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Inter-province trade of commodities and services involves not only the virtual water flows, but also the
water pollution shifting which influences the water quality stress in both import and export provinces.
This study estimated the production-based and consumption-based gray water footprints (GWFs) of
chemical oxygen demand (COD) and ammoniacal nitrogen (NH3eN) of 30 provinces in China, and further
elaborated the pollution shifting due to inter-province trade of commodities and services. The national
GWF was 1586 billion m3 in 2012, mainly distributed in agriculture-dominated provinces, e.g., Guang-
dong, Hunan, Henan, Jiangsu, Shandong, Sichuan and Hubei. Our results also found that the national net
water pollution shifting volumes were 2.8 million tons of COD and 0.2 million tons of NH3eN. Relatively
wealthy provinces, such as Beijing, Shanghai and Tianjin, played significant roles in the national net
pollution shifting. In accordance with the shifting of COD and NH3eN, 525 billion m3 of net GWFs were
shifted from the importers to the exporters. Hebei, Shandong and Guangdong were the major
outsourcing provinces of GWFs, whereas Hunan, Henan, and Heilongjiang were the major receiving
provinces. We also found that most of the major water pollution receiving provinces present severe
water quality stresses, particularly for Jiangsu, Henan and Anhui. Our results present the comprehensive
water pollution consequences (internal and external) of daily economic activities in each province, and
provide scientific instructions for inter-regional environment protection and policy making in China and
far beyond.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Apart from the socioeconomic implications, trade (both inter-
regional and intra-regional) has had broad and significant im-
pacts on natural environments, e.g. by affecting carbon dioxide
(CO2) emissions, air pollution, and biodiversity in importing and
exporting regions (Feng et al., 2013; Guan et al., 2008; Moran et al.,
2016; Yang and Suh, 2011). The exchange of the water flows
embedded in goods/services traded among regions is commonly
referred to as virtual water trade (Allen, 1992; Hoekstra and Hung,
2002). Previously, researchers have focused on analyzing the water
quantify implications of virtual water trade. A few of them explic-
itly assessed the impacts of virtual water trade on water quantity
stress, revealing various (i.e. relieving or aggravating) effects at the
global (Hoekstra and Mekonnen, 2012; Lenzen et al., 2013; Wang
r Ltd. This is an open access articl
and Zimmerman, 2016), national (Dalin et al. 2014, 2015), and
river basin (Zhao et al., 2010) scales. However, little is known about
how water pollution is shifted from one place to another through
commodity trade. A prior study showed that fast-growing econo-
mies with liberal trade (such as Chile) experienced less water
quality stress growth than closed economies (such as Bolivia and El
Salvador), because the former imported pollution-intensive goods
and services from the latter (Low and Yeats, 1992). To further study
the pollution aspect of virtual water trade, detailed data of water
pollution discharge by producing sectors are essential but are just
becoming available.

Gray water footprint (GWF) is always used to quantify the
pollution burden in term of water volume, which is able to express
water pollution in the same unit with water quantity. GWF is
measured as the volume of water required to assimilate pollution
based on existing ambient water quality standards (Chapagain
et al., 2006; Postel et al., 1996). Liu et al. (2012) calculated past
and future trends in GWFs related to anthropogenic nitrogen (N)
and phosphorus (P) inputs into major rivers around the world, and
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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found that about two-thirds of the rivers had severe water pollu-
tion, and their pollution assimilation capacity has been fully
consumed. Expanding the scope from major rivers to global rivers,
Mekonnen and Hoekstra (2015) and (Mekonnen and Hoekstra,
2018) estimated N-related and P-related loads per sector and
crop, and found China contributed about half of the global N loads
as well as one third of P loads, respectively. The large water
pollution discharges exacerbate China's water scarcity, with a se-
vere consequence that over half of the population are affected by
water scarcity (Ma et al., 2020). Although these studies have made
great contributions for water pollution loads estimation for a global
scope, few studies focused on the impacts of “virtual” water
pollution flows occurring separately and/or interdependently on
the water-quality stress in import and export regions. The only one
undertaken by Zhao et al. (2016) drew water resources in Shanghai
from all over China and outsourced the pollution through virtual
quality water flows associated with trade. However, the regions
facing severe water environmental problems are always those with
net commodity and service export, instead of these developed
cities like Shanghai in China. Thus, a systematic and comprehensive
evaluation of virtual flows of water pollution is needed.

This study aims to elaborate the water pollution shifting due to
inter-province trade of commodities and services within China. We
estimated both production-based and consumption-based GWFs of
water pollution indicators, chemical oxygen demand (COD) and
ammoniacal nitrogen (NH3eN) in 30 provinces (except Tibet, Hong
Kong, Macao and Taiwan). The production-based GWF is the direct
GWF of water pollution released by different producing sectors.
Particularly, we highlighted six sectors with high COD and NH3eN
loads for further analysis, i.e. ‘Agriculture’, ‘Paper and paper prod-
ucts’, ‘Food and tobacco manufacturing’, ‘Chemical raw materials
and chemical products manufacturing’, ‘Textile industry’, and
‘Services’. The consumption-based GWF is the total GWFs stem-
ming from the final demand. A multi-regional input-output (MRIO)
model was used to estimate the consumption-based water pollu-
tion loads, and the associated GWFs. The advantage of using the
MIRO model to analyze consumption-based environment issues
was that distinguishing production structure and technology for
each region. Finally, the virtual water pollution flows among 30
provinces were elaborated, and the environmental consequences
were analyzed. This study could present the comprehensive water
pollution consequences (internal and external) of daily economic
activities in each province, and provide scientific instructions for
inter-regional environment protection and policy making.
2. Method

2.1. Consumption-based pollution footprint accounting and
pollution embodied in inter-province trade

2.1.1. Multi-regional input-output modelling
Amulti-regional input-output (MRIO) model is used to calculate

the consumption-based water pollution of final demand in each
province, and the associated water pollution embodied in the inter-
province trade. First, the national MRIO table should be established
and described (Table 1). The basic framework of a MRIO table
separates the economic outputs as intermediate inputs and final
demands. We have:

Xr
i ¼

Xm

s¼1

Xn

j¼1

xrsij þ
Xm

s¼1

Frsi þ Eri (1)

where Xr
i is the total output of sector i in region r; xrsij is the inter-

mediate input of sector i in region r to sector j in region s; Frsi is the
final demand of region s from sector i in region r; Eri is the inter-
national export of sector i in region r; m and n is the total numbers
of regions and sectors, respectively.

The direct input coefficient (arsij ) is defined as the direct input
from sector i in region r for increasing one monetary unit output of
sector j in region s (Dong et al., 2014), calculated by Eq. (2):

arsij ¼
xrsij
Xs
j

(2)

Then Eq. (1) could be rewritten as:

Xr
i ¼

Xm

s¼1

Xn

j¼1

arsij X
s
j þ

Xm

s¼1

Frsi þ Eri (3)

Eq. (3) could also be transferred into matrix formats as Eq. (4) or
Eq. (5):

X¼AXþ Feþ E (4)

X¼ðI� AÞ�1ðFeþEÞ¼
h
arsij

i
ðFeþEÞ (5)

where X is themn� 1 total output matrix, with elements of Xr
i ; A is

the mn�mn matrix of direct intermediate input coefficients, with
elements of arsij ; I is the identity matrix, with 1 in the diagonal cells;
F is the mn�m finial demand matrix, with elements of Frsi ; e is a
m� 1 matrix with ones; E is the mn� 1 export matrix, with ele-
ments of Eri ; ½arsij � is the total input coefficient matrix, with the el-
ements of arsij defined as the total input from sector i in region r for
increasing one monetary unit output of sector j in region s.

When we extend the MRIO table with a satellite environmental
account table, herewe usewater pollution loads from each sector in
each province (PLri ), the direct pollution load coefficient (dplri ) could
be calculated by the same way as arsij , representing the direct
pollution load volume for increasing one monetary unit output of
sector i in region r:

dplri ¼
PLri
Xr
i

(6)

The total pollution load coefficient (tplri ) is defined as the total
pollution load volume for increasing one monetary unit output of
sector i in region r, shown as:

tplri ¼
Xm
s

Xn

j

dplsj ,a
sr
ji (7)

The total water pollution intensity tplri is considered both the
direct water pollution loads and indirect pollution loads for a sys-
temic input-output evaluation.

Thus, the consumption-based pollution loads of the final de-
mand in region r could be calculated as:

TPLr ¼
Xm
s

Xn

j

tplsj ,F
sr
j (8)

2.1.2. Inter-province pollution shifting calculation
Inter-province virtual pollution shifting is caused by the trade of

commodities and services from export regions to import regions.
Like virtual water trade (water scarce regions through importing
water-intensive commodities from water-abundant regions to
relieve the pressure on their own water resources), commodity
import regions have shifted the burden of water pollution stress
during commodity production periods to commodity export



Table 1
Format of a national multi-region input-output (MRIO) table.

Intermediate Input Final Demand Export Total Output

Province 1 … Province m Province 1 … Province m

S1 … Sn … S1 … Sn

Intermediate Input Province 1 S1 x1111 … x111n … x1m11 … x1m1n F111 … F1m1 E11 X1
1

… … … … … … … … … … … … …

… Sn x11n1 … x11nn … x1mn1 … x1mnn F11n … F1mn E1n X1
n

… … … … … … … … …

Province m S1 xm1
11

… xm1
1n

… xmm
11 … xmm

1n Fm1
1

… Fmm
1 Em1 Xm

1

… … … … … … … … … … … … …

Sn xm1
n1

… xm1
nn … xmm

n1 … xmm
nn Fm1

n … Fmm
n Emn Xm

n

Import IM1
1

… IM1
n … IMm

1 … IMm
n FM1

… FMm

Added Value V1
1

… V1
n … Vm

1 … Vm
n

Total Input X1
1

… X1
n … Xm

1 … Xm
n

Pollution Load PL11 … PL1n … PLm1 … PLmn
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regions through trade activities. Thus, in this study, the inter-
province pollution shifting volumes are calculated by:

RPrs ¼
Xn

i

tplri ,F
rs
i (9)

OPrs ¼
Xn

j

tplsj ,F
sr
j (10)

where RPrswas the total receiving pollution volume of region r from
region s; OPrswas the total outsourcing pollution volume of region r
to region s; The net pollution outsourcing volume could be shown
as:

NOPr ¼OPrs � RPrs (11)

2.2. Gray water footprint (GWF) accounting

GWF is calculated by dividing the COD and NH3eN load by the
difference between the ambient water quality standard for COD
and NH3eN (the maximal acceptable concentration, cmax) and the
natural concentration of COD and NH3eN in the receiving water
body (cnat), respectively.

GWF ¼ L
cmax � cnat

(12)

where L is the total load of pollutants, for production-based GWF
accounting, L ¼ Pn

i
PLri , while for consumption-based GWF ac-

counting, L ¼ TPLr; cmax is derived from the Environmental Quality
Standards for Surface Water (MEP, 2002). According to this stan-
dard, the maximum concentration (cmax) of COD and NH3eN are
20mg/L and 1mg/L, respectively, which represent the minimum
quality of water that is suitable for fishery, aquaculture, and rec-
reational use. cnat is usually set as zero due to data limitations (Zeng
et al., 2013). The total GWF of a region is selected as the maximal
GWF between COD and NH3eN (Sun et al., 2016).

GWFr ¼max
�
GWFrCOD; GWFrNH3�N

�
(13)
2.3. Data

The sectoral COD and NH3eN discharge data at a provincial level
were collected from China's Environmental Statistics Yearbook
2012 (NBS, 2012). Annual COD and NH3eN discharges are reported
for agricultural, industrial and residential sources in each province.
Particularly, the national COD and NH3eN discharges from four
high-discharging industrial sectors are provides, i.e. ‘Paper and
paper products’, ‘Food and tobacco manufacturing’, ‘Chemical raw
materials and chemical products manufacturing’, and ‘Textile in-
dustry’. We allocate the national COD and NH3eN discharges from
industrial sectors to each province based on the water withdrawal
data of associated sectors. We assume the more water withdrawn
for sectoral production, the higher discharges of water pollution.
The withdrawal data of industrial sectors were collected from
Chinese Economic Census Yearbook in 2008 (CEC, 2008), and scaled
up according to provincial industrial water withdrawal in 2012
(NBSC, 2013). The residential COD and NH3eN discharges were not
reported separately between household and service sectors. We
also utilized the water withdrawal proportion in residential water
withdrawal between households and service sectors as a proxy to
estimate the COD and NH3eN discharges in service sectors (Guan
et al., 2014).

The national MRIO table of 2012 from Mi et al. (2017) was used
for consumption-based pollution footprint accounting. In order to
match the resolution of sectors of MRIO table and water pollution
discharges, we aggregated the 41 industrial sectors with water
pollution data into the 22 industrial sectors of MRIO tables, which
are listed in Table S1. The Chinese MRIO table includes several
categories of final demand: rural and urban households, govern-
ment expenditure, gross capital formation and changes in stocks.
Here the focus of this study was the impact of inter-province
commodity trade on water pollution loads to other provinces
within China, and thus, the virtual COD and NH3eN flows
embedded in international trade were not considered.

3. Results

3.1. Gray water footprints in China

The national GWF was 1586 billion m3 in 2012 (Fig. 1). The top
three provinces for production-based GWF were Guangdong, Hu-
nan and Sichuan, contributing 8.3%, 8.0% and 6.6% in the national



Fig. 1. Production-based and consumption-based gray water footprints (GWFs) and the available water resources of 2012 in 30 provinces of China.
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total, respectively; while for consumption-based GWF were
Guangdong, Sichuan and Shandong, accounting for 9.4%, 6.4% and
6.1% in the national total. The GWFs showed an obvious distinction
among 30 provinces, and the ratio between the maximal and the
minimal GWF was up to 24 times for production-based (maximal
132 billion m3 in Guangdong whereas minimal 5.4 billion m3 in
Qinghai) and 20 times for consumption-based (maximal 150 billion
m3 in Guangdong whereas minimal 7.3 billion m3 in Qinghai).
When the provincial production-based GWF is smaller than the
consumption-based GWF, it means that the water required to
assimilate the water pollution discharged for the production of
commodities and services in that province is smaller than that for
the commodities and services consumed in that province. In
another words, the province partly outsources the local water
pollution to other regions. In our study, relative wealthy provinces,
such as Beijing, Tianjin, Zhejiang, Guangdong and Shandong, were
notable for this outsource, which could be explained by the
considerable import of goods and services from other provinces to
satisfy the final demand of local population.

The major GWFs, both production-based and consumption-
based, distributed in agriculture-dominated provinces, e.g.,
Guangdong, Hunan, Henan, Jiangsu, Shandong, Sichuan and Hubei
(Fig. S1). Further analyzing the production-based GWFs of specific
sectors (Fig. S2): ‘Agriculture’ sector highlighting in Shandong,
Henan and Hunan; ‘Food and tobacco manufacturing’ sector high-
lighting in Guangxi, Hunan and Inner Mongolia; ‘Paper and paper
products’ sector highlighting in Hunan and Ningxia two provinces;
‘Textile industry’ sector highlighting in Jiangsu, Zhejiang and
Guangdong; ‘Chemical raw materials and chemical products
manufacturing’ sector highlighting in Hunan and Hubei; ‘Services’
sectors dominant in eastern China. The rationalization of sectoral
structure from thewater pollution perspective, i.e. the degree of the
equilibrium of sectoral pollution loads, was also assessed through
the standardized information entropy (details could be found in
Supporting Information). The degree of the equilibrium of sectoral
pollution loads in the China's agriculture oriented provinces, such
as Shandong, Henan, Heilongjiang, Hebei and Sichuan, were overall
lower than that other provinces. As agriculture for the dominant
sector in these provinces, an obvious distinction of pollution loads
has exited among recently emerging sectors (e.g. internet
technology, and services) and traditional historic sectors.
The GWF only provided the pollution loads from sectors, which

could not reflect the water pollution stress in a region. The regional
water pollution stress was determined by the water pollution loads
and local available water resources. If the GWF less than local
available water resources, it meant that local available water re-
sources could assimilate the pollution loads under the local water
quality standard, i.e. nowater pollution stress.Water pollution level
(WPL, the ratio of the total GWF to the water availability volume)
was always used to measure the degree of water pollution stress in
previous studies (Liu et al., 2012; Mekonnen and Hoekstra, 2015,
2018; Zhao et al., 2016). Fig. 1 illustrated the GWFs and local
available water resources in 30 provinces. Hence, half provinces
had no water pollution stress. One thing should be concerned is
that the GWFs in Anhui, Chongqing, Shaanxi, and Gansu were
almost equal to local available water resources. When we estimate
both water quantity and quality stress (considering both water
consumption and GWF) in these provinces, the water stress would
be severe. For the provinces with severewater pollution stress, they
could be sorted into two categories: one were provinces with
limited water resources, like Shanghai, Tianjin and Beijing; another
were provinces with high water pollution loads, such as Shandong,
Henan, and Jiangsu.
3.2. Water pollution shifting among 30 provinces

The trade of commodities and services outsourced the water
pollution from the import regions to the export. The national net
pollution shifting volumes among 30 provinces were 2.8 million
tons of COD and 0.2 million tons of NH3eN in 2012. Half of 30
provinces showed a net COD outsourcing whereas fourteen prov-
inces showed a net NH3eN outsourcing. It implied that these
provinces would shift the responsibility, at least some, of water
pollution loads for their own final demand to other provinces. The
major water pollutionwere shifted from the east and the southeast
to the north, the middle and the northwest (Fig. 2). The shifting of
COD illustrated broader and more complex connections between
provinces than that of NH3eN. Shandong, Shanghai, Beijing, and
Hebei net outsources the most responsibilities of COD loads to
other provinces, meanwhile Heilongjiang, Henan and Jilin were the



Fig. 2. Net outsourcing flows of embodied COD and NH3eN in the trade of commodity and services from the importing provinces (with bubbles) to the exporting provinces. Top
seven were shown.
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Fig. 3. Outsourcing flows of embodied gray water footprints in the trade of commodity and services between 30 provinces in China.
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main net receiving provinces from other provinces (details could be
found in Fig. S5). In addition, Shandong, Guangdong, Hebei, Beijing
and Zhejiang net outsourced the most responsibility of NH3eN
loads to other provinces, meanwhile Hunan, Henan and Anhui were
the main net receiving provinces of NH3eN (details could be found
in Fig. S5). Beijing, Chongqing, and Zhejiang showed a relative low
net receiving of COD and NH3eN, or even zero net receiving in
Shanghai and Shanxi. These relatively wealthy regions in China
significantly outsourced their water pollution loads for local de-
mand to poorer central and western provinces. Particularly in
Beijing and Shanghai, more than 70% of COD and NH3eN pollution
derived by product consumption in Beijing and Shanghai occurred
in other regions, mostly for agricultural products and services,
together accounting for >90% of the total net shifting volume.

The associated outsourcing flows of GWFs embodied in inter-
province trade were illustrated in Fig. 3. The main net
outsourcing flows of GWF were consistent to the agricultural
dominated provinces, from Shandong to Hebei (4.5 billion m3),
from Guangdong to Hunan (4.0 billion m3), from Shandong to
Heilongjiang (3.8 billion m3), and from Hebei to Heilongjiang (3.5
billion m3), accounting for 9% of the national total. Jiangsu and
Liaoning were not highlighted in the analysis of net shifting of
water pollution, which could be explained by the almost same
volumes of water pollution outsourcing and receiving (GWF
outsourcing V.S. receiving: Jiangsu 30.4 billion m3 V.S. 34.4 billion
m3; Liaoning 22.4 billion m3 V.S. 21.8 billion m3). It did not mean
that the roles these provinces played in national GWF shifting were
not significant. In contrast, actually, these provinces act actively in
national commodity markets, and seek more and more bilateral
and multilateral corporations with other provinces. Comparing
with the local water resources to estimate the impact of commodity
trade in local water quality stress, the top five GWF receivers, i.e.
Hunan, Henan, Heilongjiang, Anhui and Jiangsu, three of them
suffered from severe water quality stresses in local water envi-
ronmental (Fig. 1). Particularly for Anhui, the water quality stress
shifted from sever to extreme due to the inter-regional commodity
trade. For the future water environment protection, the mecha-
nisms, regulations, and decision-making systems should be con-
structed to limit water pollution loads and shifting within and
among provinces, and to instruct the managers to deal with the
water quantity and quality stress in China.
4. Discussions

This study estimated the both production-based and
consumption-based gray water footprints of water pollution
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discharges in China, and further elaborated the virtual flows of
water pollution within inter-province trade. The national GWF was
1586 billion m3 in 2012, mainly distributed in agriculture-
dominated provinces, e.g., Guangdong, Hunan, Henan, Jiangsu,
Shandong, Sichuan and Hubei. Agricultural and service sectors
accounted for the main pollution discharges in China as well as in
most provinces. Because of the commodity trade, 525 billion m3 of
GWFs were shifted from the exporters to the importers. Hebei,
Shandong and Guangdong were themajor outsourcing provinces of
GWFs, whereas Hunan, Henan, and Heilongjiang were the major
receiving provinces. When we focus on the net shifting of water
pollution, relatively wealthy provinces, such as Beijing, Shanghai
and Tianjin, played significant roles in the national net water
pollution shifting. We also found that most of the major water
pollution receiving provinces present severe water quality stresses,
particularly for Jiangsu, Henan and Anhui.

The most interesting results were existing in Guangdong prov-
ince. The GWF of each sector in Guangdong showed a large volume
in previous analysis. In this context, Guangdong still outsourced a
considerable volume of its water pollution to other provinces,
especially to Hunan, Guangxi and Jiangsu. It was largely for the high
requirements of intermediate inputs to local manufacturing sec-
tors. Guangdong contributes more than a quarter of made-in-China
clothes, leather and furs. Guangdong's fibre, textile and dyeing
sectors account significantly for China's water pollution (Oita et al.,
2016). Although the available water resource in Guangdong is
sufficient to assimilate the current water pollution loads, it did not
put Guangdong in a sustainable development direction yet. When
we consider the both water demand for consumption and pollu-
tion, the water stress in Guangdong will still be considerable (Ma
et al., 2020). In order to increase the water supplement, seawater
desalination and wastewater reclamation have been paid great
attention these years. The recent seawater utilization volume is
more than 39 billion m3 every year in Guangdong. Moreover, the
construction of wastewater treatment plants and the investments
for municipal pipe networks of reclaimed wastewater are all
considered in the Five-Year Plan of Guangdong province.

The significant but uneven distribution within China is not only
natural resources, but also economic activities, level of technolog-
ical development, and levels of consumption and pollution. While
water quantity stress in northern China has received much atten-
tion, the water quality stress in the south and across the country
has been largely neglected. A widespread pollution, mostly from
the sectors we selected in this paper for further analysis, has
resulted in 75% of lakes and rivers and 50% of groundwater supplies
contaminated (Zhang et al., 2014). This situation has caused great
concerns in southern China for the lack of available water even for
irrigation purpose. This is mainly due to the high cost of industrial
wastewater treatments and weak awareness of environment pro-
tection. It should also be noted that to seek sustainable urbaniza-
tion, a series of policies and instruments have been carried out to
protect water resources, such as the well-known “Three Red Lines”
water policy, ‘Sponge City’ construction, as well as the substantial
investments in constructing wastewater treatment plants in large
cities (Liu et al., 2013). Therefore, some suggestion could be pointed
out for policy making or decision making in the future: 1) updating
technologies especially for highly pollution-intensive sectors, like
chemical manufacturing and textile production (Levinson, 2009;
Qu�er�e et al., 2019; Zhao and Chen, 2014); 2) more investments in
unconventional water supply systems (e.g. seawater desalination,
rainwater harvesting) and wastewater treatment plants (Thacker
et al., 2019); 3) optimizing economic structure, regions with suffi-
cient water and other resources should fully take the advantages to
produce cheaper and greener productions, which could make them
more competitive within national even international markets; 4)
seeking multilateral corporation and coordinated development.
However, there are still some limitations in our study. Future

studies will need to compile a more systemic and comprehensive
dataset of water pollution, with a higher resolution in sectors, a
longer time series, and involving more provinces. Lack of water
pollution discharge data requires more assumptions to formulate
the satellite accounts, which will more or less reduce the reliability
of our results. Long time-series water pollution discharge data
could provide robust empirical analysis to examine the trends and
drivers of the virtual flows of water consumption and pollution, to
implement factor-specific measurements to reduce water con-
sumption and pollution. Furthermore, the unprecedented interna-
tional trade also highlights the importance to analyze the influence
of globalization in the global water pollution discharges, and one
step further, the nitrogen cycle in natural ecosystems.
5. Conclusion

This study estimated the both production-based and
consumption-based gray water footprints (GWFs) of 30 provinces
in China, and further elaborated the pollution shifting due to inter-
province trade of commodities and services. The national GWF was
1586 billion m3, mainly distributed in agriculture-dominated
provinces, e.g., Guangdong, Hunan, Henan, Jiangsu, Shandong,
Sichuan and Hubei. Our results also indicated that the national net
water pollution shifting volumes were 2.8 million tons of COD and
0.2 million tons of NH3eN. Relatively wealthy provinces, such as
Beijing, Shanghai and Tianjin, played significant roles in the na-
tional net pollution shifting. In accordance with the shifting of COD
and NH3eN, 525 billion m3 of net GWFs were shifted from the
exporters to the importers. Hebei, Shandong and Guangdong were
the major outsourcing provinces of GWFs, whereas Hunan, Henan,
and Heilongjiang were the major receiving provinces. We also
found that most of the major water pollution receiving provinces
present severe water quality stresses, particularly for Jiangsu,
Henan and Anhui. Our results present the comprehensive water
pollution consequences (internal and external) of daily economic
activities in each province, and provide scientific instructions for
inter-regional environment protection and policy making in China
and far beyond.
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