" . Address:

International Institute for TIASA, Schiossplatz 1, A-2361 Laxenburg, Austria
w» Applied Systems Analysis .

maili:

| TASA www.iiasa.ac.at permissions@iiasa.ac.at

Young Scientists Summer Program

A novel integrated hydro-economic model based on
the societal water cycle framework: application to
water stress evaluation in China

Author: Dan Wang

Email: dan.wang@rug.nl

Approved by:

Mentor: Reetik Kumar Sahu
Co-Mentor: Taher Kahil
Program: Biodiversity and Natural Resources Program- Water Security

Date: September 30, 2022

This report represents the work completed by the author during the IIASA Young Scientists Summer Program
(YSSP) with approval from the YSSP mentor.

It was finished by__ September 30, 2022 and has not been altered or revised since.

Mentor signature: 2eeﬁé %amm SW, 30'0?'2022


mailto:permissions@iiasa.ac.at

" . Address:

International Institute for TIASA, Schiossplatz 1, A-2361 Laxenburg, Austria
w» Applied Systems Analysis .

maili:

| TASA www.iiasa.ac.at permissions@iiasa.ac.at

ABSTRACT

Economic activities are significant drivers for water quantity and quality related stress and understanding the
impacts of those activities on water resources is a critical issue. There are still many gaps in recognizing the
causes, impacts and mitigation solutions on water quantity and quality stress. In this study, we develop a hydro-
economic model to track the physical and virtual water quantity and quality metabolism in China and study the
impacts of economic activities on water quantity and quality stress. We also propose pathways to reduce the
water stress for each province in China and identify the top five sectors that contribute to water quantity and
quality stress. The results show that majority of the provinces in China suffer from water quantity and quality
stress simultaneously. There is, however, a large potential to reduce water quantity stress by 41-80% with
reducing water losses and return flows. Return flows especially from the agriculture (14-93%) and households
(5-60%) contribute the most to water quality stress in China. For some stressed provinces, a lot of virtual return
flows are exported, which aggravate local water stress. Return flow is therefore a crucial factor that influences
both water quantity and quality related stress and should be considered in policy design. Top five sectors that
contribute to the mitigation of water quantity and quality stress are identified for each province, which could
reduce quantity and quality stress by 22-75% and 23-76%, respectively.
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Introduction

Water shortage and water pollution have become serious global issues!-®. It is reported that two billion people
live in high water stressed countries’, and four billion people experience high water quantity stress at least one
month per year globally8. It is projected that over half of the global population will suffer from water stress by
2050°. Water pollution and water shortage may also trigger disease outbreaks in developing counties because
of lack of sufficient sanitation and water supply facilities!®'2, Addressing water shortage and water pollution
induced stress is hence recognized as two important targets in the United Nations Sustainable Development
Goals (SDGs)?*3.

In recent years, there is an increasing number of studies on water stress assessment, especially on water
quantity stress. But most of the research care about the impact of water withdrawal on water resources at
regional level'*'’, Several studies also focus on water consumption rather than water withdrawal®-2°, These
studies focus on identifying which areas are hotspots with high water stress but seldom clarify why those regions
are stressed and how to reduce water stress. Water withdrawal and consumption are two specific water use
processes under the societal water cycle?!, which includes the processes of water withdrawal, water
consumption, return flows returning to environment directly, return flow discharging to wastewater treatment
plants, wastewater reclamation and virtual water import and export. Therefore, studying the impacts of water
withdrawal and consumption on water stress fail to reflect the comprehensive impacts of human water use
activities on water resources. Some research also studies the drivers for water stress to figure out the factors
that induce water stress?2-26, But because only water withdrawal is considered in their research, the proposed
drivers are just related to water withdrawal or water supply?+27:28,

Water pollution induced stress (also water quality stress) has been paid an increasing attention, but research
on water quality stress is still limited*162°3°, Recent water quality stress related research mainly addresses that
water pollution exacerbates water stress and it is essential to include water quality for water stress assessment.
For instance, Ma et al. evaluates water stress from the perspective of surface water at grid level for a case
study in China and identify the hotspots of water quantity and quality stress, addressing that water pollution
matters for water stress3!. van Vliet et al chose indicators of temperature for thermoelectric power plants,
electric conductivity for irrigation, and ammonia for drinking water to study seasonal changes of water quality
stress, and suggest that water temperature, salinity, nutrient pollutants should be considered for water demand
in water quality32. However, we need more insights into causes, impacts and solutions to mitigate water quality
stress32. On the other hand, it is also essential to explore the relations between quantity and quality stress to
reveal strategies to reduce shortage and pollution at the same time. But current studies examine quantity and
quality stress problems separately.

Based on above identified research gaps, we propose the following research question: what are impacts of
economic activities on water resources under the framework of societal water cycle? Under this main research
question, we propose three sub-questions: (1) How do water quantity and water pollutants metabolize under
the framework of societal water cycle. (2) Where are hotspots for quantity and quality stress. (3) What are
pathways to reduce quantity and quality stress for a given socio-economic region. To address these research
questions, we develop a hydro-economic model to track physical and virtual water quantity and water pollutants
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metabolism across different economic sectors and across multiple economic regions. We apply water stress
assessment to figure out hotspots for quantity and quality stress, and to identify significant economic sectors
and water use destinations in each region. Finally, we propose a pathway to reduce water quantity and quality
stress for each region based on metabolism results and scenario analysis. In this study, we use China as a
representative case study to achieve these research questions.

Materials and Methods
Framework of metabolism analysis

In this study, to trace physical and virtual water quantity and water pollutant metabolism of economic sectors
is the first step. Economic sectors include agriculture, industry, service, construction, service sector (detailed
economic sectors see Table S1). We also consider metabolism of urban household, urban household, and
environmental flow augmentation. Fig. 1(b) is the metabolism framework based on societal water cycle. We
map physical water quantity flows based on the processes of societal water cycle, which includes water
withdrawal, water conveyance loss, water consumption, return flow, and wastewater reclamation in Fig. 1 (a).
Regarding virtual water quantity flows, we trace virtual quantity flow of conveyance loss (agricultural
conveyance loss and water leakage from industry, service, and household), water consumption, return flow
(wastewater direct discharge and wastewater returning to WWTPs). Traditionally, virtual water withdrawal is
quantified, but we disaggregate it to virtual water loss, virtual water consumption and virtual return flow in this
research. For water pollutant metabolism, we mainly focus on the process that pollutants discharge from return
flows. We ignore water quality of water use and assume that water quality is satisfied with water use standard
for each economic sector. Water pollutants are TN (Total Nitrogen), TP (Total Phosphorus), COD (Chemical
Oxygen Demand) and NH3-N (Ammonia Nitrogen). For each economic sector or water use object, we map
metabolism of these four pollutants, excluding environmental flow augmentation. Imported and exported TN,
TP, COD and NHs-N in each economic sector are quantified as virtual water pollutant metabolism.

. Water consumption
Rivers, lakes, groundwater or P
reservoirs etc.
Water : : Return fl Natural
withdrawal Socio-economic sectors elrn Tow e S
. . Drainage pipelines
Water supply Conveyance loss Primary Secondary Tertiary g P
sectors sectors sectors sectors
Wastewater reuse Wastewater reuse
Water reuse sectors Wastewater
Advanced ireatment sectors
treatment
Return flow

System Bounda
4 v Surface water: lakes, rivers

Fig. 1(a) Framework of societal water cycle
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Fig. 1(b) Physical and virtual water quantity and water pollutant metabolism framework based
on the societal water cycle

Physical water quantity metabolism
Agriculture
In this study, agriculture includes sectors of agriculture, forest, livestock, and fishing. We classify water quantity

metabolism of agriculture into water quantity metabolism of irrigation and non-irrigation. Water quantity
metabolism of non-irrigation denotes water quantity metabolism of forest, livestock, and fishing.

irrigation water loss; = gross irrigation water use; * (1 — ef fective utilization coef ficient of irrigation;)
irrigation water consumption; = gross irrigation water use; * irrigation water consumption rate;

irrigation return flow;
= gross irrigation water use; — irrigation water loss; — irrigation water consumption;

non_irrigation return flow; = gross non_irrigation water use; — non_irrigation water consumption;

where, ef fective urilization coef ficient of irrigation is measure by the ratio of water entering irrigation field
to gross irrigation water use, which excludes water loss due to irrigation water conveyance.
irrigation water consumption rate is measured by the ratio of water consumption of irrigation field to gross
irrigation water use. For forest, livestock, and fishing, we assumed that water loss of these sectors can be
ignored. These two parameters are from China Water Resources Bulletin in 201733

Industry
There are 26 industrial sectors for each region. The industry category is listed in Table S1. Industrial water use
is derived from dataset of China Environmental Statistics Database (CESD) 3*. Firstly, we collect water use data
for each firm from the CESD. Then, water use data for sector j in region i are aggregated.

n=n

water usepq, ; = Z water userim,, ,
n=1



where, water USeing, ; is water use that excludes water conveyance loss in sector j in region i. water USefirm,

is water use excluding water loss of firm n of sector j in region i.

Gross water use that includes water conveyance loss for each sector j in region i is measured by:

gross water useyq, ; = water usenq, ; /water leakage rate;

gross water usep,g, . Means gross water use including water leakage for industry j in region i .
water leakage rate; is the water conveyance loss rate of water supply in each region.
Because the water use of industrial enterprises in CESD covers only 80-90% of total water use, rather than

total industrial water use for all industrial firms. Thus, we use the following equations to adjust sectoral water
use.

gross water usemd,WRBi

gross water usef‘ndi’j = gross water useq, ; *

j=26
X;-; gross water useing, ;

gross water usei*ndij is adjusted gross water use for industry j in region i. gorss water US€ina,wrg; is gross
j=26

water use for industry from provincial water resources bulletin (WRB) in 2017. Y.

j=1 gross water useig, ; is

gross water use for industry which is obtained from CESD.

For each industry, CESD also contains industrial wastewater dischargereturn flowina, ;s including wastewater
returning to wastewater treatment plants return flow entering WWTPsipq, ; and wastewater discharging to

environment directly return flow direct dischargeing, -
water cConSUmMptionng, , = water usenq, , — return flowmd”
return flowl-ndi]. = return flow entering WWTPSindij + return flow direct dischargeindij

return flow entering WWTPsmdij

Ratiogr wwrp, ; =
WWTP;j return flowing, ;

return flow direct dischargemdij

Ratiogr girect, . =
RF direct; j return flOWindij

We need to adjust the parameters of water consumption;yg, ; , return flow entering WWTPsnq, ; and
return flow direct dischargeyq, because CESD does not contain all industrial enterprises, but containing

firms that use 80-90% of total industrial water use and discharge 80-90% industrial water pollutants. We use
the following equations to adjust industrial water consumption and return flow.

gross water useing wrs;

water consumptionjy,, ; = water Consumptioniyg, ; * <=z
J Y XjZ1 gross water useiq,

return flow entering WWTPSi*ndL-J = (gross water use{‘ndi’j — gross water usei*ndij * water leakage rate; —

water consumptionfndij) * RatioRF_WWTpij



return flow direct dischargefndij
= (gross water use{‘ndu — gross water usei*ndij * water leakage rate;
— water consumption}‘ndi,j) * RatioRF‘directi’i
Where, water consumptionz‘ndi,j , return flow entering WWTPsz‘ndi'j and return flow direct dischargei*ndi’j
are adjusted industrial water consumption and return flow of entering WWTPs and direct discharge.
Construction
gross water usec,,, = Floor areas of completed buildings; » water use quota for constructure;
return flowg,,, = gross water use.o,, — leakage o, — water consumption on,
leakage on, = gross water use o, * leakage rate, pan,
water consumption ,,, = gross Water use o, * water consumption rate ,n,
return flow entering WWTPs,,,, = return flow,.,, *x wastewater treatment ratey,pan,
return flow direct discharge o,, = return flow,,, — return flow entering WWTPs oy,

where, gross water use.,,, indicate gross water use in the construction sector in province i .
water use quota for constructure; refer to the standard or regulation of the amount of water use by per unit
area, including water use for construction and building decoration. leakage,,,, are water leakage in the

construction sector because of the conveyance of water supply in province i. We apply water supply leakage
rate leakage rate,,pq,, N urban regions in province i to estimate water leakage leakage oy, -

leakage rate, pqy, is from Urban and Rural Construction Statistical Yearbook in 2017%.
water consumption rate.,, IS used to estimate water consumption.,,. In this  study,
water consumption rate .y, iS assumed to be 70%, if we cannot obtain the real water consumption of
construction sector in province i. wastewater treatment rate,,,q,, IS Wastewater treatment rate® in urban
area in province i. We assume that the same percentage of return flow from construction sector is treated by
wastewater treatment plants.
Service
gross water useg,,

= gross water usegom, — gross water usecop, — gross water uSenoy yrpan;

— gross water Us€poy rural
return flowg,,, = gross water useg,,, — leakages,,, — water consumptionge,,
leakageg,,, = gross water use,,, * leakage rate,, pqn,
water consumptionge,, = gross water useg,,, * water consumption rateger,
return flow entering WWTPsg,, = return flows,,, * wastewater treatment rate,,pan,
return flow direct dischargeg,,, = return flow,.,, — return flow entering WWTPsg,,,

For some regions where gross service water use data is not available from provincial water resources bulletins,
we use the first equation of this section to estimate gross water use,,. Regarding gross water use o, ,

-5-



gross water Usepy urpan; aNd gross water usenq, rural,, PI€Ase refer to the section of physical water quantity
metabolism of construction and household. gross water useg,,, refers to domestic gross water use, which

includes gross water use of construction sector, service sector and household in each province.
gross water usez,,, can be obtained from water resources bulletin of each region. water consumptiong,, is
estimated by assuming water consumption rate,,, is 30% if the water consumption of service sector is not
available.

Household

gross water Usepoy urpan; = Urban domestic water use per capita; * urban popolation;

gross water usepoy ruray; = rural domestic water use per capita; * rural popolation;

return flowpgy urpan; = gross Water usenoyurpan; — lakagenouurpan, — water consumptionpoy urpan;
return flowngy rurai; = gross water usepoy rural; — leakagenoy rura;; — water consumptionyoy rurai,
leakagenouurvan; = 9gross water usepoyurpan; * Wwater supply penetration ratey,pqn, * leakage ratey pan,
leakagenoyrural, = gross water usepoy rurai; * water supply penetration rate,, 4, * leakage rate,  q,
return flow entering WWTPSp gy, yrpan;, = Wastewater treatment ratepoy yrpan; * T€tUTN flOWhoy yrpan;
return flow entering WWTPSp gy rurai; = Wastewater treatment Tatenoy rural;, * TEtUTN floWnhoururai
return flow direct dischargenoyurpan; = TEtUTN flOWhoy urpan;, — TetUrn flow entering WWTPSp oy urpan;
return flow direct dischargenoy rura;; = T€tUrn flowpey ryurai, — return flow entering WWTPSp oy ruray

where, gross water usepoy,urpan;aNd gross water usepqy rurq;; refer to household water use in urban and rural
regions in province i, including the water leakage because of the conveyance of water supply pipelines.
leakagenouurpan; @Nd leakagen oy, urai; are water leakage because of the conveyance of water supply in urban
and rural areas in province i3, water supply penetration rateyrpan; and water supply penetration rateryrq,
are the ratio of the water supply access population to the total population in urban and rural areas and are
used to reflect the water supply penetration and convenience within the water supply coverage areas3. For
regions where household water consumption data is not available from provincial water resources bulletins, we
quantify household water consumption by multiplying urban or rural household gross water use by household
water consumption rate, with urban and rural household water consumption rates of 30% and 85%. We also
quantity return flow discharging to wastewater treatment plants (WWTPs)
( return flow entering WWTPSpoyurpan; aNd return flow entering WWTPSpoyrura; ) a@nd return  flow
discharging directly to the environment ( return flow direct dischargepoyurpan; and

return flow direct dischargepoy ruray;)-

Environmental flow augmentation
water consumption of environmental flow augmentation;
= gross water use of environmental flow augmentation;

* water consumption rate of environmental flow augmentation;

water stock of environmental flow augmentation;
= gross water use of environmental flow augmentation;

— water consumption of environmental flow augmentation;

-6 -



Environmental flow augmentation means flow augmentation for lakes, rivers, wetlands, and urban environment
water use, which are supplied by man-made measures, rather than precipitation and runoff.
water consumption of environmental flow augmentation means evaporated water of environmental flow
augmentation, water consumption rate of environmental flow augmentation is obtained from water
resources bulletin in each province. water stock of environmental flow augmentation refers to the amount of
environmental flow augmentation stored in surface water. i represent a province in China.

Virtual water quantity metabolism

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 flow including virtual returning flow
to WWTP and virtual return flow discharging to environment) across each sector for each region in China. The
MRIO table in 2017 is from CEADs (China Emission Accounts and Datasets)?®. It contains 42 sectors, including
1 agricultural sector, 26 industrial sectors, 1 construction sector and 14 service sectors. But we merge 14 service
sectors in MRIO table to 1 sector to match with water quantity data. Table S2 is the framework of MRIO table
in China in 2017.

The technological coefficient submatrix A™ = (aj) is given by ajj = z[’/x/, in which z]’ is the monetary flow
from industry i in region r to industry j in region s; x/ is the total output of industry j in region s. f;* reveals
the final demand of region s for goods produced in region r. It is important to note that here the final demand
fj*of region s is the sum of household consumption, non-profit organizations serving households consumption,
government expenditure, capital formation and changes in inventories. Vector x represent total output of all
economic industries (x;) in each region. Using matrix notation and dropping the subscripts, we have

'All AlZ . Aln
A= AZl AZZ AZn
- : H
(g™l g2 ... A™
_Fll F12 Fln
F= F21 FZZ F2n
- : . I
_Fnl Fnl e MM
.xl
x=|x
|

For the multi-regional input-output table in this study, there are 31 regions, and for each region, there are 29
sectors. Therefore, A is a 899*899 matrix, 4™ is a 29*29 matrix, Fis a 899*145 matrix, F"s is a 29*5 matrix,
and x‘is a 29*1 vector.

We denote f" as a column vector of total final demand of region r. The basic equation of input-output table
(Table S2) in matrix form can be shown as the following equation.

x1 A1l 412 A [x1 I
x'Z _ A21 ‘ AZZ ‘ A‘Zn x'Z n f2
x:n Anl ‘ AnZ vee Ann X I:n

Here, we define Leontief inverse matrix as L = (I — A)~!, so the framework of input-output table can also be
written as:



xl RSN RV L] [f1

2| |21 g2 L2 f2
X" o ‘ L2 LT‘ln 'n

We use column vector of E" represent coefficient of water loss, water consumption, return flow to WWTP and
return flow discharging to environment of all industries, which are the ratio of water quantity to value added of

each industry. We use matrix V" represents virtual water loss, virtual water consumption, virtual return flow to
WWTP and virtual return flow discharging to environment.

Therefore, V" can be obtained by:

Lo st i
Ve =diag (B¢ 2 - gap| L L% PRI
1311 31z ... 3131 f‘31

Finally, based on matrix V" of different water quantity, we take appropriate sums to obtain virtual import and
export of water loss, water consumption, return flow to WWTP and return flow discharging to environment for
each sector and each region.

Physical water pollutants metabolism
Agriculture

Agricultural pollutants are mainly generated by farming and livestock. Total nitrogen and total phosphorus are
two most important pollutants for farming, while livestock generates COD, NH3-N, TN, and TP. In this study,
we consider physical water pollutants metabolism of TN and TP generated by farming, and COD, NHz-N, TN,
and TP discharged by livestock (i.e., pig, cattle, sheep, and poultry).

For farming, loads of TN and TP that discharge to water bodies are calculated by:

Pollutant loadfarmmi = (FTNJ- + Feomi * 40%) * Ary

Pollutant 10adsarmy,; = (Frpi + Foom,i * 32%) * arp,

Where, Pollutant loadgrm,, , and Pollutant loadqyy,,, are TN and TP loads discharged by farming in
province i. Fry; and Frp; are amount of nitrogen and phosphate fertilizers in each region. Fgy; is the

amount of compound fertilizer. 40% and 32% are percentages of TN and TP in compound fertilizer

respectively. acop; and arp; are leaching-runoff fraction of TN and TP.

We use the following methods to quantify livestock COD, TN, and TP discharge to water bodies.

POllutant loadll’liCOD’i = Z IV] * E”VCOD,i,j * 7} * [Rlili * aCOD,i + (1 - Rliv) * bCOD,i]

J

Pollutant loady,,.,; = Z Nj * Ejiypp; ; * Tj * [Ruw * arp; + (1 = Ry) * brp ]
j

Pollutant loadyy.., ; = Z Nj * Ejippy, * Ty ¥ (1 = Bra) * [Ruy * aryi + (1 = Rygp) * bra]
j



Pollutant load,;,,.,, ., Pollutant load,,,,  and Pollutant load,;,,, , are COD, TP and TN loads discharged by
livestock in province i. N; is the number of livestock ;. Etiveop,jr Etivrp,; and Eiivyy,;; are COD, TP, and TN mass
in per unit of manure generated by livestock j in province i. T; are the feeding days per year of livestock j.
Feeding cycle for pig, cattle, sheep, and poultry are 199, 365, 365 and 129 days. Ry;, is recycle rate of

livestock manure to farmlands, with the value of 69%%. acop i, arp; and ary; are leaching-runoff fraction of
COD, TN, and TP in province i, under the condition of being without recycling of manure *’. b¢yp i, brp,; and
bry,; are leaching-runoff fraction of COD, TN, and TP in the manure that are recycled 3. By is proportion of
TN in manure that turns to gaseous NH3-N and N2O-N. B,y is 45.5%, with 45% and 0.5% of TN emitting NHs-
N and N20O-N respectively 38, Numbers of four livestock are collected from China Rural Statistical Yearbook in

201739. aCOD’l‘J’, aTP’i’}', aTNJ’, bCOD,i,ji bTP,i,j and bTN,j are ShOWﬂ |n Table S3. Parameters Of Eli”COD,i,j’ EliUTP,i,j’

Eiivyy,; are listed in Table S4.
The amount of NHs-N that loss to water body is evaluated by:

Pollutant loadyiyy,., . = Z Pollutant load”vTN” *Q;
J

Where, ¢; is the ratio of the TN to NH3-N of each livestock and poultry manure that go into the water body.
The parameter of ¢; is derived from the report of National Large-Scale Livestock and Poultry Breeding Industry
Pollution Investigation Report®. ¢; for cattle, pig, sheep, and poultry are 40.3%, 37.8%, 19.3% and 22.3%.

Industry
Discharged TN, TP, COD and NHs-N from 26 industrial sectors are obtained from dataset of China

Environmental Statistics Database (CESD)34. This dataset contains these four pollutants at firm level. We

firstly aggregate firm level pollutants to sectoral level:

n=n

Pollutant load 4 ™ = Z pollutant load ¢, TN i
n=1
n=n

Pollutant load 4 TP = Z pollutant load ¢y Tp Yy

n=1
n=n
Pollutant load 4 co;; = pollutant load ¢irm cop i
n=1
n=n
Pollutant load,4 NH3-N;; = Z pollutant load fiym nuz-n oy
n=1

Where, Pollutant loadinarn,;, Pollutant loadinqrp,; , Pollutant loading cop, and Pollutant loading nu3-n;
indicate TN, TP, COD and NH3-N pollutant load of industry j in region i. pollutant loadfirmr ;1
pollutant loadsiym rp,,; ;» Pollutant loadsiym con and pollutant load s, NH3-N,;; ean TN, TP, COD and

NHs-N pollutant load of firm n in industry j in region i.



However, these water pollutants just cover 80-90% of pollutants from industry. Therefore, we adjust
four pollutants data at industrial level for each region by using RAS method. We collect industrial TN,
TP, NH3-N and COD pollutants at national level and provincial TN, TP, NH3-N and COD from industries
from Annual Statistic Report on Environment in China34 in 2017 to adjust Pollutant load;,q NG
Pollutant loadyq rp, ;i Pollutant load g con, and Pollutant load g NH3-N; through RAS method. For more

information on RAS method, please refer to Miller and Blair*'.

Construction

Discharged TN, TP, COD and NHs-N from construction sector are calculated as follows:

Pollutant load = RFwn_i/(RFwn_i + RFe; + RFurban_hh_i) * Pollutant loadurban‘damestic”’i

COnTN,L'
Pollutant loadurban,domesticTN_i = urban,domesticy i * urban;

Pollutant loadconTp,i = RFcon,i/(RFcon,i + RFser,i + RFurban,hh,i) * Pollutant loadurhan,domestich’i

Pollutant loadurban,damestic—pp_i = Lurban,domesticrp ; * Purbani

Pollutant load = RFcon,i/ (RFon,i + RFser,i + RFyrpan,nn,i) * Pollutant 10ad,rpan,domesticcop,

€oncop,i
Pollutant loadurban,damesticcoai = Eurban,domesticCOD’i * Purbani

Pollutant load = RFcon,i/(RFcon,i + RFger; + RFurban,hh,i) * Pollutant loadurban,domesticNH3_Nll-

CONNH3-N,i
Pollutant loadurban,domesticNH3_N,i = Eurban,domesticNH3_N,i * Purbani

Pollutant loadcon,, ;, Pollutant load on,,,, Pollutant load and Pollutant load are pollutant

Concop,i COMNH3-N,i

loads of TN, TP, COD and NHs-N generated from construction sector in region i. RF,,,,;; RFser; @and RF, . pan nn i
are return flows from construction sector, service sector and urban household. Pollutant loady,pan,domesticyy ;1

Pollutant loady,pan,domesticyp; + Pollutant loady,pan domesticcop ; and Pollutant loadyrpan,domesticyys_y; @r€ TN,
TP, COD and NH3-N loads from domestic water use related sectors3*. Domestic water uses related sectors
include service sector, construction sector and urban household.

Service

Pollutant loads of TN, TP, COD, NH3-N from service sector are calculated by:

Pollutant loadserTN_i = RFser,i/(RFcon,i + RFser,i + RFurban,hh,i) * Pollutant loadurban,domesticTN_i
Pollutant loadseer_i = RFser,i/(RFcon,i + RFser,i + RFurban,hh,i) * Pollutant loadurban,domestich_i
Pollutant loadse‘rCOD,i = RFser,i/(RFcon,i + RFser,i + RFurban,hh,i) * Pollutant loadurban,domesticcoai

Pollutant load = RFser_i/(RFwn_i + RF,; + RFurban‘hh‘i) * Pollutant loadurban,domesticNm_N'i

SerNH3-N,i

Pollutant load Pollutant load Pollutant loadge,,,, ; and Pollutant load denote TN, TP,

COD, NHs3-N loads from service sector. The meanings of parameters of RF.,,;, RFseri, RFyrpannni s

SerTn,i’! serrp,i! SerNH3-N,i

Pollutant loadyypan,aomesticyp ;1 Pollutant loadyrpan gomesticcop; @Nd Pollutant loadyypan aomesticyy,_y; T€fer to

the sub-section of Construction in the chapter of Physical water pollutants metabolism.
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Household

Pollutants that discharged by urban household are measured by:

Pollutant loadurban,hh—plvi = RFurban,hh,i/(RFcon,i + RFser,L‘ + RFurban,hh,i) * Pollutant loadurban,damesticTN‘i
Pollutant loady,panhhyp; = RFyrpannni/(RFconi + RFser; + RFyrpanpn,i) * Pollutant load yrpan,domesticyp,;
Pollutant loadyrpannncop,; = RFyrbannni/(RFconi + RFseri + RFyrpanpn,i) * Pollutant load,rpan,domesticcop
Pollutant loadurban,thH3_N,i = RFurban,hh,i/(RFcon,i + RFser,L‘ + RFurban,hh,i) * Pollutant loadurban,damesticNH3_N_i

Pollutant l0adyrpan hiygipyeqnes; MEANS pollutants loads of TN, TP, COD and NHs-N from urban household in
region i. The meanings of parameters of RF..;, RFseri, RFurpannni, Pollutant loadyrpandomesticyp ; 1
Pollutant loady pan,domesticcop; AN Pollutant 1o0ad,ypan,gomesticyys_y; TEfEr to the sub-section of Construction

in the chapter of Physical water pollutants metabolism.
Pollutants that discharged by rural household are calculated by

Pollutant loadrural,hhTN,i = Erural,hhTN’i * Prurali

Pollutant loadrural,hth,i = Erural,hth’i * Prurali

Pollutant loadrural,hhcop_i = Lrural,hhcop i * Prurali
Pollutant loadrural,thH3_N’i = Erural,thH3_N_i * Prurali

Pollutant loadyyainnpy ;¢ Pollutant load,yrainngp » Pollutant loadyrainng,p ;o POllutant 10adyyrarpny sy ; are
TN, TP, COD and NHs-N loads from rural household. Eyyrainngy ;s Eruratnigp s Erurathncop; @8N Eruratniygs—n;

are discharged TN, TP, COD and NHs-N per capita in rural area in region i, and they are obtained from Annual
Statistic Report on Environment in China in 2020, Ppyray; refers to rural population in each region.

Virtual water pollutants metabolism

The method of tracing virtual water pollutants flow is similar to that of virtual water quantity metabolism. The
mainly difference is the environmental coefficient indicator. For virtual water pollutant metabolism, the
environmental coefficient vector E" represent coefficient of TN, TP, COD and NHs-N, which are the ratio of
pollutant mass of TN, TP, COD and NHs-N to value added of each industry.

Water stress assessment

Water stress assessment in this study includes three parts: water quantity stress, water quality stress and total
water stress. Water quantity stress is used to measure if a region suffers from water shortage or not. Water
quality stress reflects water pollution degree induced by discharged polluted wastewater or return flows from
agriculture, industry, service, and households. By evaluating water quantity and quality stress level, we can
figure out the regions where suffer from water shortage and water pollution.

Water quantity stress
Water quantity stress is defined as the ratio of annual water withdrawal to water availability minus
environmental flow requirement*?

WW,;

Water St‘l"eSSquantityi = m
L L
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Ww; =WU; — WSunconi

Where, Water quantity stress; is water quantity stress level. WW; is annual water withdrawal in each region.
Water withdrawal means withdrawn surface water and groundwater. Water withdrawal is calculated by total
water use WU; including water loss minus unconventional water supplies WSy,con,, Which are rainwater

utilization, wastewater reclamation, desalinated sea water and treated dewatering from mining sectors. W4; is
water availability from Water Resources Bulletin from each province in 2017. EFR; is provincial level
environmental flow requirement obtained from a newly published report by FAO and UN water#4,

Water quality stress

GWFtotali

Water stresSgyaiity: = wor——mno
quality; WAi _ EFRi
GWFtotall- = GWFagrl- + GWFindi + GWFconi + GWFseri + GWFurban,hhi + GWFrural,hhi

Water stressg,aiiey, is Water pollution induced stress in region i. GWF,,.,, is regional total grey water footprint.
GWFagr,s GWFina, GWF.on,; GWFser,, GWFyppannn; @Nd GWFyyq 5, are grey water footprint from agriculture,
industry, construction, service, urban household and rural household.

GWFugr; = GWFpgrm, + GWFyy,
GWFfarmi = max (GWFfarm,TNi' GWFfarm,TPi)
GWFyy, = max (GWFy, oy, GWEFyy 7, GWFiy, copyr GW Fiiy nuz—n;)

Pollutant load, ;

GWFfarm orlivyj = C
max j

GWForm; and GWF,, are grey water footprint from farming and livestock in region i. GWFsgpm,ry, and
GWFfqrmrp, @€ TN and TP grey water footprint of farming. GWFy, ry, , GWFyyrp, , GWFyycop, and
GWF iy nus—n; @re TN, TP, COD, NH3-N grey water footprint of livestock. GW Fy gy or livy is grey water footprint
of pollutant j of farming and livestock in province i. Pollutant load; ; is pollutant load of pollutant j in region i.
Cinaxj 1S the maximum acceptable concentration of the ambient water quality of pollutant j. In this study, Cinax j

is the third grade of China’s Environmental Quality Standards for Surface Water#. The third grade indicates the
water is suitable for fishing, swimming, and aquaculture. Cpax s Cmaxrpr Cmaxcop @Nd Cnaxyys—y @€ 1, 0.2,
20 and 1 mg/L.

GWFing, = K238 GWFing,,;

GWFindk,i = max (GWFL'nd,TNk_i' GWFind,TPk_i' GWFind,CODk'i' GWFind,NH3—Nk_i)

GWF; _ iy _ pp (If%—RF is less than 0, GWF, is 0, otherwise, GWF; =
Lndk,i']- Cmaxj mdk'i max]_ lndk'i 14 mdk_l-_]- I 7 Lndk'i']’

Loadindkij

lmar; RFinq, ;)

GWFq, is grey water footprint of industry sector in region i. GWF;,,, , is grey water footprint of industry k in
in region i. GWanak_i,,- is grey water footprint of pollutant j in industry k in province i. RFinay; is return flow of

industry k in province i.
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GWEFEy, = max (GWle.j)

Loadmi]. Loadm,

GWE,, = — REy, (If

mij

. Loady,; .
o REp, ;is less than 0, GWE,, . is 0, otherwise, GWF,, . = —— —RE,,)

Cmaxj Cmax]' lelxj

GWEy, is grey water footprint of pollutant j in sector m. m represents construction, service, urban and rural

household. RF,,, is return flow from sector m in region i.

Total water stress

Total water stress in this study is defined as the sum of water quantity and quality stress'>.

Water stress;oiqi, = Water stressguaneiry, + Water stressgyaiity,

Scenario setting

We design scenarios to identify potential pathways to reduce water quantity and quality stress simultaneously.
There are two assumptions for scenarios: (1) For each economic sector, we assume that value added is not
changed (2) To produce the same value added, we assume water consumption remains the same. We design
four scenarios to explore pathways to reduce water stress by adjusting parameters of water conveyance loss
rate and the ratio of water consumption to sum of water consumption and return flow. The core for scenario
setting is improving water use efficiency by reducing water conveyance loss and return flow. The scenario
setting for this research is shown in Table 1. The parameter of the ratio of water consumption to sum of water
consumption and return flow is important for scenario design. Therefore, we summarize the mean and maximum
value of this parameter for scenario design in Table 2.

To reduce water loss and return flow is the way to reduce quantity stress. We set strict water loss rate and the
ratio of water consumption to sum of water consumption and return flow for scenario analysis. For irrigation
water loss rate, we design it as 20%, since this value is predicted to 25% in Beijing in 2025*, which is the
lowest among all regions. Therefore, we set a stricter irrigation water loss rate of 20% based on 25%. For
water leakage rate, we set is as 8%, because it is expected to drop to 8% in 2025%. For return flow reduction,
we use the designed ratio of water consumption to sum of water consumption and return flow to constrain
(Table 1 and Table 2). Therefore, water loss, return flow and gross water use for different scenarios are measure

by:

water consumption, ;

return f lowscei,j’n = ration.,
iLjn

water loss rate scepjm * (return f lOWsceijn + water consumption,; ;)

water l0SSgze, . =
SCeijn 1 — water loss rate sceijn

gross water usesc,, ; = water consumption; ; + return flowse, , + water lossc,

water consumption; ; is real water consumption for industry j in region i. ratiogce, ;. water l0ssce, and
return flows, , are ratio of water consumption to sum of water consumption, water loss rate and return flow

for industry j in region i for scenario n.

Under different scenarios, water quantity stress is measured by

WW,

scejn

Water stress i =
quantity,sce;
Ln WAl - EFRl
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WWsce,,, = Z gross water usesce, ; — W Suncon;
j

Water stresSquantity,sce;, 1S quantity stress of scenario n in region i. ¥; gross water usesce, ;.. i the sum of

gross water use for all sectors in region i for different scenarios.

Then, comparing with water quantity stress of baseline in 2017, we calculate the reduction percentage of water
quantity stress under different scenarios

Water stresSquantity; — Water StresSquantity,sce;

Quantity stresS,eq L=
reaucescein Water stressqyantity,

Water stressguantity; 1 the water quantity stress baseline in region i in 2017. Water SLTesSquantity,sce;,, 15 Water
quantity stress of scenario n for each region. Quantity stressyequce,sce; IS quantity stress reduction percentage
for different scenarios.

Water pollutant loads and grey water footprint of different sectors also change with the reduction of return flow.
To estimate water quality stress of four scenarios, we have following assumptions: (1) for farming, the amount
of return flows affects leaching-runoff fractions of TN, TP, COD and NH3-N. Return flows and leaching-runoff
fractions of different pollutants vary linearly. (2) for point-source pollution sources, we assume concentration
of discharged pollutants remains the same. This assumption is reasonable because of advanced wastewater
purification technologies and requirements for meeting discharge standard.

Baes on the above assumptions, grey water footprints of different industries are changed:

return flowsc,, in

RF change ratiog.,, . =
g Sceijn return flow, ;

GWFtotazi_n = Z RF change ratioscei'j’n * GWF,
j

return flowsee, ;. is return flow for industry j in region i under different scenarios. return flow; ; is baseline
return flow. RF change ratioge, ;. is the ratio of return flow for industry j in region i in scenario n to baseline
return flow. GWF,,, . is regional total grey water footprint in scenario n. GWF; ; is baseline grey water footprint

for industry j in each region. Then, we apply water quality stress assessment to evaluate quality stress in
different scenarios. Furthermore, we use the following equation to measure the reduction percentage of quality
stress under different scenarios

Water stresSquatity; — Water stressquality_sceivn

Quality stress,qq =
recuce,scein Water stressqyqity,

Water stressquaity, IS the water quality stress baseline in region i in 2017. Water stressquaity,sce;, IS Water
quality stress of scenario n for each region. Quality stress,eqyce sce; ,iS quality stress reduction percentage in

different scenarios.
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Table 1. Scenario setting

Scenarios Scenario setting Parameters setting
Water Ratio of water consumption to sum of
conveyance rate water consumption and return flow
Baseline Original situation - -
(BL)
Scenario 1  water loss and return flow of Irrigation: 20% Irrigation: 90%
agricultural sectors are reduced Livestock: 0 Livestock: 100%
Scenario 2  Water leakage and return flow 8% See Table 2
of 26 industrial sectors and
construction sectors are
reduced
Scenario 3 Water leakage and return flow 8% service sectors and urban households:
of service sectors and urban 70%
households are reduced
Scenario 4  Water conveyance loss and 8% Irrigation: 90%
return _ﬂow from _agrlcultural, Livestock: 100%
industrial, service and

construction sectors and urban
households are reduced

26 industrial sectors and construction
sectors: See Table 2

Service sectors and urban households:
70%
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Table 2. Parameters design for scenario setting

Ratio of water consumption to sum of water

consumption and return flow

Sectors Average in Maximum in Parameter
2017 2017 design for
scenario
Agriculture, Forestry, Animal Husbandry and Fishery-irrigation 0.38 0.87 0.9
Agriculture, Forestry, Animal Husbandry and Fishery-non-irrigation  0.79 1 1
Mining and washing of coal 0.31 1.00 1.00
Extraction of petroleum and natural gas 0.61 1.00 1.00
Mining and processing of metal ores 0.51 1.00 1.00
Mining and processing of nonmetal and other ores 0.54 1.00 1.00
Food and tobacco processing 0.33 0.51 0.60
Textile industry 0.27 0.63 0.70
Manufacture of leather, fur, feather, and related products 0.26 0.57 0.70
Processing of timber and furniture 0.58 1.00 1.00
Manufacture of paper, printing and articles for culture, education,  0.33 0.91 0.95
and sport activity
Processing of petroleum, coking, processing of nuclear fuel 0.67 0.98 1.00
Manufacture of chemical products 0.56 0.91 1.00
Manuf. of non -metallic mineral products 0.86 1.00 1.00
Smelting and processing of metals 0.75 1.00 1.00
Manufacture of metal products 0.48 0.98 1.00
Manufacture of general-purpose machinery 0.46 1.00 1.00
Manufacture of special purpose machinery 0.43 1.00 1.00
Manufacture of transport equipment 0.46 1.00 1.00
Manufacture of electrical machinery and equipment 0.47 0.97 1.00
Manufacture of communication equipment, computers and other 0.24 0.40 0.50
electronic equipment
Manufacture of measuring instruments 0.39 1.00 1.00
Other manufacturing and waste resources 0.47 0.98 1.00
Waste resources 0.63 1.00 1.00
Repair of metal products, machinery, and equipment 0.40 1.00 1.00
Production and distribution of electric power and heat power 0.93 1.00 1.00
Production and distribution of gas 0.65 1.00 1.00
Production and distribution of tap water 0.00 0.00 0.00
Construction 0.71 0.95 0.95
Service 0.34 0.62 0.70
Urban household 0.32 0.50 0.60
Rural household 0.86 0.97 no change for
each region
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Results
Metabolism analysis

We mapped physical and virtual water quantity and pollutants metabolism for 31 provinces or municipalities
(hereafter 31 regions) in China, excluding Hong Kong, Macau, and Taiwan because of data unavailability. Due
to space limitations, we select four representative regions to analyse physical and virtual water quantity and
pollutants metabolism, which are Beijing, Shanghai, Jiangsu, and Ningxia. The selected four regions cover
majority of metabolism types in China, as Beijing represents regions where water use is dominated by domestic
water (water use by construction, service sectors and household), Shanghai is dominated by industrial water
use, and in Ningxia, agriculture is the largest water consumer. Because thermal power industry accounts for a
large proportion of industrial water use in several regions in China, we also choose Jiangsu as a representative
region as its thermal power industry uses the largest proportion of industrial water (30.4%) compared with
other regions. For more information about metabolism of physical water quantity, virtual water quantity,
physical water pollutants and virtual water pollutants for 31 regions in China, please refer to Fig. S1-Fig. S4.

Physical water quantity metabolism

Physical water quantity metabolisms of four regions are shown in Fig. 2. Water supply categories are diverse in
Beijing, with its groundwater, wastewater reclamation and other sources (rainwater harvesting, mining
wastewater utilization, etc.) accounting for 40%, 14.6% and 12% of the total water supply. In Shanghai surface
water is the only source of water supply. While Jiangsu mainly uses surface water, with non-transferred and
transferred surface water of 87.5% and 9.8% respectively (here water transfer means water transfer between
different first level basins). Ningxia mostly uses 91.4% nonpreferred surface water and 8.3% groundwater.

Because economic structures, water use technologies and wastewater treatment processes are quite different
in these regions, their physical water metabolism are different. We investigate physical water metabolism of 32
sectors in each region (industry list see Table S1), including urban households, rural household, and
environmental flow augmentation. However, we merge them to 14 sectors (see Table S5) in the Sankey
diagrams, in order to present metabolism clearly. In Beijing, its water uses for environmental flow augmentation
rank the first (32.1%), followed by household (urban 24.4% and rural 3.1%), service sectors (17.4%) and then
agriculture (12.9%). For industrial water use in Beijing, electric and heat power industry accounts for the largest
proportion (3.1%). But in Shanghai, most water flows to industrial sectors (60%), among which petroleum,
metal smelting, chemicals and electric and heat power rank in the top 4, accounting for 12.3%, 9.8%, 8.5%
and 6.8%. Agricultural sector uses 15.9% of total water in Shanghai. While urban and rural household water
use account for 13%. In Jiangsu, water use in agricultural sector and electric and heat power industry occupy
47.5% and 30.4%, but service sector and household just make up 2% and 7%. Ningxia is a developing region
in China, its water use is dominated by agricultural sector, with its percentage of 86%. Water use in household
and service sector just account for 2.5% and 0.9%. In Ningxia, its water use percentage (3.8%) for
environmental flow augmentation is higher than that in Shanghai (0.8%) and Jiangsu (0.4%).

To map destination of water use of each sector is the key to understanding the metabolism of physical water.
In Beijing and Shanghai, agricultural water conveyance loss accounts for only 2.2% and 3.8% of total water
use, which are smaller than that in Jiangsu (16.4%) and Ningxia (36.5%). Agricultural return flow in these four
regions also varies from 1.3% (Beijing) and 5.2% (Shanghai) to 9.6% (Jiangsu) and 34.6% (Ningxia). But
regarding water leakage resulting from water conveyance of industrial and household water use, Beijing (8.9%)
and Shanghai (14.0%) account for larger proportion than that in Jiangsu (6.6%) and Ningxia (1.0%). Because
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of high urbanization rate in Beijing and Shanghai, the proportion of wastewater return to wastewater treatment
plants (WWTP) are also very high, with 27% and 29.3% of total water use discharging to WWTPs in Beijing
and Shanghai. However, the values are just 7% in Jiangsu and 2.2% in Ningxia. For environmental flow
augmentation, its stock occupies 6.2% of total water use in Beijing and most environmental flow augmentation
is evaporated and become water consumption. This value is very small (less than 0.5%) in other three regions.
Water consumption account for 52.9%, 38.1%, 57% and 36.5% of total water use in Beijing, Shanghai, Jiangsu,
and Ningxia. This indicates that around 40.9% (Beijing), 61.9% (Shanghai), 43% (Jiangsu) and 76.1% (Ningxia)
of total water use is returned to environment, in the form of water conveyance loss and polluted return flow
which can be saved by improving water use efficiency.

Beijing

groundwater 42.0%

U surface (tran) 22.3%

D reclamation 14.6%
D other supply 12.0%
D surface (nontran) 9.1%

Jiangsu

surface (nontran) 87.5%

D surface (tran) 9.8%

== groundwater 1.4%
== other supply 0.8%
— reclamation 0.5%

water supply

water supply

H Ecology 32.1%

D Agriculture 12.9%

U Urban hh 24.4%

I:| Service 17.4%

£3 Rural hh 3.1%

£ Ele and heat 3.1%
== Construction 1.3%
— Metal smelting 0.1%
== Petroleum 1.

=3 Other industries 2.6%

- Fi

— Textite 0.0%
Agriculture 47.5%

Ele and heat 30.4%

— Ecol 0.4%

= Mem);v\ellmg 21%
== Rural hh 1.6%

== Construction 1.0%
— Petroleum 0.4%

3 Chemicals 3.2%

= Other industries 2.2%

[ Urban hh 5.4%

- Paper 0.8%
= Textile 2.5%

consumption 52.9%

H wwtp 27.0%

[0 eco flow stock 6.2%

= agr water loss 2.2%
= agr retum flow 1.3%

[] ind leakage 8.9%
== direct dis 1.6%

consumption 57.0%

D agr water loss 16.4%

D agr retumn flow 9.6%
[[] ind leakage 6.6%
— eco flow stock 0.0%
[ wwip 7.0%

3 direct dis 3.4%

Shanghai

surface (nontran) 100.0%

— reclamation 0.0%

Ningxia

surface (nontran) 91.4%

[[] groundwater 8.3%
— reclamation 0.2%
~— other supply 0. 1%

water supply

water supply

[[] Metal smetting 9.8%

- Ecology 0.8%

[[] Ele and heat 6.8%
Other industries 16.5%

— Rural hh 0.8%

[] Urban hh 12.2%

— Construction 0.6%

[[] service 0.9%

[] Chemicais 8.5%

D Petroleum 12.3%
1 Food 3.7%
Agriculture 15.9%

== Paper 0.9%
== Textile 1.4%

Agriculture 85.9%

[ Ecology 3.8%
== Ele and heat 1.7%
— Rural hh 0.4%

w= Petroleum 1.1%
= Urban hh 2.1%

- Service 0.9%
== Other industries 0.8%
— Textile 0.0

= Paper 0.1

H consumption 38.1%

wwip 29.3%

— eco flow stock 0.0%
[:I ind leakage 14.0%

[[] direct dis 9.6%

] agr return flow 5.2%
2 agr water loss 3.8%

H agr water loss 36.5%
|:| agr return flow 34.6%

I:I consumption 23.4%

— eco flow stock 0.5%

== direct dis 1.7%

Fig. 2 Physical water quantity metabolism of four representative regions

Note: 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
household; Rural hh: Rural household; 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 household water conveyance leakage; eco flow stock: environmental flow augmentation that
stored in rivers and lakes etc.; wwtp: wastewater treatment plant; direct dis: direct discharge

Virtual water quantity metabolism

Virtual water quantity metabolism in Beijing, Shanghai, Jiangsu, and Ningxia are presented in Fig. 3. There have
been numerous studies on virtual water trade, especially on virtual water withdrawal or virtual water use trade,
but our study classifies virtual water use into different categories based on the process of societal water cycle,
which include virtual water consumption, virtual return flow and virtual water loss, because we want to clarify
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and quantify how much virtual water is really consumed and how much virtual water returns to environment.
Virtual water return to environment has potential to be saved by using water saving technologies.

Imported water consumption account for 36% (Beijing), 36.3% (Shanghai), 32.4% (Jiangsu) and 38.7%
(Ningxia) of total imported virtual water while the remaining is imported virtual water loss and return flow Four
regions import large proportion of agricultural water loss and agricultural return flow, with percentage of
imported agricultural water loss 27.3% in Beijing, 27.1% in Shanghai, 30% in Jiangsu, and 24.2% in Ningxia.
Imported agricultural return flow account for 23.4% (Beijing), 23.2% (Shanghai), 26.5% (Jiangsu) and 31.0%
(Ningxia). Water loss from industry and household, return flow of direct discharge and discharging to WWTPs
occupy less than 7% of total virtual imported water in these four regions.

For virtual water export, exported water consumption account for 43.1% (Beijing), 41.7% (Shanghai), 60.6%
(Jiangsu) and 24.2% (Ningxia) of total exported water, accompanying by 56.9% (Beijing), 58.3% (Shanghai),
39.4% (Jiangsu) and 75.8% (Ningxia) of virtual water export becoming water loss and return flow. It shows
that water loss and return flow account for a high proportion of virtual water export in four regions. In Beijing
and Shanghai, exported water loss and return flow from industries are higher than that from agriculture.
Exported water leakage from industry and wastewater returning to WWTPs account for 13.4% and 35.6% in
Beijing and they are 15.6% and 26.3% in Shanghai, 6.8% and 3.5% in Jiangsu, 1.6% and 1.0% in Ningxia.
Regarding exported agricultural water loss, Ningxia accounts for the highest proportion (35.8%), followed by
Jiangsu (16%), but this value is just 2.9% in Beijing and 1.7% in Shanghai. In terms of agricultural return flow,
Ningxia also take up the highest proportion, with the value of 33.9%. But they are 1.7%, 2.4% and 9.4% in
Beijing, Shanghai, and Jiangsu.

From the virtual water quantity metabolism diagram in Fig.3, it is evident to see that total virtual water import,
and export are not equal for different sectors and different regions. Because numerous papers have studied
virtual water trade inequalities across sectors and regions. Therefore, we would not pay much attention for this
part in this paper.
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Fig. 3 Virtual water quantity metabolism of four representative regions

Note: im: imported virtual water; ex: exported virtual water; agr RF: agricultural return flow; other abbreviations
refer to notes of Fig. 1.

Physical water pollutants metabolism

We examine COD, NHs-N, TN, and TP metabolism across different sectors in 31 regions in China. Pollutants
metabolism in this paper means quantifying amount of four different pollutants that discharge to environment.
Due to data limitation, we do not consider pollutants generated in each industry or pollutants removal by internal
(industry itself) or external (a WWTP) treatment facilities but consider pollutants discharging to environment
across sectors.

We present COD, NHs-N, TN, and TP metabolism across different sectors in Beijing, Shanghai, Jiangsu, and

Ningxia in Fig. 4. For COD metabolism, agricultural livestock contribute to the highest proportion in four regions,

with the percentages of 44.0% (Beijing), 33.4% (Shanghai), 53.8% (Jiangsu) and 64.1% (Ningxia). Rural

household rank the second for COD discharge in Beijing (38%), Shanghai (21%), and Ningxia (12.5%), followed

by urban household, with the number of 9.3% in Beijing, 20.3% in Shanghai and 9.3% in Ningxia. Service

sectors are the fourth contributors for COD pollution in Beijing (6.6%), Shanghai (16.4%) and Jiangsu (6.4%).

Industries generate small proportion of COD pollutants compared with livestock, household, and service sectors,
with percentage of 2.1% in Beijing, 8.9% in Shanghai, 11.9% in Jiangsu and 10% in Ningxia.

For NHs-N, TN and TP pollutants, urban household, rural household, agriculture, and service sectors are top
four pollution sources in four regions. Industrial sectors contribute little to these four pollutants in each province.
For NHs-N, rural and urban household is the main pollution source in four regions, and agriculture and service
sectors are the second and third pollution sources. Urban household generate the most of TN in Beijing (28.2%)
and Shanghai (33.7%), but in Jiangsu (75.2%) and Ningxia (38.5%), farming and livestock are the main
contributors for TN pollution. Agricultural is the second largest TN pollution source for Beijing (22.3%), but it is
service sector for Shanghai (27.2%). While for Jiangsu (10.6%) and Ningxia (21.7%), urban household rank
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the second for TN emission. In terms of TP, agriculture is the primary pollution source in these four regions,
and urban and rural household are the second or third TP emission sources, followed by service sector.
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Fig. 4 Physical water pollutants metabolism of four representative regions

Virtual water pollutants metabolism

We map virtual water pollutants metabolism for each industry in 31 regions. Virtual water pollutants metabolism
traces virtual import and export of discharged COD, NHs-N, TN, and TP across sectors. Virtual water pollutants
metabolism is beneficial for analysing how does the trade has an impact on water quality stress. Virtual water
pollutants metabolism of four representative regions are shown in Fig.5. For all virtual water pollutants
metabolism for 31 regions in China, please see Fig. S4.

From Fig.5, it is evident that Beijing, Shanghai, Jiangsu, and Ningxia have net import of different pollutants. It
indicates that these four regions outsource four pollutants to other regions to reduce water pollution in local
area. Compared with other sectors, agriculture outsources the most pollutants, because agriculture imports 83-
95% of COD, 48-82% of NH3-N, 84-95% of TN, and 84-95% of TP in each region. For Jiangsu and Ningxia,
virtual TN, TP, COD and NHs-N exports are dominated by agriculture. But for Beijing and Shanghai, their service
sectors export the largest proportion of virtual NHs-N and TN, and agriculture sectors import the most of TP.
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Fig. 5 Virtual water pollutants metabolism of four representative regions

Water stress assessment
Water stress level

Water stress results are shown in Fig 6 (a)-6 (c). In China, 25 out of 31 regions suffer from different level of
water quantity stress. For water quantity stress, Ningxia is the most stressed region in China, with water quantity
stress of 7.64, followed by Shanghai (5.84) and Jiangsu (2.6). The remaining regions that experience the critical
water quantity stress are Tianjin (2.39), Hebei (1.88), Beijing (1.36), Shandong (1.25), Liaoning (1.2), Inner
Mongolia (1.05), Xinjiang (1.04), and Heilongjiang (1.01). Gansu, Anhui, Henan, and Shanxi are high level water
stress regions, with water quantity level ranging from 0.76 to 0.88. Jilin (0.68), Guangdong (0.64), and Fujian
(0.56) are medium level stressed regions. For Hubei (0.47), Zhejiang (0.43), Jiangxi (0.41), Shaanxi (0.36),
Hainan (0.35), Hunan (0.34) and Chonggqing (0.26), these regions suffer from low level quantity stress. There
are 6 regions that have no quantity stress in 2017, which are all in southeast: Guangxi, Guizhou, Sichuan,
Yunnan, Qinghai, and Tibet. In Fig 6 (b), those regions with water quality stress higher than 1 suffer from water
quality stress. In China, 28 out of 31 regions experience pollution induced stress. Only Xingjian, Qinghai, and
Tibet have no water quality stress. Jiangsu (19.5), Tianjin (18.6), Hebei (18.1), Ningxia (17.7), and Shandong
(16.6) are top 5 pollution induced stress.

Total water stress, the sum of water quantity and quality stress is presented in Fig 6 (c). Currently, there is no
uniform way to classify total water quantity to different levels. Tibet (0.07) and Qinghai (0.34) have the least
total water stress. For other regions, their water stress change with the flow of Yangtze and Yellow River from
west to east. The Yangtze River flows through Qinghai, Tibet, Sichuan, Yunnan, Chongqing, Hubei, Hunan,
Jiangxi, Anhui, Jiangsu, and Shanghai. Water stress in lower regions of Yangtze River (Anhui (10.9), Jiangsu
(22.1), and Shanghai (21.9)) are much higher than that in middle (Hubei (5.1), Hunan (3.4), Jiangxi (3.1)) and
upper regions (Qinghai (0.34), Tibet (0.07), Sichuan (5.3), Yunnan (5.5), Chongging (3.9), Hubei (5.1)). Yellow
River flows from west to east through Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi,
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Henan, and Shandong. The lower regions (Henan (10.7), and Shandong (17.8)) of Yellow River also have higher
total water stress compared with middle (Inner Mongolia (2.8), Shaanxi (4.2), Shanxi (5.7)) and most upper
provinces (Qinghai (0.34), Sichuan (5.3), Gansu (2.4), Ningxia (25.3), Inner Mongolia (2.8)).
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Fig. 6 (a) Water quantity stress
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Fig. 6 (b) Water quality stress
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Water stress induced by different water use destinations

We compare the proportion of water use destination between physical and virtual water quantity metabolism
to find out attribution of different water use destination to water stress, especially the attribution of water loss
and different return flows to water stress. The result is shown in Fig. 7. For physical water quantity metabolism,
water consumption attributes to 20-59% of water quantity stress in each region, with the lowest value of 20%
in Hainan and the highest value of 59% in Tianjin. It means that water loss and return flow attributes to 41-
80% of quantity stress. Except for Beijing and Shanghai, agricultural water loss and agricultural return flow
cause high water stress (attribute more than 15%) for majority of provinces. For instance, in Ningxia,
agricultural water loss and agricultural return flow attribute 37% and 35% of quantity stress respectively, and
in Heilongjiang, these values are 35% and 29%. But in Shanghai and Beijing, water leakage from industries
and household and return flow discharging to WWTPs also cause high water quantity stress, with both
attribution of 43% in Shanghai and 36% in Beijing.

Regarding virtual water quantity metabolism, virtual export of water consumption account for 11-61% of total
virtual water export induced stress, with the lowest percentage of 11% in Hainan and the largest proportion of
61% in Tianjin. At the same time, virtual export of return flow and water loss attribute to 39-89% of virtual
water export caused stress. In Beijing and Shanghai, virtual water leakage and virtual water retuning to WWTPs
contribute 42% and 49% of export induced quantity stress. For most of regions where water use structure is
dominated by agricultural use, agricultural water loss and agricultural return flow attribute to 20-86% of quantity
stress.
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Fig. 7 Proportion comparison of water use destination between physical and virtual water
quantity metabolism
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Sectoral water stress

We also compare sectoral water quantity and quality stress to identify key sectors that induce water stress in
each region. The sectoral water stress result is seen in Fig. 8. Agriculture is the main water use sector for most
regions, as it attributes 33-93% of total water use, excluding Beijing and Shanghai. For Beijing, water use for
environmental flow augmentation occupy the largest proportion of total water use (32%). Domestic water use
(i.e., water use for household, service, and construction sectors) in Beijing is also very high, as water use for
household and service sector account for 27% and 17.4% respectively, while agricultural water use just takes
up 12.9%. In Shanghai, industrial water use contributes a lot to quantity stress, as its industrial water use
accounts for 59% of total water use, followed by household (27%), service (17%) and agriculture (16%).

For a specific sector, high water use does not always equate to serious water pollution. In Shanghai, industries
are largest water consumers (59%), but quality stress induced by industries is very small (2.7%). Attribution of
agriculture to quality stress in Xinjiang is relatively lower (16.5%), even though agricultural water use accounts
for a large proportion (93%) of water use. However, agriculture generates the most quality stress in most
provinces (14-93%). Industrial water pollution induced stress contributes small percentage (0.2-10%) in China,
except for Ningxia (21%) and Inner Mongolia (16%). Urban and rural household pollution attributes a certain
percentage of water quality stress (6-60%) and household pollution in some regions is an important pollution
source, such as Xingjian (60%), Beijing (50%), Qinghai (47%), Gansu (46%), Shanghai (45%) etc.
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Fig. 8 Proportion comparison of sectoral water quantity and quality stress

Scenario analysis

Scenario results on water quantity stress, water quality stress and total water stress are presented in Fig. 9 (a)-
9 (b). In this study, 2017 water stress level is considered as a baseline for scenario analysis. Scenario 4 shows
the best water stress reduction results, as we set that every sector adopts the strictest water consumption ratio
and water loss rate (see Table 1). Comparing scenarios 1,2,3 with scenario 4, we can judge which sector
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contributes the most to water quantity and quality stress reduction if sectors’ consumption ratio and water loss
rate are improved to the optimal state that we set in Table 1 and Table 2.

From Fig. 9 (a), it is evident to see that only reducing water loss and return from agriculture sector can achieve
the mitigation of water stress to a large extend (more than 20%) for majority of regions, except for Beijing
(2%), Shanghai (7%) and Tianjin (9%). For some regions, their water quantity stress is reduced by more than
50% in scenario 1, such as Yunnan (50%), Guizhou (52%), Sichuan (53%), Inner Mongolia (54%), Heilongjiang
(55%), Jilin (55%), Xinjiang (56%), Hunan (56%), Guangxi (59%), Jiangxi (59%), Hainan (66%), and Ningxia
(67%). While results of scenarios 2 and 3 of these regions indicate that only reducing water loss and return
flow of industry sectors (scenarios 2) or service and household (scenarios 3) would not affect too much for
water quantity stress reduction. For Beijing, scenario 3 shows that quantity stress can be reduced by 33% if
household and service sector’ consumption ratio increase to 70% and water conveyance rate decrease to 8%.
Therefore, increasing water use efficiency of household and service sector in Beijing could largely mitigate
quantity stress by 33%. In Shanghai, industries sectors have potential to reduce quantity stress by 32% in
scenario 2.
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Fig. 9 (a) Water quantity stress scenario

In terms of water quality stress scenario in Fig. 9 (b), agriculture is a critical sector for alleviating pollution
induced stress for 22 provinces, with mitigation potential ranging from 31% to 68%. Scenario 2 shows that
reducing return flow of industries sectors would not decrease water quality stress too much for most of regions
as their quality stress just reduce by less than 5%. But for Ningxia and Inner Mongolia, 21% and 15% of water
quality stress can be decreased if strict industrial water saving measures are adopted in these two regions. For
some regions, reducing return flow from domestic water use (water use for household and service sector) is
the key to mitigate water quality stress, because their quality stress can be mitigated by more than 23%, such
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as Qinghai (59%), Shanghai (48%), Xinjiang (44%), Shanxi (34%), Beijing (33%), Shaanxi (29%), Gansu
(24%), Guangdong (24%) and Tianjin (23%).
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Fig. 9 (a) Water quality stress scenario

For both quantity and quality scenario results in Fig. 9 (c), agriculture is the most important sector for 23
provinces, as it has the largest potential to reduce total water stress by 34-67%. For Beijing and Qinghai,
decreasing return flow and water loss of domestic water use could mitigate total water stress by 39% and 50%.
However, for regions like Tianjin, Shanghai, Shaanxi, Guangdong, it is necessary to reduce return flow and
water loss of several sectors simultaneously to achieve reducing water stress largely.

Based on scenario 4, we propose a pathway to mitigate water quantity and quality stress for each region by
reducing water conveyance loss and return flow of top 5 industries with large potential to reduce water stress.
In Table 3 and Table 4, we list top 5 industries that contribute to quantity and quality stress mitigation. For
majority of regions, agriculture and urban household are top two sectors that mitigate both quantity and quality
stress. Therefore, reducing water loss and return flow of agriculture and urban household by improving water
use efficiency is the most efficient way to reduce water quantity and quality stress in China. Top 5 sectors could
reduce water quantity stress by 22-75% and reduce water quality stress by 23-76%.
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Fig. 9 (c) Total water stress scenario




Table 3. Top 5 sectors contributing to water quantity stress alleviation

Provinces top 1 top 2 top 3 top 4 top 5 reduced
sector reduced sector reduced sector reduced sector reduced sector reduced quantity
water water water water water stress
quantity quantity quantity quantity quantity percentage
stress stress stress stress stress of top 5
sectors
Beijing 31 0.25 29 0.20 1 0.03 25 0.02 20 0.01 36%
Tianjin 1 0.22 31 0.14 29 0.08 25 0.04 12 0.03 22%
Hebei 1 0.48 31 0.07 29 0.02 14 0.01 12 0.01 31%
Shanxi 1 0.24 31 0.04 29 0.02 2 0.02 12 0.01 42%
Inner 1 0.56 31 0.02 12 0.01 25 0.00 2 0.00 57%
Mongolia
Liaoning 1 0.36 31 0.07 11 0.03 29 0.03 28 0.01 42%
Jilin 1 0.37 12 0.02 31 0.02 29 0.01 25 0.01 63%
Heilongjiang 1 0.56 31 0.01 29 0.01 25 0.01 2 0.002 58%
Shanghai 11 0.42 1 0.40 31 0.39 29 0.35 12 0.32 32%
Jiangsu 1 0.52 31 0.07 7 0.05 25 0.04 12 0.04 28%
Zhejiang 1 0.11 31 0.03 7 0.02 29 0.02 12 0.01 41%
Anhui 1 0.32 31 0.02 12 0.01 29 0.01 25 0.01 48%
Fujian 1 0.18 31 0.02 29 0.02 10 0.02 12 0.02 46%
Jiangxi 1 0.24 31 0.01 12 0.01 4 0.01 29 0.01 66%
Shandong 1 0.41 31 0.04 12 0.02 29 0.01 10 0.01 40%
Henan 1 0.22 31 0.04 12 0.02 10 0.01 29 0.01 37%
Hubei 1 0.20 29 0.02 12 0.02 31 0.02 14 0.01 58%
Hunan 1 0.19 31 0.01 29 0.01 25 0.01 10 0.00 64%
Guangdong 1 0.26 31 0.04 29 0.03 7 0.02 10 0.02 57%
Guangxi 1 0.13 31 0.01 29 0.01 10 0.00 6 0.001 66%
Hainan 1 0.23 31 0.02 29 0.01 3 0.00 10 0.0002 75%
Chongging 1 0.05 10 0.01 12 0.01 31 0.01 2 0.01 30%
Sichuan 1 0.11 31 0.01 12 0.00 10 0.00 29 0.003 62%
Guizhou 1 0.12 31 0.01 29 0.01 2 0.00 14 0.002 65%
Yunnan 1 0.08 31 0.01 29 0.00 6 0.00 4 0.002 57%
Tibet 1 0.01 29 0.00 31 0.00 25 0.00 13 0.000 52%
Shaanxi 1 0.16 31 0.02 29 0.01 2 0.01 12 0.004 53%
Gansu 1 0.43 31 0.01 12 0.01 14 0.01 29 0.01 52%
Qinghai 1 0.03 12 0.00 29 0.00 31 0.00 14 0.0002 54%
Ningxia 1 5.17 31 0.08 12 0.07 29 0.04 2 0.03 70%
Xinjiang 1 0.59 31 0.01 12 0.00 29 0.00 6 0.001 58%
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Table 4. Top 5 sectors contributing to water quality stress alleviation

top 2 top 2 top 3 top 4 top 5 reduced
Provinces sector reduced sector reduced sector reduced sector reduced sector reduced quality
water water water water water stress
quality quality quality quality quality  percentage
stress stress stress stress stress of top 5
sectors
Beijing 31 1.03 29 0.84 1 0.41 27 0.09 6 0.06 42%
Tianjin 1 3.48 31 2.78 29 1.56 12 0.25 28 0.19 45%
Hebei 1 7.03 31 1.79 29 0.64 12 0.11 28 0.11 54%
Shanxi 31 1.19 1 0.69 29 0.49 12 0.10 11 0.03 51%
Inner 1 0.55 31 0.33 6 0.11 12 0.10 29 0.03 63%
Mongolia
Liaoning 1 6.04 31 1.15 29 0.42 11 0.17 6 0.14 53%
Jilin 1 3.79 31 0.28 29 0.14 6 0.05 12 0.04 64%
Heilongjiang 1 2.92 31 0.25 29 0.14 12 0.02 6 0.01 64%
Shanghai 31 4.00 29 3.69 1 2.55 27 0.14 28 0.10 65%
Jiangsu 1 10.96 31 1.41 29 0.61 12 0.36 28 0.13 69%
Zhejiang 1 1.94 31 0.50 29 0.27 7 0.13 12 0.07 66%
Anhui 1 6.83 31 0.48 29 0.29 12 0.05 6 0.02 76%
Fujian 1 2.65 31 0.49 29 0.37 28 0.04 12 0.03 65%
Jiangxi 1 0.97 31 0.26 29 0.10 12 0.04 28 0.01 52%
Shandong 1 5.62 31 1.62 29 0.60 6 0.28 12 0.21 50%
Henan 1 4.80 31 1.18 29 0.27 12 0.07 6 0.04 64%
Hubei 1 2.42 29 0.34 31 0.29 12 0.05 28 0.02 68%
Hunan 1 1.28 31 0.26 29 0.14 12 0.03 28 0.02 57%
Guangdong 1 1.88 31 0.75 29 0.47 7 0.03 6 0.02 62%
Guangxi 1 0.83 31 0.22 29 0.16 6 0.01 12 0.01 59%
Hainan 1 1.84 31 0.24 29 0.17 6 0.04 12 0.01 64%
Chongging 1 1.62 31 0.16 29 0.09 28 0.02 12 0.02 53%
Sichuan 1 2.96 31 0.30 29 0.10 28 0.07 12 0.02 68%
Guizhou 1 3.36 31 0.24 29 0.21 6 0.00 12 0.00 68%
Yunnan 1 3.61 31 0.12 29 0.05 12 0.01 6 0.01 71%
Tibet 29 0.01 1 0.00 31 0.00 6 0.00 27 0.00 23%
Shaanxi 1 1.47 31 0.84 29 0.28 12 0.03 28 0.02 69%
Gansu 1 0.25 31 0.22 29 0.14 14 0.06 6 0.04 47%
Qinghai 29 0.08 31 0.08 1 0.01 12 0.00 11 0.00 63%
Ningxia 31 2.42 12 2.22 1 2.15 29 1.22 6 0.94 51%
Xinjiang 31 0.24 1 0.09 29 0.08 6 0.03 12 0.02 64%
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Discussion
Water loss and return flow matter for water stress

Normally, water withdrawal or total water use is used to measure water quantity stress 484°, and water quantity
stress has no relation with quality stress in previous studies #!%1517, Water stress assessment based on
metabolism analysis in this study demonstrate that impact of water loss and return flow on water stress matters,
and water quality stress is related to polluted return flow. Theoretically, water consumption is the water that
really need for production and consumption. Water conveyance loss could be reduced or avoided by update or
maintenance of supplied pipelines. Return flow can be reduced by advanced water saving technologies or
restricting water use time. Furthermore, replacing traditional water-cooling technologies by air cooling processes
can reduce water use drastically, not only for return flow, but also for water consumption>*—=2, Water stress
assessment based on 2017 data reveals that most regions in China still have great potential to mitigate water
stress by reducing return flow, agricultural water loss, water leakage from industry and household, because
water loss and return flow attributes to 41-80% of quantity stress. Meanwhile, return flow attributes to 100%
of water quality stress, because return flow is always polluted, even for returned cooling water with high
temperature. Water quality stress can be decreased if return flow volume is reduced, under the condition by
assuming that concentration of discharged pollutants remain the same because of sound treatment technologies.
In scenario 4, we assume that all sectors adopt the strict consumption ratio, and water loss and return flow are
lowest. In this case, total water stress decreases by 44-74% for each region, excluding Tibet (29%). This is a
huge decrease for both water quantity and quality stress, since 20 out of 25 quantity stressed regions decease
to a lower stress level, and water quality stress could be mitigated by 45-76% for all provinces, except for Tibet
(23%).

Improving water use efficiency

Some studies mention that improving water use efficiency is an effective way to reduce water stress?’:53:54, but
they do not clarify how to improve water use efficiency. Based on our physical and virtual metabolism analysis
for each province in China, we identify that improve water use efficiency by increasing water consumption ratio
and decreasing water loss rate could largely reduce water stress by 44-74% for each region. Irrigation water
loss rate in China is still very high, ranging from 26 % to 57 %. It means 43% to 74% of irrigation water use
is consumed or returned to environment, among which only 38% is consumed averagely (see Table 2). It
indicates that 27-46% of irrigation water is return flow and is not used effectively. Water leakage rate of water
supply is 10-29% in 2017, and it is expected to drop to 8% by 2025 in The Fourteenth Five-Year Plan. Therefore,
a huge effort could be made to reduce water conveyance loss to improve water use efficiency.

Water consumption ratios (water consumption ratio means the ratio of water consumption to sum of water
consumption and return flow) for many sectors in 31 regions still have great potential to be improved. Table 2
lists the average and maximum water consumption ratio of each sector for all provinces. For some industries,
the average consumptive ratios are still very low. For instance, average of consumptive ratio for textile industry
is 27%, for manufacture of leather, fur, feather, and related products is 26%, for mining and washing of coal
is 31% and for urban household is 32%. Water consumption ratios for different sectors vary significantly due
to different industry types. For some industries in some regions, their water consumption ratios could reach to
100%, such as industry of extraction of petroleum and natural gas and manufacture of transport equipment,
but for industry of food and tobacco processing, its highest water consumption ratio is 51% in China, and the
value is 63% for textile industry. It indicates that it is necessary to set a reasonable target for water consumption
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ratio for a specific sector, even though increasing water consumption ratio is an effective way to improve water
use efficiency and to reduce return flow.

Metabolism analysis is useful for water stress assessment and reduction

Traditionally, water withdrawal is considered for water quantity stress assessment, and discharged water
pollutants are used for quality stress evaluation. But it cannot highlight the inter connection between the
quantity and the quality stress if we just look at water stress problems at the beginning (withdrawal) and at the
end (discharge) of water use. It is also not conducive to identify the key factors that influence quantity and
quality stress, and to propose a pathway to mitigate quantity and quality stress simultaneously. The hydro-
economic model developed in this study provides a new insight for a coupled quantity and quality-based water
stress assessment and mitigation. The hydro-economic model makes it possible to analyse both physical and
virtual water metabolism for each process of societal water cycle, rather than only withdrawal and pollutants
discharge. Based on the metabolism analysis, we identify key sectors for water use and water pollution in each
region, and we quantify water quantity and quality stress induced by each sector and identify key sectors that
should reduce return flow and water loss to save water. We also estimate the potential water quantity and
quality stress reduction by decreasing water loss rate and improving water consumption rate. The proposed
hydro-economic model based on physical and virtual metabolism can achieve water quantity and quality stress
assessment and mitigation at the same time. Metabolism analysis for 31 regions in China shows that each region
has its unique metabolic pathway. Therefore, it is undesirable to generate and implement a one-size-fits-all
water stress mitigation strategy for all provinces in China. It is necessary to design a specific mitigation strategy
for a certain region.
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Supplementary information

Table S1. List of water use industry or water use object

No. Water use sectors or water use object

1 Agriculture, Forestry, Animal Husbandry and Fishery-irrigation
Agriculture, Forestry, Animal Husbandry and Fishery-non-irrigation

2 Mining and washing of coal

3 Extraction of petroleum and natural gas

4 Mining and processing of metal ores

5 Mining and processing of nonmetal and other ores

6 Food and tobacco processing

7 Textile industry

8 Manufacture of leather, fur, feather, and related products

9 Processing of timber and furniture

10 Manufacture of paper, printing and articles for culture, education, and sport activity

11 Processing of petroleum, coking, processing of nuclear fuel

12 Manufacture of chemical products

13 Manuf. of non -metallic mineral products

14 Smelting and processing of metals

15 Manufacture of metal products

16 Manufacture of general-purpose machinery

17 Manufacture of special purpose machinery

18 Manufacture of transport equipment

19 Manufacture of electrical machinery and equipment

20 Manufacture of communication equipment, computers, and other electronic equipment

21 Manufacture of measuring instruments

22 Other manufacturing

23 Waste resources

24 Repair of metal products, machinery, and equipment

25 Production and distribution of electric power and heat power

26 Production and distribution of gas

27 Production and distribution of tap water

28 Construction

29 Service

30 Environmental flow augmentation

31 Urban household

32 Rural household
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Table S2. Framework of Multi-Regional Input-Output Table in 2017 in China

Intermediate Use Final demand
Total
output
Region 1 Region n
Region | | Region
Industry _ Industry Industry _ Industry 1 n
1 m 1 m
Industry 1
§ Region 1 Industry Z11 Z1n F11 Fin X1
2 m
o
©
(O]
E Industry 1
2
c .
= | R n nn n nn n
eglonn Industry z Z F F x
m
Value added vy o'
Total output (x1’ (™’
Environmental indicator wy wmy’
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Table S3. The leaching-runoff fraction of COD, NH3-N, TN, and TP (%) under recycling and non-
recycling condition.

Acop ANH3-N aTN arp bcop byHz-N bry brp
Beijing 1.2 0.6 3 0.2 20 20 20 20
Tianjin 2.4 1.2 6 0.5 20 20 20 20
Hebei 1.8 0.9 4.5 0.3 20 20 20 20
Shanxi 0.6 0.3 1.5 0.1 20 20 20 20
Inner Mongolia 0.32 0.16 0.8 0.1 0.8 0.16 0.8 0.1
Liaoning 3.6 1.8 9 0.8 20 20 20 20
Jilin 2.4 1.2 6 0.5 20 20 20 20
Heilongjiang 3.84 1.92 9.6 0.9 20 20 20 20
Shanghai 3.6 1.8 9 0.8 30 30 30 30
Jiangsu 6.32 3.16 15.8 1.3 30 30 30 30
Zhejiang 6.72 3.36 16.8 1.5 30 30 30 30
Anhui 6.32 3.16 15.8 1.3 30 30 30 30
Fujian 6.72 3.36 16.8 1.5 30 30 30 30
Jiangxi 3.84 1.92 9.6 0.9 30 30 30 30
Shandong 1.8 0.9 4.5 0.3 20 20 20 20
Henan 1.8 0.9 4.5 0.3 20 20 20 20
Hubei 3.6 1.8 9 0.7 30 30 30 30
Hunan 3.84 1.92 9.6 0.9 30 30 30 30
Guangdong 3.84 1.92 9.6 0.9 30 30 30 30
Guangxi 3.84 1.92 9.6 0.9 30 30 30 30
Hainan 3.84 1.92 9.6 0.9 30 30 30 30
Chongqing 3.84 1.92 9.6 0.9 30 30 30 30
Sichuan 10.8 54 27 2.7 30 30 30 30
Guizhou 10.8 5.4 27 2.7 30 30 30 30
Yunnan 10.8 5.4 27 2.7 30 30 30 30
Tibet 1.52 0.76 3.8 0.7 3.8 0.76 3.8 0.7
Shaanxi 1.2 0.6 3 0.2 20 20 20 20
Gansu 0.32 0.16 0.8 0.1 0.8 0.16 0.8 0.1
Qinghai 0.32 0.16 0.8 0.1 0.8 0.16 0.8 0.1
Ningxia 0.32 0.16 0.8 0.1 20 20 20 20
Xinjiang 0.16 0.08 0.4 0.05 0.4 0.08 0.4 0.05
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Table S4. COD, TP, and TN mass in per unit of manure generated by livestock

Pig (g capita® day™) Cattle (g capita® day?) Sheep (g capita™ day™) Poultry (g capita™ day)

COD TN TP COD TN TP COoD TN TP COoD TN TP
Beijing 420 33.23 6.06 3758 13535 19.99 168 13.29 242 21 116 03
Tianjin 420 33.23 6.06 3758 13535 19.99 168 13.29 242 21 116 03
Hebei 420 33.23 6.06 3758 13535 19.99 168 13.29 242 21 116 03
Shanxi 420 33.23 6.06 3758 13535 19.99 168 13.29 242 21 116 03
Inner Mongolia 420 33.23 6.06 3758 13535 19.99 168 13.29 242 21 116 03
Liaoning 430 57.7 6.16 3881 167.57 28.18 172 23.08 246 26 137 033
Jilin 430 57.7 6.16 3881 167.57 28.18 172 23.08 246 26 137 033
Heilongjiang 430 57.7 6.16 3881 167.57 28.18 172 23.08 246 26 137 033
Shanghai 338 254 321 3698 157.31 22.66 135 10.16 1.28 29 099 047
Jiangsu 338 254 321 3698 157.31 2266 135 10.16 1.28 29 099 047
Zhejiang 338 254 321 3698 157.31 22.66 135 10.16 1.28 29 099 047
Anhui 338 254 321 3698 157.31 2266 135 10.16 1.28 29 099 047
Fujian 338 254 321 3698 157.31 22.66 135 10.16 1.28 29 099 047
Jiangxi 338 254 321 3698 157.31 22.66 135 10.16 1.28 29 099 047
Shandong 338 254 321 3698 157.31 2266 135 10.16 1.28 29 099 047
Henan 359 44.73 599 3735 156.26 27.37 144 17.89 24 17 089 0.13
Hubei 359 44.73 599 3735 156.26 27.37 144 17.89 2.4 17 089 0.13
Hunan 359 44.73 599 3735 156.26 27.37 144 17.89 2.4 17 089 0.13
Guangdong 359 44.73 599 3735 156.26 27.37 144 17.89 24 17 089 0.13
Guangxi 359 44.73 599 3735 156.26 27.37 144 17.89 2.4 17 089 0.13
Hainan 359 44.73 599 3735 156.26 27.37 144 17.89 24 17 0.89 0.13
Chongging 404 19.74 484 3259 13262 1782 161 7.9 194 17 0.89 0.13
Sichuan 404 19.74 484 3259 13262 1782 161 7.9 194 17 0.89 0.13
Guizhou 404 19.74 484 3259 13262 1782 161 7.9 194 17 0.89 0.13
Yunnan 404 19.74 484 3259 13262 1782 161 7.9 194 17 0.89 0.13
Tibet 404 19.74 484 3259 13262 1782 161 7.9 194 17 0.89 0.13
Shaanxi 397 36.77 488 2521 12553 1195 159 14.71 195 26 137 033
Gansu 397 36.77 488 2521 12553 1195 159 14.71 195 26 137 033
Qinghai 397 36.77 488 2521 12553 1195 159 14.71 195 26 137 033
Ningxia 397 36.77 488 2521 12553 1195 159 14.71 195 26 137 0.33
Xinjiang 397 36.77 488 2521 12553 11.95 159 14.71 195 26 137 0.33

-4 -



Table S5. Aggregated water use industry for Sankey diagrams

No. Sectors presented in Sankey diagrams Abbreviation

1 Agriculture, Forestry, Animal Husbandry and Fishery Agriculture

2 Food and tobacco processing Food

3 Textile industry Textile

4 Manufacture of paper, printing and articles for culture, education, and sport activity Paper

5 Processing of petroleum, coking, processing of nuclear fuel Petroleum

6 Manufacture of chemical products Chemicals

7 Smelting and processing of metals Metal smelting
8 Production and distribution of electric power and heat power Ele and heat
9 Other industries Other industries
10 Construction Construction
11 Service Service

12 Environmental flow augmentation Ecology

13 Urban household Urban hh

14 Rural household Rural hh
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Fig. S2 Virtual water quantity metabolism of 31 regions in China
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Fig. S4 Virtual water pollutants metabolism of 31 regions in China
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