et al., 2015), etc., which also
adopted by the dioxin Toolkit of UNEP. The dioxins emission was esti
mated by emission factor (EF) and the activity rate (AR) of the sources.
Taking the air EF as an example, the EF was calculated using the
following equation:
EF air = C ×

V
I

(1)

where EFair is the air EF (μg TEQ/t), defined as the amount of dioxins
released by stack gas when a ton of product is produced, or a ton of raw
material is consumed. C is the TEQ concentration of dioxins in stack gas
(μg TEQ/m3), V is the stack gas flow rate (m3/h), and I is the production
rate (t/h).
For different medium k (air, water, product, residue or land), Ek was
used to estimate the emission of each medium through multiplying the
EF by the AR, as shown in Eq. (2):
Ek = EF k × ARi

(2)

where Ek is the dioxins emission (μg TEQ) of medium k, EFk is the EF (μg
TEQ t− 1) of medium k, and AR is the activity rate (t) of the dioxin
sources. If reuse or environmentally sound treatment of residue were
considered, the dioxin emission in residue would be reduced. Then, R
was used to represent is the reuse rate or environmentally sound treat
ment rate. Therefore, the total emissions SS (μg TEQ) for the source i is
then calculated using Eq. (3).
∑
SSi =
Ek = Eair + Ewater + Eresidue × (1 − R) + Eproduct + Eland
(3)
The annual emission is calculated according to the annual activity
rate of dioxin sources, and dioxin emission inventory was obtained by
summing up emissions from all of sources.
2.2. Data sources of dioxin inventory
The global national/regional dioxins releases based on the inventory
method came from National Implementation Plans (NIPs) published on
Stockholm Convention website (http://chm.pops.int/), public informa
tion of national environmental protection ministries and related litera
tures (Chen, 2004; Quina et al., 2011; Relvas et al., 2013; Saral et al.,
2014; Dwyer and Themelis, 2015; Fiedler, 2016; Wang et al., 2016a).
The latest inventory of PCDD/Fs in different countries were adopted to
assess the state of dioxin emissions around the world in this study
(Table S1). Statistical data on population and area were extracted from
the world bank database (http://data.worldbank.org).
China’s dioxin EFs were estimated according to a series of previous
researches (Ba et al., 2009a, 2009b; Liu et al., 2009a, 2009b; Du et al.,
2010; Lv et al., 2011a, 2011b; Nie et al., 2011; Liu et al., 2012; Nie et al.,
2012a, 2012b; Hu et al., 2013a, 2013b; Liu et al., 2013a, 2013b; Li et al.,
2014a, 2014b; Han et al., 2015; Li et al., 2015; Wang et al., 2016b,
2016c; Fang et al., 2017; Li et al., 2017; Wang et al., 2018). Because the
dioxin EFs are affected by type of industry processes, annual capacity,
raw materials, air pollution control systems and other factors, hundreds
of typical enterprises that had been taken all of the above factors into
consideration were selected in the monitoring plans. Based on this
research and our previous studies, we found that for the same emission
source, the fluctuation range of dioxin EFs among different enterprises
was wide. Through the analysis of the correlation between furnace type,
process, pollution control measures and the enterprise scale, it is found
that the large-scale enterprises adopt more advanced technology, the tail
gas pollution control facilities are also relatively complete, and the
dioxin EFs are lower than medium- or small-scale enterprises.
The technical information of the enterprises and other parameters
such as flue gas physical parameters and reuse rate, were collected and
used to estimate dioxin emissions. Information on annual capacity,

2. Materials and methods
2.1. Emission factor methodology of dioxins inventory
The emission factor method is widely used to assess the emission
inventory, such as greenhouse gases (Kurokawa et al., 2013), air
2
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Fig. 1. Dioxins emissions (upper) and profiles in different continents (lower). (Abbreviations: WI, waste incineration; MP, metal production; HPG, heat and power
generation; MiP, production of mineral products; Tr, transport; UC, open burning processes; PUC, chemicals and consumer goods; Mi, miscellaneous; DL, disposal;
Hp, hot spots).

emission activity, and technical characteristics was mainly collected
through survey in relevant industries while investigating, and com
plemented by these various sources: official databases, industrial year
book, institutional information sources, related documents and reports
by governmental agencies, legislative decrees and regulations, etc. Some
information from relative literatures and database on the web sites was
also used in this study. Relevant details were descripted in Supporting
Information (Section S-2).

2.3. Uncertainty analysis on inventory
Monte Carlo simulation was used to analysis the uncertainties in the
dioxin inventory of China. These uncertainties were assessed according
to the probability distribution of emissions resulting from the distribu
tion of activity rate and EFs. And the uncertainty was quantified using
the coefficient of variation (CV, the quotient of standard deviation
divided by the mean). We hypothesized lognormal distributions were
assigned to the EFs in dioxin sources and activity rates (Xu et al., 2006).
The uncertainty is determined by the reliability of the data source and
the accuracy of the data values, and refer to the empirical values in the

3
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Fig. 2. Dioxin emissions in different countries (density (A), and per capita (B)).

literatures (Streets et al., 2003a). The Monte Carlo simulation was
repeated by randomly selecting new input values from their respective
probability distribution. Simulations were run 10,000 times for each
source subcategory, and the results indicated that there were influence
of uncertainty in the input parameter statistics on the estimation. The
uncertainty could also be retraced to individual emission sources on the
basis of the results of Monte Carlo simulation.

3. Results and discussions
3.1. Global emission of dioxins
The dioxins emission sources were identified referred to the sources
classification presented in the Toolkit developed by the UNEP, which
was accepted by many countries. There are ten categories and 68 sub
categories of dioxins sources in the Toolkit, while the categories include
waste incineration, metal production, heat and power generation, pro
duction of mineral products, transport, chemicals and consumer goods,
disposal, miscellaneous, open burning processes, and hot spots sources
(UNEP, 2013). The status of annual dioxins emission in different
4
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Fig. 3. Temporal trend of dioxins emissions. (Quaß et al., 2004; US EPA, 2006; Zheng et al., 2008; Dwyer and Themelis, 2015; European Commission, 2016; Japan
Ministry of The Environment, 2016).

countries were compared and the results were shown in Fig. 1 (detailed
statistics were in Table S1). Annual amount of release directly reflects
the dioxin emission and pollution status of each country. The countries,
such as Indonesia (9881 g TEQ/year) and China (9268 g TEQ/year),
emitted the most dioxins in the world. For the data available of 150
countries/regions in the world, the annual total PCDD/Fs emission were
evaluated to be 97.0 kg TEQ/year, and the lower quartiles, median and
upper quartiles of countries annual dioxins emission were 33.4 g TEQ
(Georgia), 141.5 g TEQ (The Republic of Guinea-Bissau), and 568 g TEQ
(Vietnam), respectively. Except for a few large developing countries,
dioxin emissions in most countries in the world are less than 1000 g
TEQ. Wang et al. (2016a) estimated that the global PCDD/F release was
about 100.4 kg TEQ/year in the reference year of 2004, which was
calculated from the available inventories and multiple linear regression
model took into account factors such as population, area, gross domestic
product and CO2 emission. Compared with the results of this study, it is
shown that the world dioxin emission has not changed much in recent
years.
Dioxins emissions profiles in different continents is shown in Fig. 1.
The dioxins emission status was related to the level of economic
development in continent, while the percentages of different emission
sources vary from continent to continent. Asia emitted the most dioxins
among the continents, resulted from the backward industrial technolo
gies, intensive sources of emissions and poor environmental manage
ment in some countries (Wang et al., 2016a). The level of economic
development, population, climate and natural environment are all fac
tors that affect the composition of dioxins sources. Open burning pro
cesses is the major source of dioxin emissions in North America, South
America, Africa and Oceania. The dominant source of dioxin emissions
in Europe are metal production. For Asia, waste incineration, metal
production and open burning processes are all important sources of di
oxins. It can be found that the open burning processes were the most
important sources of dioxins in the world. This was coinciding with the
research of Fiedler (2016), which assessed the global dioxin emissions

by compiled 85 national inventories in 2014. This suggests that open
burning processes have always been the main source of dioxins in the
world, and indicates that the non-human activities, such as accidental
fires, are important factors important factors affecting dioxin emission
as well. Except the open burning processes, waste incineration, metal
production, heat and power generation, and disposal/landfill are the
major sources of dioxins around the world.
The release of dioxins caused environmental risk, and the emission
density reflects the dioxin pollution load of unit land (Wang et al.,
2016a). Meanwhile, dioxins are mainly produced by human activities,
the per capita emission is a reflection of the contribution of country to
global dioxin pollution (Lv et al., 2008). The global emission density and
per capita emission of dioxins are shown in Fig. 2. The dioxin emission
density in six continents were 1.64 mg TEQ/km2 in Asia, 0.32 mg
TEQ/km2 in Europe, 1.40 mg TEQ/km2 in Africa, 0.22 mg TEQ/km2 in
North America, 0.33 mg TEQ/km2 in South America, and 0.23 mg
TEQ/km2 in Oceania, respectively. The emissions of dioxins are related
to the composition of industries and the pollution control level of en
terprises. Countries with high emission densities are mainly concen
trated in Africa and Asia, due to the backward technology of pollution
control in industries. As for the per capita dioxin emissions, the value of
six continents were ranged from 10.77 μg TEQ/capita in Europe to
71.66 μg TEQ/capita in Oceania. The per capita dioxin emission was
high in Oceania mainly resulted from the small population density and
frequent accidental fires (Wang et al., 2016a). In addition, large amount
of dioxins is emitted into the atmosphere and migrates for a long dis
tance, which has an impact on global air pollution. Thus, reducing
PCDD/Fs emissions will be necessary to protect human health of resi
dents and the ecological environment.
3.2. Emission inventory temporal trends in the world
The temporal trends of dioxin emissions in the USA, Japan, China
and the European Union (EU) were presented in Fig. 3. It can be found
5
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In China, the last official emission inventory of PCDD/Fs, which
based year of 2004, was compiled in 2007 and showed that 10.2 kg TEQ
was released in China in 2004 (Zheng et al., 2008). Based on the EFs of
different industries measured by this study, combined with relevant
data, we estimated Chinese dioxin emissions from 2013 to 2018, as
shown in Fig. 3. Dioxin emissions in China are stable at 9000 g TEQ in
recent years under the control of relevant departments. Besides, in
another big dioxins emitter, Indonesia, the amount of dioxin releases in
Indonesia increased from 7352 g TEQ /year in 2000 to 9881 g TEQ
/year in 2013.
Overall, dioxin emissions in developing countries play a decisive role
in the trend of world dioxin emissions. For developed countries, the
researches on dioxin have been carried out earlier. The control of dioxin
has achieved remarkable results, and the emission of dioxin has been at a
relatively low and stable level after 2000. However, the research on
dioxin in developing countries started late, and the control of dioxin
emission sources is still in the implementation and exploratory stage at
present. In addition, developing countries have developed rapidly in
recent years, and their economic volume has continued to increase.
Dioxin emissions have been in a relatively high stable or growing state
under the control of relevant national departments. It can be speculated
that the global dioxin emissions will show a trend of increasing first and
then decreasing in the future.

Fig. 4. Dioxin emissions into different media in China in 2018.

that the dioxin emissions of the USA, Japan and EU showed a significant
downward trend before 2005, and the decline in dioxin emissions
slowed down after 2005. In the USA, dioxins emissions decreased by
95.5%, which from 14.0 to 0.6 kg TEQ/year between 1987 and 2012.
Dioxins emission to the atmosphere in Japan was 8135 g TEQ/year in
1997 and in 2014 was 122 g TEQ/year which was 1.6% of the amount
emitted in 1997. And dioxins emissions in EU were decreased from
13,690 g TEQ/year in 1985–1808 g TEQ/year in 2014. The dioxin
emissions in the USA were stable within 1000 g TEQ/year, while dioxin
in Japan were stable within 150 g TEQ/year in recent years. (US EPA,
2006; Dwyer and Themelis, 2015; Japan Ministry of The Environment,
2016) The amount of dioxins is basically stable at 2000 g TEQ/year after
2007 in EU (Quaß et al., 2004; European Commission, 2016).

3.3. Dioxins emission inventory of China in 2018
According to the estimated dioxin emission factors and survey of the
various dioxin sources, the total dioxins emission inventory of China in

Fig. 5. Total dioxins emissions (A), atmospheric emissions (B), per-capita dioxins emissions (C) and dioxins emission density (D) in Chinese provinces in 2018.
6
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2018 was 9267 g TEQ, which accounted for about 9.5% of the world.
The detail information of emission factors and emission inventory was
described in Supporting Information (Section S-2). As the main media
into which PCDD/Fs were emitted, the amount of PCDD/Fs in air and
residues were 3960 g TEQ and 4924 g TEQ, and accounting for 42.7%
and 53.1%, respectively, of total emissions (Fig. 4). The total annual
PCDD/Fs emission was higher in China than the other countries. How
ever, due to the large population and land area, the per capita dioxin
emissions and dioxin emission density were relatively low, which were
7.11 μg TEQ/capita and 0.99 mg TEQ/km2, respectively.
Metal production, heat and power generation, waste incineration,
and disposal were the four dominant sources of PCDD/Fs, accounting for
53.7%, 22.3%, 9.8%, and 7.1%, respectively, of total emissions. Emis
sions from other sources accounted for only 7.1%. Similarly, dioxins
emissions from controlled sources in the USA were dominated by elec
tricity and heat generation and metallurgical processes (Dwyer and
Themelis, 2015). And waste incineration was the main source of
PCDD/Fs in Japan (Japan Ministry of The Environment, 2016). Among
all the emission subcategories, there were 17 subcategories with annual
emissions > 100 g TEQ (Fig. S2-S4), accounted for 94.3% of total
PCDD/Fs emissions. These 17 subcategories are the key sources of dioxin
control in the future. Iron ore sintering released the largest amount of
dioxins among all emission subcategories in China, accounted for about
15%. There was a little difference from other regions or countries, such
as Taiwan (Chen, 2004) and Turkey (Saral et al., 2014), in which sec
ondary copper smelters were the most important PCDD/Fs sources, and
municipal waste incineration is the main source of PCDD/Fs in Portugal
(Quina et al., 2011).
These estimates were expected to be related to great uncertainties
since the applied EFs and activity rates varied greatly. Monte Carlo
simulation results showed that the uncertainties were relatively high.
And there were slight differences between the directly calculated values
and the Monte Carlo means. The uncertainty of the inventory was
− 29.2% to 68.6% at the 95% confidence interval. The uncertainty was
lower in key industries such as waste incineration, metal production,
mineral production. However, the uncertainty in other industries was
high since the lack of monitoring data. The calculated coefficient of
variation varied from ± 15.25% (metal production) to ± 282%
(disposal/landfill), implying that disposal/landfill were the main source
of uncertainty in our dioxin emission inventory (Fig. S6).

TEQ/capita in China and provinces with intensive steel and ferrous
metal industries (e.g., Hebei, Inner Mongolia, Jiangxi, and Shanxi) had
higher per capita PCDD/Fs emissions than the other provinces.
3.3.2. Comparison between 2004 and 2018
The amounts of PCDD/Fs in China in 2004 and 2018 from each
source are shown in Fig. S7 (Supporting Information). The release of
PCDD/Fs through waste incineration and transportation in 2018 were
51% and 41%, respectively, of the amounts in 2004. These decreases
may have been caused by air pollution controls implemented between
2004 and 2018, particularly in the Beijing–Tianjin–Hebei region and
surrounding areas. And an emission limit of 0.1 ng Nm− 3 set by World
Health Organization (WHO) and Chinese government (Ministry of
Ecology and Environment of the People’s Republic of China, 2014) re
quires inclusion of PCDD/Fs control units in air pollution control sys
tems and this lead to a drastic reduction in PCDD/Fs emissions from
waste incineration plants. In general, improvements and the installation
of advanced air pollution control equipment in modern waste combus
tion plants and strict emission limits are considered to be the most
probable reasons for the reduction of PCDD/Fs emissions in waste
incineration.
Ferrous and non-ferrous metal production and heat and power pro
duction were the two dominant PCDD/Fs sources in 2004 and 2018.
PCDD/Fs emissions in 2018 were slightly higher than emissions in 2004,
but two to three times more metal was produced and fuel consumed in
2018 than in 2004. Rapid economic development, concurrent energy
efficiency improvements and decreases in emission rates have meant
that PCDD/Fs emissions have stayed stable or decreased even though
outputs of the main industrial sectors have continually increased. This
has been achieved by technological progress, phasing out outdated
processes and closing some small and medium enterprises. The same
factors have affected PCDD/Fs emissions from mineral and chemical
production plants.
3.4. China’s role in reducing the emission
China is currently one of the countries that emits the most dioxin in
the world, accounting for approximately 9.5% of the global total. The
reduction of dioxins is of great significance to both China and the world.
Three scenarios were investigated to assess the potential for reducing
dioxins emissions in China in next decades, and the contribution to the
reduction of dioxin in the world was also evaluated.
The first scenario is based on it being easier to reduce PCDD/Fs
emissions in residues than emissions in other media. Residues (mainly
fly ash and bottom ash) can be safely disposed through curing, safe
landfilling, and other methods to prevent PCDD/Fs from being emitted
from the residues. Therefore, if the residues were treated in the envi
ronmental sound way, the dioxins emitted to residues could be neglected
and the total emission would be decreased to 4343 g TEQ with the
reduction efficiency of 53%. This will reduce the world’s annual dioxin
emissions by 5.1%.
The second scenario is to implement best available techniques and
best environmental practices (BAT and BEP) to realize the minimization
or elimination of dioxins from all sources. There are some industries
(waste incineration, iron ore sintering, steel-making, second nonferrous
metal production, pulp and paper making, cremation and production of
organic chlorine chemical products) were listed as key industries to
control of dioxins in China (Ministry of Ecology and Environment of the
People’s Republic of China, 2015). If all PCDD/Fs sources for these in
dustries had optimized discharge conditions achieved by eliminating
out-of-date processes, improving PCDD/Fs control facilities, and other
methods. The results show that under this scenario, Chinese dioxins
emissions can be reached to 6599 g TEQ with the reduction efficiency of
28.8%. Furthermore, the third scenario is to remove all PCDD/Fs
emissions in residues on the basis of second scenario, and the total di
oxins emission could be 2675 g TEQ with the reduction efficiency of

3.3.1. Geographic distribution of dioxins emissions in China
Dioxins were discharged into various media such as soil, air and
water. PCDD/Fs discharged into the atmosphere can more readily
migrate and affect a wide area than discharged into other media. The
provincial total dioxins emission levels and atmospheric dioxins emis
sions of PCDD/Fs in 2018 were illustrated in Fig. 5(A, B). PCDD/Fs
emissions in China were unevenly distributed, and the mid-eastern
provinces are much higher than western. The mid–eastern provinces
have dense populations and advanced industrial systems, which resulted
in considerably higher PCDD/Fs emissions. Hebei, Shandong, Jiangsu
and Jiangxi are most important dioxins emissions provinces in China
because of dense distribution of ferrous and non-ferrous metal produc
tion plants. In particular, Hebei had the highest PCDD/Fs emissions of
all the provinces, account for around one-tenth of the total PCDD/Fs
emissions in China. And Sichuan Province had the highest PCDD/Fs
emissions of the western region. Similar characteristics were found in
inventories of short-chain chlorinated paraffins (Zhang et al., 2017) and
polychlorinated naphthalenes (Yang et al., 2020).
The overall dioxins emission density in China in 2018 was 0.99 mg
TEQ km− 2 y− 1, and the range was 1.01 µg TEQ km− 2 y− 1 to 36 mg
TEQ km− 2 y− 1 . The dioxins emission density is consistent with the sit
uation of economic development in different provinces. The economy is
more developed and PCDD/Fs emissions higher in southeast China. In
contrast, the PCDD/Fs emission densities were lower in the western
provinces. With respect to the per-capita dioxins emission, it was 7.11 µg
7
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4. Conclusion
The global and China status of dioxin emissions were calculated and
analyzed. From a global perspective, the dioxin emissions were about
97.0 kg TEQ/year. The countries with high emission densities are
mainly concentrated in Africa and Asia, resulted from the backward
industrial technologies, intensive sources of emissions and poor envi
ronmental management in some countries. Chinese dioxin emissions
were stable around 9 kg TEQ in recent years. There is at least 30–70% of
dioxins reduction scope in China from the perspective of three scenarios,
which will contribute the world’s dioxin reduction by 2.7–6.8%. This
study can be used as a potential guidance of dioxin reduction for China,
which is of great significance to achieve global dioxin emission reduc
tion and protect the human and environmental health in the world.

Fig. 6. Estimated dioxins emissions under different scenarios. (Abbreviations:
WI, waste incineration; MP, metal production; HPG, heat and power generation;
MiP, production of mineral products; Tr, transport; PUC, chemicals and con
sumer goods; Mi, miscellaneous; DL, disposal).
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71.1%. This will reduce the world’s annual dioxin emissions by 6.8%.
The change of dioxin emissions in three different scenarios are shown in
Fig. 6.
The proportions of PCDD/Fs emissions from the various sources were
different under the three scenarios simulations. Fig. 7 shows the con
tributions of various dioxins emission sources in different situations.
Under the first scenario, the proportions of various sources (Fig. 7(B))
were similar to the actual situation in 2018 (Fig. 7(A)). Metal production
and heat and power generation are still the two major PCDD/Fs sources
in China, but the proportion of waste incineration and disposal are
declined. Under the second scenario (Fig. 7(C)), the proportion of metal
production is decreased significantly. When it comes to the third sce
nario (Fig. 7(D)), it can be seen that and heat and power generation
became the dominate dioxins source. This was similar to the situation in
the USA in 2012.
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Fig. 7. Contributions of various sources to total PCDD/Fs emissions under different scenarios. (A) Actual emissions in 2018. (B) Estimated PCDD/Fs emissions using
the first scenario. (C) Estimated PCDD/Fs emissions using the second scenario. (D) Estimated PCDD/Fs emissions using the third scenario.
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