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1. Introduction

Water stress is a global challenge recognized as a key target in the
United Nations Sustainable Development Goals (SDGs) (Bhaduri et al.,
20165 Liu et al., 2017). China, with its large population and rapid eco-
nomic growth, has faced increasing water shortages and pollution (Liu
etal., 2019a; Zhao et al., 2015a, 2022), exacerbating already high levels
of water stress and revealing pronounced regional disparities. Recent
evidence shows marked improvements in inland surface water quality
since 2003, largely driven by reduced point-source discharges in in-
dustrial and residential sectors, although agricultural non-point pollu-
tion and northern/northeastern hotspots remain concerns (Ma et al.,
2020b). At the same time, China has relied on large inter-basin water
transfer projects and substantial virtual water trade; however, transfers
only modestly reduce inequality and often shift stress geographically,
while efficiency-oriented policy under the Strictest Water Resources
Management System (SWRMS) has reversed national water use trends
without greatly lowering average stress due to constrained water
availability (Sun et al., 2021; Zhang et al., 2023; Zhao et al., 2015a).

Water is withdrawn, lost, consumed, polluted, returned, treated,
reused, and traded between regions within the societal water cycle,
which encompasses all stages of water quantity and pollutant flows.
However, numerous studies on water quantity stress, many focusing
solely on the impact of water withdrawal or consumption on water re-
sources (Liu et al., 2016; Liu and Zhao, 2020; Zeng et al., 2013; Zhao
et al., 2016). Virtual water studies likewise focus primarily on with-
drawal or consumption when tracking interregional flows (Feng et al.,
2014; Hoekstra and Mekonnen, 2012; Wang et al., 2021), even though
recent provincial scale evidence shows that virtual flows (35 % of na-
tional supply in 2007) far exceed physical transfers (around 4.5 %) and
that both mechanisms provide limited relief for importing regions while
exacerbating stress for exporters (Zhao et al., 2015a). At the basin scale,
the capacity of inter-basin water transfer projects reached ~48.5 billion
m® yr ! by 2016 (around 8 % of national use), affecting 43 of 76
sub-basins; transfers reduced inequality only slightly (e.g., the
inequality coefficient fell from 0.64 to 0.59 in 2016) and increased
scarcity for 357 million people in source basins (Sun et al., 2021).
Meanwhile, policy evaluation of the SWRMS using a high-resolution
dataset shows that national total water use fell after 2012, with ~90
km? yr~! savings attributed mainly to irrigation and industrial effi-
ciency, freeing 17 prefectures from extreme stress, yet with limited
impact on average national stress because availability dominates (Zhang
et al., 2023). For water quality, a national monitoring analysis docu-
ments sustained improvements linked to declining point-source dis-
charges, while warning that agricultural pollution threatens further
progress and that northern/northeastern regions remain relatively se-
vere. It is also argued that scarcity indicators explicitly combine sectoral
quality requirements with local water quality (Ma et al., 2020b).

The literature reveals some important gaps. First, quantity and
quality stress are typically assessed separately (Cai et al., 2023; Ma et al.,
2020a; van Vliet et al., 2017) (e.g., inter-basin water transfer and
virtual-water studies emphasize water volume, while water quality work
emphasizes pollutant dynamics), limiting diagnosis of both stresses
together and their drivers (Ma et al., 2020b; Sun et al., 2021; Zhao et al.,
2015a). Second, the societal water cycle includes processes of water
withdrawal, loss, consumption, wastewater treatment, return flows,
pollutant discharging, and their virtual forms along supply chains.
However, numerous studies on water quantity stress mainly focus on the
impact of water withdrawal or consumption on water resources (Liu and
Zhao, 2020; Zeng et al., 2013; Zhao et al., 2016) and ignore water loss,
return flows, other processes, and their virtual forms (Feng et al., 2014;
Hoekstra and Mekonnen, 2012; Wang et al., 2021). The stages of water
loss, return flows, and their virtual forms (virtual water loss and virtual
return flows) decrease water-use efficiency and exacerbate water
quantity stress, yet their impacts on water stress are rarely considered.
Thus, understanding the whole process in the societal water cycle is
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essential to reveal the socio-economic drivers of water stress and to
provide a stronger basis for mitigation. Third, multi-sector, multi-region
mitigation strategies grounded in a societal water cycle perspective
remain underexplored (Ma et al., 2020b; Sun et al., 2021; Zhang et al.,
2023; Zhao et al., 2015a).

In this study, we aim to understand the impacts of the societal water
cycle on water resources in China and to explore the causes and potential
solutions to water stress in different provinces in China. To achieve this,
we (1) apply Material Flow Analysis (MFA) combined with Input-Output
Analysis (IOA) to track both water quantity and pollutant flows in the
societal water cycle across various economic sectors and provinces, (2)
identify provinces of high water stress in terms of both quantity and
quality, and the economic sectors that contribute most significantly to
this stress in each province, and (3) develop strategies to alleviate water
stress in each province by utilizing findings from our MFA-IOA analysis
and by examining various scenarios for enhancing sectoral water use
efficiency, with a focus on eliminating unnecessary water utilization
within the societal water cycle. Overall, our contribution is to integrate
quantity and quality within a single, sector- and province-resolved so-
cietal water cycle framework, explicitly accounting for water with-
drawal, loss, consumption, wastewater treatment, return flows, and
their virtual forms along supply chains, and to evaluate potential solu-
tions to water stress.

2. Methods and data
2.1. Framework for water stress assessment and mitigation

We develop a framework for water stress assessment and mitigation,
as shown in Fig. 1. The framework consists of three parts: MFA-IOA
analysis, water stress assessment, and a water stress mitigation
pathway. The first step is to apply an MFA-IOA approach to trace
physical and virtual water quantity and pollutants flows of water use
sectors (i.e., agriculture, 26 industries, construction, services, urban
households, rural households, and ecosystems). The MFA-IOA analysis is
based on the societal water cycle (Fig. 2). In this research, we define the
societal water cycle as water and pollutant flows between economic
sectors, including withdrawal, conveyance loss, consumption, pollution,
return flows, wastewater treatment, wastewater use, and virtual water
trade. We map physical water flows, including withdrawal, loss, con-
sumption, return flows to wastewater treatment plants, return flows
directly discharged to the environment, and wastewater reuse. Flows of
physical water pollutants refer to sectoral discharges of TN (Total Ni-
trogen), TP (Total Phosphorus), COD (Chemical Oxygen Demand), and
NH3-N (Ammonia Nitrogen) into the environment. Virtual water
pollutant flows involve tracing the movement of virtual COD, NH3-N,
TN, and TP across sectors and provinces. It is essential to track the
amount of virtual water that is wasted or ineffectively used through
trade, as water utilized at any stage in the supply chain results in water
loss, consumption, or return flows. Therefore, virtual water embodied in
trade is classified into three categories: virtual water loss (i.e., virtual
agricultural water loss and virtual industrial leakage), virtual water
consumption, and virtual return flows (i.e., virtual agricultural return
flows, virtual return flows direct discharge to the environment, and
virtual return flows to wastewater treatment plants). The physical water
flows of 32 sectors (industry list see Table S1) in each province are
analysed, including urban and rural households and environmental flow
augmentation. Physical water pollutant flows do not include environ-
mental flow augmentation, as it does not generate pollution. Virtual
water quantity and pollutant flows do not include households and
environmental flow augmentation.

Based on the MFA-IOA analysis, we evaluate water quantity stress for
different stages of the societal water cycle in terms of physical water and
virtual exported water to determine whether water is being used effi-
ciently. We also assess water quantity and quality stress at the sectoral
and provincial levels to identify hotspots of sectors and provinces



D. Wang et al.

(a)

Journal of Cleaner Production 538 (2026) 147398

Material Flow Analysis (MFA)-Input and Output Analysis (I0A)
!

{

Water quantity flows

« Virtual quantity flows

!

l

Water pollutants flows

« Virtual pollutant flows

!

Water Stress Assessment

Water stress within societal water cycle =) Sectoral contribution to water stress == Regional water stress

!

Water Stress Mitigation Pathway

O Scenario design O Scenario analysis

« Keep sectoral water consumption constant + Sectoral water quantity and O

« Apply strict water loss rates and sectoral quality stress mitigation
consumption ratios to minimize water loss, « Regional water stress

return flows, and pollutant discharge in four mitigation under four o

different scenarios

scenarios

O Scenario results

Ranking the sectoral water
stress mitigation potential in
each province

Pathway to mitigate water
stress in each province

(b) Beijing

groundwater 42.0%

|:| Ecology 32.1%
[[] Agriculture 12.9%

|:| Urban hh 24.4%

|:| Service 17.4%
= Rural hh 3.1%

[] surtace rary 2235 | | " P = Consiructon 1.3%
— Metal smelting 0.1%
[] reciamation 14.6% = Other ndusiries 2.6%
[] other supply 12.0% — gg;g;igﬁso/oo.s%
[ surface (nontran) 9.1% - ‘Il:'g)?lﬁ; 0300/%
Beljing — Construction
D Agriculture

consumption im 41.7%

|:| agr loss im 21.4%

D agr RF im 18.2%

[ ind leakage im 6.3%
[] direct dis im 6.7%
[ wwtp im 5.6%

[] Ele and heat

D Other industries

D Food

= Metal smelting
[] Chemicals

D Service

= Petroleum
= Textile

[] Paper

Virtual quantity flows

consumption 52.9%

I:I wwip 27.0%

[ eco flow stock 6.2%
= agr water loss 2.2%
= agr return flow 1.3%

[] ind leakage 8.9%
= direct dis 1.6%

— agr loss ex 3.0%

— agr RF ex 1.7%

= consumption ex 43.5%
— direct dis ex 3.3%

= ind leakage ex 13.3%
= wwip ex 35.1%

Fig. 1. Framework for water stress assessment and mitigation. (a) General Framework; (b) Physical and Virtual quantity flows in Beijing; (c) Physical and Virtual
pollutant flows (COD) in Beijing. Beijing is selected as an example to show physical quantity flows (Fig. S1), virtual quantity flows (Fig. S2), physical pollutant flows
for TN, TP, COD and NH3-N (Fig. S3), and virtual pollutant flows for TN, TP, COD, and NH3-N (Fig. S4) across 31 provinces in China. COD is used as a representative
pollutant in the framework figure. Classification of aggregated water use industry in Sankey diagrams is shown in Table S2 surface (tran): surface water supply with
first order inter-basin transfer; surface (nontran): surface water supply without first order inter-basin transfer; Ecology: environmental flow augmentation; Urban
hh: Urban households; Rural hh: Rural households; Ele and heat: Production and distribution of electric power and heat power; Metal smelting: Smelting and
processing of metals; Petroleum: Processing of petroleum, coking, processing of nuclear fuel; Chemicals: Manufacture of chemical products; Paper: Manufacture of
paper, printing and articles for culture, education, and sport activity; Textile: Textile industry; consumption: water consumption; agr water loss: agricultural water
conveyance loss; agr return flow: agricultural return flow; ind leakage: industrial and households water conveyance leakage; eco flow stock: environmental flow
augmentation that stored in rivers and lakes etc.; wwtp: wastewater treatment plant; direct dis: direct discharge.
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experiencing water stress. Finally, according to scenario analysis, we
propose pathways to simultaneously mitigate quantity and quality stress
in each province by improving the water use efficiency of each sector
across 31 provinces by avoiding water conveyance loss and return flows.

2.2. Physical water quantity and pollutant flow analysis

For physical water quantity flows, we account for water conveyance
loss, water consumption, return flows to wastewater treatment plants,
and return flows directly discharged to the environment from the water
use sectors. These sectors include agriculture, 26 industries, construc-
tion, services, urban and rural households, as well as environmental flow
augmentation for each province. Our approach to accounting for phys-
ical water quantity flows relies on water balance and material flow
analysis.

Regarding physical water pollutant flows, our analysis takes into
account the pollutant loads of COD, NH3-N, TN, and TP released into the
environment. These pollutants originate from various sources, including
agriculture, 26 industries, construction, services, urban and rural
households. For a comprehensive understanding of our methodologies
for both physical water quantity and pollutant flow analysis, please refer
to the Supporting Information SI 1 for detailed explanations.

2.3. Virtual water quantity and virtual water pollutant flow analysis

We apply an Environmental Extended Multi-Regional Input-Output
(EEMRIO) model to trace virtual water quantity (i.e., virtual water loss,
virtual water consumption, virtual return flows including virtual
returning flow to WWTP and virtual return flows discharging to the
environment) and virtual water pollutants (i.e., virtual COD discharge,
virtual NH3-N discharge, virtual TN discharge, and virtual TP discharge)
across each sector for each province in China (Feng et al., 2019; Miller
and Blair, 2021; Wiedmann, 2009). The MRIO (Multi-Regional
Input-Output) table in 2017 is from CEADs (China Emission Accounts
and Datasets) (Zheng et al., 2020). It comprises 42 sectors, including 1
agricultural sector, 26 industrial sectors, 1 construction sector, and 14
service sectors. We merge the 14 service sectors into 1 sector to alighn
with water quantity and pollutant data of the service sector. The detailed
method for virtual water quantity and virtual water pollutant flow
analysis is shown in Supporting Information SI 1.

2.4. Water stress assessment

Water stress assessment in this study includes two parts: water
quantity stress and water quality stress. Water quantity stress is used to
measure whether a province suffers from water shortage or not. Water
quality stress reflects the degree of water pollution induced by dis-
charged polluted wastewater or return flows from agriculture, industry,
services, and households. By evaluating water quantity and quality
stress levels, we can identify the provinces that suffer from water
shortage and water pollution.

2.4.1. Water quantity stress
Water quantity stress is defined as the ratio of annual water with-
drawal to water availability minus environmental flow requirements
(FAOUN Water, 2021a).
ww;

Water stress guaniry, = WA —EFR. (@D)]
1 l

WW;=WU; — Wsunconi (2)

Where, Water quantity stress; is water quantity stress level. WW; is annual
water withdrawal in each province. Water withdrawal means with-
drawn surface water and groundwater. Water withdrawal is calculated
by total water use WU; including water loss minus unconventional water
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supplies WSyncon;» Which are rainwater utilization, wastewater reclama-
tion, desalinated seawater, and treated dewatering from mining sectors.
WA; is water availability from Water Resources Bulletin from each
province in 2017. We used the indicator of “Environmental Flow Per-
centage” under “Present Day Environmental Management Class” to es-
timate the environmental flow requirement, which represents the
“percentage of natural flow required to maintain the current condition
of the river”. The environmental flow requirement at the provincial
level, denoted as EFR;, is calculated by multiplying water availability by
the environmental flow percentage. The environmental flow percentage
was obtained from the Global Environmental Flow Information System
at the provincial level (GEFIS, https://eflows.iwmi.org/). Detailed
methodologies for determining the environmental flow percentage and
the development of GEFIS can be found in the report “Global Environ-
mental Flow Information for the Sustainable Development Goals” (Sood
et al,, 2017). Water quantity stress values are categorized into five
levels: no stress (<0.25), low stress (0.25-0.5), medium stress
(0.5-0.75), high stress (0.75-1), and critical stress (>1) (FAOUN Water,
2021a).

2.4.2. Water quality stress
Water quality stress refers to the ratio of provincial grey water
footprint to water availability minus environmental flow requirements
(Liu et al., 2016; Wang et al., 2025).
GWFto[ali

Water stressguairy, = WA —EFR. 3)
1 1

GWFoa; = GWF g, + GWFing, + GWFcon, + GWFer, + GWF yrpan b,
+ GWFraipn; 4)

Where, Water stressqqiry, is water pollution-induced stress in province i.
GWF,oq, is provincial total grey water footprint. GWFug,, GWFjg,,
GWFeon,, GWFser,, GWF ypan b, and GWEFyyrqr hp, are grey water footprints
from agriculture, industry, construction, services, and urban and rural
households.

GWFeog, = GWFpyp, + GWFyy, 5)
GWFfanni =max (GWFfarm,TN,vv GWFfann.TPi) (6)
GWFy,, =max (GWFy, 1., GWFy,1p,, GWFyy, con,, GWFiy n3 -, ) 7)
Pollutant load; ;
GWEFarm or tivy; = Ciu (€)]
maxj

Where, GWFyym,, and GWEFy;, are grey water footprint from farming and
livestock in province i. GWFsym, v, and GWFzm, 7p, are TN and TP grey
water footprint of farming. GWFy, v, GWFijy 1p,, GWFyy cop, and
GWFy;, nus—n, are TN, TP, COD, NH3-N grey water footprint of livestock.
GWFjarm or liv,; is the grey water footprint of pollutant j of farming and
livestock in province i. Pollutant load;; is pollutant load of pollutant j in
province i. Cpay is the maximum acceptable concentration of the
ambient water quality of pollutant j. In this study, Cpa; is the third grade
of China’s Environmental Quality Standards for Surface Water (Ministry
of Environmental Protection of the People’s Republic of China
(MEPPRC), 2002). The third grade indicates the water is suitable for
fishing, swimming, and aquaculture. Cpaxrn, Cmaxtps Cmaxcop and
Crmaxngz—n are 1, 0.2, 20 and 1 mg/L.
k=26

GWFing, = Y GWFypg,, ©)
k=1

GWFig,, = max (GWFind.TNkia GWFina 1p,;; GWFind cop > GWFind,NHS—Nk,»)
(10)
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Loadng, ,;
0 < - indy i < RFindk, )
maxj
GWFyq,, = (11)

ki Loading, ,, Loading,

J J
———— — RFyq,, | ——" > RFinq,,
Cma.xj Cmaxj '

Where, GWF,q, is the grey water footprint of the industry sector in
province i. GWFjq,, is the grey water footprint of industry k in province i.
GWFpyg,,; is the grey water footprint of pollutant j in industry k in
province i. RFy,q , are return flows of industry k in province i.

GWF,, = max (GWFmi_j) (12)

GWF,, = ' a3
" Loady,, (Loadmij
=M _RF, (2

Cmax j

Where, GWF,,; is the grey water footprint of pollutant j in sector m. m
represents construction, services, and urban and rural households. RFy,
are return flows from sector m in province i.

When Water stressquqiry, is greater than 1, province i suffers from
water pollution induced stress, otherwise, province i has no water
quality stress.

2.5. Scenario analysis

Water conservation is critical in reducing water waste and boosting
water use efficiency, which in turn could alleviate water stress. How-
ever, there is a lack of understanding about the water conservation
potential across sectors, the key sectors that contribute to mitigating
water stress, and the pathway to alleviate water stress in each province.
To address these challenges, we design scenarios based on the results of
MFA-IOA analysis and water stress assessment.

Firstly, we design four scenarios to compare the potential of agri-
culture, 26 industries, and other sectors (services and urban households)
to mitigate water stress through water conservation, as shown in
Table 1. In scenario 1, we only reduce water loss and return flows in
agriculture and assess the resulting reduction in provincial water
quantity and quality stress. In scenarios 2 and 3, 26 industries (scenario
2) and services and urban households (scenario 3) are designed to
reduce water leakage and return flows, respectively. In scenario 4, all
socio-economic sectors and urban households, except for rural house-
holds and environmental flow augmentation, are assumed to avoid
water loss and return flows. We use this scenario to evaluate the miti-
gation of provincial water quantity and quality stress. Subsequently, by
comparing scenarios 1-3 with scenario 4, we can identify the significant
socio-economic sectors (agriculture, industry, services and urban
households) that contribute to water stress mitigation and their reduc-
tion potential. Finally, based on scenario 4, we rank the top 5 subsectors
with the highest potential to reduce water stress in each province, so as
to propose a pathway to mitigate water stress in each province.

The core for the quantity stress scenario setting is to avoid water
conveyance loss and return flows through adjusting parameters of water
conveyance loss rate (i.e., the ratio of water loss to the sum of water loss,
water consumption, and return flows) and water consumption ratio (i.e.,
the ratio of water consumption to the sum of water consumption and
return flows). We set strict values for the water loss rate and water
consumption ratio for our scenario analysis. The water leakage rate is set
at 8 %, as it is expected to reach this level in most provinces by 2025
(National Development and Reform Commission and Ministry of Hous-
ing and Urban-Rural Development, 2022). We assume an irrigation
water loss rate of 20 %, which is slightly lower than the predicted loss
rate of 25 % in Beijing for 2025 (Ministry of Water Resources and Na-
tional Development and Reform Commission, 2022), the lowest value

Table 1
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Scenario setting for water stress mitigation.

Scenarios Scenario setting Parameters setting
Water conveyance The ratio of water
loss rate consumption to the sum
of water consumption
and return flows
Baseline The original e Irrigation: e Irrigation: 46-90 %
(BL) situation in 2017 26-57 % (min-max)
o Industry: 10-29 e Livestock: 60-96 %
% (min-max)
e Urban e 26 industrial sectors
households: and construction
9-26 % sectors: See Table 2
e Rural (ave-max)
households: e Service sectors: 18-62
7-16 % % (min-max)
e Urban households:
18-50 % (min-max)
e Rural
households:78-97 %
(min-max)
Scenario Water loss and e Irrigation: 20 % e Irrigation: 90 %
1 return flows of e Livestock: 100 %
agricultural
sectors are
reduced
Scenario Water leakage e 26 industrial and e See Table 2
2 and return flows construction
of 26 industrial sectors: 8 %
sectors and
construction
sectors are
reduced
Scenario Water leakage e Service sectors e Service sectors and
3 and return flows and urban urban households: 70
of service sectors households are %
and urban reduced: 8 %
households are
reduced
Scenario Water e Irrigation: 20 % e Irrigation: 90 %
4 conveyance loss e 26 industrial, e Livestock: 100 %
and return flows service and e 26 industrial sectors
from agricultural, construction and construction

26 industrial,
service and
construction
sectors and urban

sectors and
urban
households: 8 %

sectors: See Table 2
Service sectors and
urban households: 70
%

households are
reduced

Note: The water conveyance loss rate for point-source sectors is set at 8 %, as it is
expected to reach this level in most provinces by 2025 (National Development
and Reform CommissionMinistry of Housing and Urban-Rural Development,
2022). We assume an irrigation water loss rate of 20 %, which is slightly lower
than the predicted rate of 25 % in Beijing for 2025 (Ministry of Water Resources
and National Development and Reform Commission, 2022), the lowest value
among all provinces. The strictest water consumption ratio for each sector is
determined by either the sectoral maximum value in 2017 or a value close to the
maximum.

among all provinces. To minimize return flows to specific sectors, we
adopt the strictest sectoral water consumption ratio for return flow
reduction. This ratio was derived from the maximum water consumption
ratio for a specific sector in 31 provinces. Table 2 summarizes the mean,
maximum, and designed water consumption ratios for each sector. We
make two assumptions for the water quantity stress scenarios: (1) The
value added for each economic sector is not changed. (2) To produce the
same value-added, we assume that water consumption remains the
same. Methods for quantifying water loss, return flows, and gross water
use across scenarios are detailed in Supporting Information SI 1.
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Table 2

Parameter design of the water consumption ratio for scenario setting.

Sectors

The ratio of water consumption to the sum of water

consumption and return flows (unit: %)

Average Maximum Adopted the strictest
in 2017 in 2017 water consumption
ratio for scenario
analysis

Agriculture, Forestry, 38 87 90
Animal Husbandry and
Fishery-irrigation

Agriculture, Forestry, 79 100 100
Animal Husbandry and
Fishery-non-irrigation

Mining and washing of coal 31 100 100

Extraction of petroleum and 61 100 100
natural gas

Mining and processing of 51 100 100
metal ores

Mining and processing of 54 100 100
nonmetal and other ores

Food and tobacco 33 51 60
processing

Textile industry 27 63 70

Manufacture of leather, fur, 26 57 70
feather, and related
products

Processing of timber and 58 100 100
furniture

Manufacture of paper, 33 91 95
printing and articles for
culture, education, and
sport activity

Processing of petroleum, 67 98 100
coking, processing of
nuclear fuel

Manufacture of chemical 56 91 100
products

Manuf. of non-metallic 86 100 100
mineral products

Smelting and processing of 75 100 100
metals

Manufacture of metal 48 98 100
products

Manufacture of general- 46 100 100
purpose machinery

Manufacture of special- 43 100 100
purpose machinery

Manufacture of transport 46 100 100
equipment

Manufacture of electrical 47 97 100
machinery and equipment

Manufacture of 24 40 50
communication
equipment, computers
and other electronic
equipment

Manufacture of measuring 39 100 100
instruments

Other manufacturing and 47 98 100
waste resources

Waste resources 63 100 100

Repair of metal products, 40 100 100
machinery, and
equipment

Production and distribution 93 100 100
of electric power and heat
power

Production and distribution 65 100 100
of gas

Production and distribution - - -
of tap water

Construction 71 95 95

Service 34 62 70

Urban households 32 50 60

Rural households 86 97 no change for each

province
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Note: The strictest water consumption ratio in each sector is determined by
either the sectoral maximum value in 2017 or a value close to the maximum. The
water consumption ratio for rural households in each province remains un-
changed as it is already very high.

2.6. Limitations

We mainly consider water quantity stress at each stage of the societal
water cycle, but do not consider the changes in water quality stress that
occur throughout the process of withdrawal and consumption due to a
lack of data. Future work should integrate water quality data by map-
ping the flows of water pollutants from economic activities to better
capture how pollution transfers between regions and contributes to
water stress (Hoekstra et al., 2011; Sun et al., 2023). In addition, it
should be noted that the societal water cycle analysed in this study is
based on administrative boundaries, which may not align with actual
watershed boundaries, leading to an incomplete understanding of the
recharge or pollution of water resources (Cohen, 2011; Davidson and de
Loé, 2014). It is important to acknowledge that the examination of only
four conventional water pollutants (COD, NH3-N, TN, and TP) for each
sector may lead to an underestimation of water quality stress, since in-
dustries that have a high grey water footprint for metal pollutants,
which are not captured in this study, may result in an underestimation of
the provincial grey water footprint and water quality stress (Feng et al.,
2024; Huang et al., 2022). Ignoring sectoral and provincial heteroge-
neity in scenario design is also a limitation of this research. This study
uses sector classification based on the sectoral structure in an
input-output (IO) table, which ignores heterogeneity within sectors.
This heterogeneity affects the determination of the strictest sectoral
water consumption ratio in scenario analysis, as there may be significant
variations in water consumption ratios within sectors (Lenzen, 2011). In
addition, sectoral water consumption ratios in scenario settings may be
too strict for certain provinces due to provincial heterogeneity. For
example, setting the strictest water consumption ratio for irrigation at
0.9 may not be appropriate for a province where rice is the dominant
crop (Mallareddy et al., 2023).

Finally, we assumed each industry’s value-added and output remain
unchanged under different water-saving scenarios, consistent with
common simplifying assumptions in I0-based scenario analysis (Miller
and Blair, 2021). In practice, however, water-saving measures may
trigger a rebound effect (Grafton et al., 2018), leading to an increase in
water usage. For instance, in the context of irrigation, reducing water
withdrawal, which is often pursued by increasing irrigation efficiency,
defined as “ratio of the volume of all irrigation water beneficially used
on a farmer’s field [predominantly, evapotranspiration (ET) by crops
and salt removal to maintain soil productivity] to the total volume of
irrigation water applied” (Grafton et al., 2018), may incentivize farmers
to expand the irrigation area or shift to more water-intensive crops,
ultimately resulting in higher water use for irrigation purposes. This
rebound phenomenon has been documented in numerous studies of
irrigation modernization and efficiency improvements (Li and Zhao,
2018; Xu et al., 2021), highlighting the need for water conservation
policies to account for behavioral and economic responses (Grafton
et al., 2018).

3. Results
3.1. Flows of water quantity and pollutants

Tracing the flows of physical water quantity, physical water pollut-
ants, virtual water quantity, and virtual water pollutants in the societal
water cycle of 31 provincial-level administrative regions (provinces,
municipalities, and autonomous regions, hereafter referred to as the 31
provinces) is the foundation for the subsequent water stress assessment
and mitigation, as shown in the framework in Fig. 1. Detailed infor-
mation about the MFA-IOA results of these four types of flows for the 31
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provinces in China can be found in Figure S1-Figure S4.

3.2. Water quantity stress within societal water cycle

Based on MFA-IOA results, we first analyse the water quantity stress
of each stage of the societal water cycle in terms of physical water and
virtual exported water (as shown in Fig. 3). The results show that, at the
provincial level, water consumption contributed 20-59 % to quantity
stress, while water loss and return flows contributed the remaining
36-80 %. In other words, provincial water use efficiency, the ratio of
water consumption to withdrawal, ranges from 0.20 to 0.59, with 36-80
% of water withdrawal not being utilized effectively. In 19 provinces
where agricultural water use is prevalent, the high share of agricultural
water loss and return flows contribute to 42-71 % of quantity stress. In
highly urbanized provinces, i.e., Shanghai and Beijing, where water is
primarily used for industry and households, water leakages and return
flows to wastewater treatment plants are major contributors to water
stress, accounting for over 36 % of water withdrawal. Attention must be
directed to eliminating water leakage and return flows to wastewater
treatment plants as a means of mitigating water stress in regions char-
acterized by high levels of urbanization.

Virtual water export exacerbates water stress in exporting regions,
but virtual export of return flows and water loss decreases the efficiency
of virtual water export (i.e., the ratio of virtual water export for con-
sumption to virtual water withdrawal for export) and could be avoided
by improving local water use efficiency. To understand efficiency of

Hainan
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virtual water trade in each exporting province, we also quantify and
compare different types of virtual water export in the societal water
cycle in Fig. 3. It shows that virtual export of return flows and water loss
contributes 39-89 % of virtual water withdrawal at the provincial level,
indicating that virtual water export efficiency ranges from 11 to 61 %. In
the highly urbanized regions of Beijing and Shanghai, virtual export of
water leakage and return flows to wastewater treatment plants
accounted for a much higher proportion than in other regions, with 42 %
and 49 % of export-induced quantity stress, respectively. The results
show that the majority of provinces in China have great potential to
improve local virtual water export efficiency by reducing ineffective
water use, water loss, and return flows.

3.3. Key sectors contributing to water stress

We then compare sectoral water quantity and quality stress to
identify key sectors contributing to water stress in each province. The
results of this comparison are presented in Fig. 4. In most provinces,
agriculture is the main sector responsible for water use, accounting for
33-93 % of total water use, with the exceptions of Beijing and Shanghai.
In Beijing, the largest proportion of total water use (32 %) is for envi-
ronmental flow augmentation, which refers to the practice of increasing
the flow of water in natural water bodies, such as lakes, rivers, wetlands,
and urban environmental landscapes, through human-made measures
rather than precipitation and runoff. In Shanghai, industrial water use
accounts for 59 In Shanghai, industrial water use accounts for 59% of
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total water use. In 25 out of 31 provinces, the agricultural sector con-
tributes to 42-93 % of water quality stress. Industrial water pollution
contributes to quality stress at a low level (0.2-10 %), with the excep-
tions of Ningxia (20 %) and Inner Mongolia (16 %). In some provinces,
households are significant sources of pollution (>45 %), such as in
Xinjiang, Beijing, Qinghai, Gansu, and Shanghai. It is worth noting that
high water use by a particular sector does not necessarily correspond to a
high level of water pollution. For example, in Xinjiang, the contribution
of agriculture to quality stress is relatively low (16.5 %), despite agri-
cultural water use accounting for 93 % of water use. In Shanghai, the
industrial sectors are the largest water consumers (59 %), but the
induced quality stress is very small (2.7 %).

3.4. Provincial water stress and hotspots

Fig. 5 shows that 25 out of 31 provinces in China experience various
levels of water quantity stress, with Ningxia being the most stressed
province, followed by Shanghai and Jiangsu. In addition, 28 out of 31
provinces experience pollution-induced stress, as indicated by quality
stress levels higher than 1, except for Xinjiang, Qinghai, and Tibet.

Given that the study employs China’s provincial environmental flow
requirements obtained from the Global Environmental Flow Information
System (GEFIS) (FAOUN Water, 2021a) to evaluate water quantity and
quality stress, the results of the estimated provincial water stress may
differ from those that ignore environmental flow requirements
(Mekonnen and Hoekstra, 2016; White et al., 2015; Zeng et al., 2013;
Zhao et al., 2015b) or assume that 80 % of water availability is used for
environmental flow requirements (Hoekstra et al., 2012; Ma et al.,
2020a; Mekonnen and Hoekstra, 2016). Additionally, the latest United
Nations standard for assessing water quantity stress level, which in-
dicates a stressed region at a level higher than 0.25 (FAOUN Water,
2021), as opposed to the commonly used threshold of 0.2 in literature
(EEA, 2009; Oki et al., 2001; Vorosmarty et al., 2000; Zhao et al.,
2015b), may also lead to variations in the results of water quantity stress
assessment. Despite these potential differences, it is widely recognized
that most provinces in China face water quantity stress. For instance, it
has been reported that in 2007, 23 of 30 studied provinces were affected
by water quantity stress (Zhao et al., 2015b).

3.5. Water stress mitigation by avoiding sectoral water loss and return
lows

The importance of socio-economic activities in contributing to
regional water stress is highlighted by the need to assess the capability of
various sectors to mitigate this stress. This is also reflected in the
formulation of SDG target 6.4, which aims to increase water-use effi-
ciency across all sectors and address the issue of water scarcity. In this
study, we develop four scenarios to assess the ability of agriculture
(scenario 1), 26 industrial sectors (scenario 2), services and urban
households (scenario 3), and all sectors combined (scenario 4) to miti-
gate water stress by implementing stringent water conservation mea-
sures to eliminate water loss and return flows. We apply the strictest
sectoral water consumption ratio and water loss rate (as shown in Ta-
bles 1 and 2) to each scenario to minimize return flows and water loss,
and thus, minimize water withdrawal, while holding water consumption
constant. The stringent sectoral water consumption ratios are estab-
lished using the maximum sectoral water consumption ratios calculated
from the dataset that we created. The results of our analysis, which
include measures of quantity and quality mitigation, are presented in
Fig. S5(a)—(b).

Fig. S5(a) shows that reducing water loss and return flows from the
agricultural sector can significantly mitigate water quantity stress for
most provinces (more than 20 %), except for the highly urbanized re-
gions of Beijing, Shanghai, and Tianjin. In terms of water quality stress,
as shown in Fig. S5(b), agriculture is a critical sector for alleviating
pollution-induced stress in 22 provinces, with mitigation potential
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ranging from 31 % to 68 %. The results of scenario 2, which focuses on
reducing water losses in the industrial sector, indicate that such mea-
sures have limited potential for decreasing water quality stress in most
provinces, with less than 5 %. In certain provinces, such as Qinghai,
Shanghai, and Xinjiang, reducing return flows from domestic water use
(water used for construction, services, and households) is crucial for
mitigating water quality stress, as these measures can lead to a reduction
in water quality stress of more than 40 %.

Furthermore, based on scenario 4, we propose strategies to mitigate
water stress in each province by reducing water loss and return flows in
the top 5 sub-sectors (industry categories listed in Table S1) with the
greatest potential for reducing water stress. Table S3-54 list the top 5
industries that could contribute to the mitigation of quantity stress and
quality stress. For most provinces, agriculture (sector 1) and urban
households (sector 31) are the top two sectors for mitigating quantity
stress and quality stress. Therefore, improving water use efficiency and
reducing water loss and return flows in agriculture and urban house-
holds is the most effective way to reduce both quantity and quality stress
in most provinces of China. The top 5 sectors listed in Table S3-S4 have
the potential to reduce quantity stress by 22-75 % and quality stress by
23-76. In Supporting Information SI 2, we rank the potential to mitigate
quantity and quality stress for all sectors in each province, providing a
basis for policymakers to develop sector-specific strategies for water
stress mitigation.

4. Discussion

Previous studies have consistently overlooked the impact of each
stage of the societal water cycle on water stress and often failed to
explore the relationship between water quantity and quality stress (Liu
et al., 2016, 2017; Zeng et al., 2013; Zhao et al., 2016). However, our
assessment of water stress based on the societal water cycle in this study
shows that the impacts of water loss and return flows on water stress are
significant, and water quality stress can be affected by polluted return
flows. Water loss can be reduced or avoided through the update or
maintenance of supplied pipelines, and return flows can be reduced
through the use of advanced water-saving technologies or by restricting
water use frequency and quantity. Additionally, in industrial sectors,
replacing traditional water-cooling technologies with air cooling can
significantly reduce water use by avoiding not only water loss and return
flows, but also water consumption (Zhang et al., 2016, 2018; Zhang and
Anadon, 2014). Our assessment of water stress in 2017 reveals that most
provinces in China still have significant potential to mitigate water stress
by reducing return flows, agricultural water loss, and water leakage
from industry and households, as these account for 36-79 % of quantity
stress. Meanwhile, return flows are responsible for 100 % of water
quality stress, as they are always polluted. Water quality stress can be
decreased if return flows are reduced, as long as pollutant concentra-
tions to the environment remain the same due to effective treatment
technologies. The results of this analysis also demonstrate that each
province in China has a unique pathway through the societal water
cycle, emphasizing the necessity of province-specific water stress miti-
gation strategies rather than a one-size-fits-all approach.

Improving water-use efficiency is a widely accepted approach to
addressing water stress (Fang et al., 2010; FAOUN Water, 2021b; Hamdy
et al., 2003; Zhao et al., 2015b; Zhou et al., 2020). This study differs
from prior research by presenting specific ways to improve water use
efficiency. Instead of just offering general recommendations to reduce
total water withdrawal and implement water-saving technologies
(Doeffinger and Hall, 2020; Wang et al., 2017; Zhou et al., 2020), this
study specifically highlights that improving water use efficiency through
the reduction of water loss and return flows while keeping consumption
constant could significantly reduce water stress by 44-74 % in each
province. Our analysis shows that the irrigation water conveyance loss
rate in China is still high, with values ranging from 26 % to 57 %. Irri-
gation return flows account for 27-46 % of total irrigation water use.
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Consequently, average irrigation water consumption ratios of 38 % have
great potential for improvement. The water leakage rate for water
supply to industry, services, and households was 10-29 % of water
withdrawal in 2017, and this value is expected to decrease to less than 9
% by 2025 for each province (National Development and Reform
Commission and Ministry of Housing and Urban-Rural Development,
2022), according to The Fourteenth Five-Year Plan in China. Reducing
water leakage has the potential to significantly improve water use effi-
ciency. Table 2 presents the average and maximum water consumption
ratios for each sector across all provinces. These ratios were calculated
using our dataset that was developed through the integration of pro-
vincial water resources bulletins and the China Environmental Statistics
Database (CESD) (Ministry of Environmental Protection of the People’s
Republic of China (MEPPRC), 2017), highlighting that many sectors in
31 provinces still have great potential for improving water use effi-
ciency. Some industries have particularly low average consumptive ra-
tios, emphasizing the need to set reasonable targets for water
consumption ratios in specific sectors in China to improve water use
efficiency and reduce return flows.

This study provides new perspectives for understanding virtual water
trade by analysing physical water flows and virtual water flows. The
conventional view holds that regional water savings in virtual water
trade, measured by net virtual water import, can help mitigate water
stress (Liu et al., 2019b). However, numerous studies have shown that
virtual water trade can both mitigate and exacerbate regional water
stress (Guan and Hubacek, 2007; Zhao et al., 2015b, 2019). Thus, water
savings from virtual water trade do not address water stress (Liu et al.,
2019b). This study contributes to the discourse by highlighting that
water savings of physical water flows by reducing water loss and return
flows throughout the societal water cycle are effective ways to mitigate
water stress. Virtual water quantity flows in the societal water cycle are
affected by physical water quantity flows. Increasing regional water use
efficiency also improves virtual water export efficiency. Our research on
virtual water withdrawal extends traditional quantification by classi-
fying it into virtual water loss, virtual water consumption, and different
virtual return flows. This advance enables the measurement of virtual
water export efficiency, which holds significant implications for poli-
cymakers seeking to optimize virtual water export and thereby reducing
competition with local water resources usage.

The separate analysis of quantity and quality stress, as seen in the
current literature, does not effectively identify factors that concurrently
influence both forms of stress and develop strategies to simultaneously
mitigate them. This study utilizes the MFA-IOA approach to provide
novel insights into the coupled assessment and mitigation of quantity
and quality-based water stress within the societal water cycle. The
framework and methodology presented in the study can be applied in
other countries or globally by using data from the Exiobase global MRIO
dataset, which contains sectoral information on water consumption, and
TN and TP pollutants.
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