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Abstract

A rapidly expanding economy and increasing watenated for agricultural and industrial
production is placing enormous stress on water gyaand the aquatic environment in Northern
China, especially the so-called Jing-Jin-Ji (Bejjiiignjin-Hebei) urban agglomeration, home to
over 110 million people producing 10% of China'smil GDP. Several studies have focused on
energy consumption, air pollution, GGmissions and regional blue water footprint (WF)
following release of the Jing-Jin-Ji Integrationra®tgy by the China government in 2013.
However, a comprehensive assessment distinguistiireg green and grey WF amongst different
industrial sectors, ascertaining how WF transfeternally and beyond the region and final
demand consumption is not available. We consides thi be crucial in understanding and
addressing the deteriorating water situation indiing-Jin-Ji. In this study, we quantified the WF
and virtual water flow on a sectoral basis for ylear 2010 through coupling the multi-regional
input-output model (MRIO) with WF assessment. Tésutts showed that Beijing and Tianjin are
net importers of green, blue and grey water frorbél@nd other China provinces to support their
needs. Conversely, Hebei exports all WF colorségifg), Tianjin and other provinces in China,
and more than 60% of WF is transferred as virtugtew For the overall Jing-Jin-Ji region a small
amount of blue water (2,086 million®nis exported, but huge amounts of green water {85,5
million m® and grey water (30,620 million®nare outsourced. A “Virtual Water Strategy” is one
measure which could alleviate water stress at e¢lgeonal scale, with consideration of financial
compensation from water receiving regions made atewsupplying regions in the context of
achieving water management targets. We also fohat ghysical water transfer to Jing-Jin-Ji
could not balance virtual blue water exports, rthiention compensating for internal water
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consumption. Our research suggests that a contimuat an export-based economic development
model will worsen Hebei's water stress. Reducirggdbpendency of Hebei's sectoral economy on
export of water intensive and low value added adjrical products may be one strategy to reduce
the pressure on regional water resources. In additihe Beijing-Tianjin-Hebei Integration
Strategy drives industrial transfer from Beijing Higbei resulting in the transfer of enterprises
with low water utilization efficiency and produciravy pollution. As a result, the government
should consider incentivizing corporations to adigghnologies that reduce water consumption
and pollution.

Keywords: water footprint; urban agglomeration; MRIO modetfual water; industrial sectors.

1 Introduction

Freshwater availability is recognized as a limitfagtor in economic and social development.
With rapid economic and population growth, globainded for freshwater has increased fourfold
in the last 60 years (Uitto and Schneider, 199@teNconsumption has increased twice as fast as
population growth during the last century (FAO dulN, 2007), and is predicted to rise by a
further 50% in developing countries and 18% in dtgyed countries by 2035 (WWAP, 2006).
Some scientists forecast that half of the worldipydation will suffer the consequences of severe
water stress by 2030 (Oki and Kanae, 2006; Voérognedral., 2010). This emerging water crisis
is becoming one of the most serious challengesdfiaigehumanity in the ZiCentury (World
Economic Forum, 2015).

Water consumption has also grown in China. In 2GMna consumed 609.5 billion*m
freshwater resource (National Bureau of Statistic€hina, 2015), equivalent to 15% of global
water withdrawal (FAO, 2016). A rapidly developirgonomy and increasing demand from
agricultural and industrial production has placedrenous pressure on the water environment.
This is particularly true for Northern China anck tBeijing-Tianjin-Hebei urban agglomeration
(the so-called Jing-Jin-Ji). To address this probiee China government made its top priority in
2011 the implementation of the most stringent watsource management plan, concretized by
the “three redlines” concerning total national watse, water use efficiency, and water pollution
(Liu et al., 2013). In this policy China’s highesater demand area, Jing-Jin-Ji, is required to
reduce its total water use to 34 billiori (8.2 for Beijing, 4.2 for Tianjin and 24.6 for Heip and
95% of all freshwater bodies will need to reacterceed the required water quality standard by
2030 (The State Council of China, 2013). In respptaral governments have produced plans for
regional water security ranging from end-of-pipe toaln to closing, restructuring and relocating
industry.

Economic activity and social provision require fremter as one type of input element.
Water pollution and water consumption have placadehpressure on the water environment
(White et al., 2015). Understanding the structurghef economy in relation to water flow from
production to household consumption is essentialotee finite freshwater resource scarcity. In
the past few years Jing-Jin-Ji has become oneeofrtbst important industrial areas of China
producing a wild range of products and services dtirer regions. For example, in 2014,
Jing-Jin-Ji accounted for 27% total steel and 684l tagricultural production in China (National
Bureau of Statistics of China, 2014). Productsteeldao metal and agriculture comprised 13% and
4% respectively of Jing-Jin-Ji's total industrialtput (National Bureau of Statistics of China,
2015). However, these underpinning industries afsmr enormous water consumption and
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produce significant water pollution. In 2014, Jifig-Ji directly consumed 25.4 billion *m
freshwater (63% to agriculture and 14% to induksextors), and discharged nearly 5.5 billion
tons wastewater to the environment. Water polluttond other environmental issues have a
negative impact on freshwater availability and twea “choke point” in terms of sustainable
development. The region faces huge obstacles irwoki the “Beijing-Tianjin-Hebei Integration
Strategy”.

Hoekstra and Hung (2002) introduced the concepthef water footprint (WF) as a
consumption-based indicator of water use. The WHeéstotal volume of freshwater used to
produce goods and services consumed by peoplendsssinations or economic regions both
directly and indirectly (Klaus Hubacek et al., 2008) water footprint and virtual water flow
studies, water is typically classed as one of ttypes: blue, green or grey water (Chapagain and
Hoekstra, 2004). Allan (1998) introduced the comadpvirtual water’ as an alternative strategy
to alleviate water scarcity, specifically usingtwal water import as a tool to reduce the burden of
domestically scarce water resources. Over timeteime ‘virtual water’ has expanded to mean the
volume of water that is required to produce anydgooservice.

Several studies have focused on the Jing-Jin-Jé gl Integration Strategy was announced
in 2013, for example ground subsidence (Zhang .et28.6), energy consumption (Wang and
Chen, 2016), carbon emissions (Han et al., 2018),aér pollution (Zhao et al., 2016a). White et
al. (2015) estimated the blue WF and water stneghd Haihe River Basin for the year 2007.
Wang and Chen (2016) investigated the nexus betweater and energy for urban
agglomerations, selecting Jing-Jin-Ji as a case/sflao et al (2010) calculated the blue WF for
the Haihe river basin based on the input-outpulyaisatool for the years 1997, 2002, 2007. Most
studies have focused on blue WF; a comprehensiter fa@otprint assessment distinguishing blue,
green and grey water footprint amongst differentustdal sectors and ascertaining how WF
transfers within and beyond the region and finahaled consumption hasn’t been identified. We
consider such a study to be important in addregbimgvater situation in the Jing-Jin-Ji.

2 Materialsand Methods

2.1 Study site

The Jing-Jin-Ji urban agglomeration is one of thg kfrastructure development areas for
China. It is located on the coast of the Bohai &gure 1) with a total area of 21.67 million hs, i
home to greater than 110 million inhabitants (8%Gifina’s total population), and a GDP
equivalent to ca. 10% of that for China in 2014aikable freshwater volume is about 13.8 billion
m®, just 0.5% of China’s total, and the high populatiensity of 500 persons per %mand low
water resource endowment of 128 per person/year make the Jing-Jin-Ji highly waterssed.
Each part of the Jing-Jin-Ji plays a different rsleregional water utilization. Currently, the
imbalance between economic development, adminigtratystems, and water scarcity severely
hinder further integration and cooperation.

2.2 Multi-regional input-output model (MRIO)

Multi-regional input-output modelling (MRIO) is a owerful tool for tracing the
environmental impact of consumption between seaarengst different economic regions. The
tool was developed by Leontief in the late 193Cofitief, 1941, 1970). The MRIO approach was
chosen for several reasons: first, MRIO is basedfioal rather than apparent consumption
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(production is assigned to the end-product) andors®s MRIO can comprehensively describe
supply chain effects which is vital for allocatiregponsibility to the final consumer. Furthermore,
MRIO is well recognized for calculating the WF ofdustrial sectors. As a result, we used an
environmentally extended MRIO model to capture weder flows and their interconnections
along the supply chain between industrial sectatisinvthe Jing-Jin-Ji, and externally with other
China provinces in 2010. We extracted a three-regiput-output table for the Jing-Jin-Ji based
on the latest China multi-regional input-output ésbfor 2010 compiled by Liu et al (Liu et al.,
2014). Liu's model has been used in various stugdiesg et al., 2013), (Feng et al., 2014), (Zhao
et al.,, 2015) and (Liang et al., 2014). Here, dued-region model of the Jing-Jin-Ji included
detailed information for 30 industrial sectors (s$able S1) of inter-provincial trade and export.
The model structure is presented in table S2. Roity we utilized some mathematical symbols,
formulas and equations in the following sectionsal&s are denoted by italicized lower case
letters (e.gx), matrices are indicated by bold upright capitiers (e.gX), and vectors by bold
upright lower case letters (ex). The monetary flow balance in each row can theus/htten as:

Yio1 2?212{1‘5 + Xyl + X el = (1)

Where, z;7 refers to inter-provincial industrial demand fra@ctori in provincer to sectorj in

provinces. y/° indicates finished products of sectgproduced in province and consumed in
provinces. e/t refers to exports from sectoin provincer to the other 27 provinces in China and
other countries, anad/ is the total output of sectom regionr.
According to the MRIO model, the technical coeffici from sectoli in provincer to
produce unit output for sectpm provinces can be formulated by:
aff =z /% (2)
Combining Eq (1) with Eq (2) yields Eq (3) as folla

Ax+y+e=x (3)

WhereA is a technical coefficient matriy, is a vector of total final demand by secters a
vector of export by sector, amdneans total output of each sector.

The Leontief inverse matrix-@)™ captures both direct and indirect inputs. Solviag results
can also be expressed in terms of the well-knovantief inverse equation (4):

x=(I-A)"(y+e) (4
Thus, the WF considering the supply chain in Jimgddcan be calculated as:
wf® =d® x5 (5)

Where, wf* is the vector of the total water footprint relatiedthe production of goods and
services along the whole national supply chairgeigd by final consumption in each sector (blue
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169  WF, green WF and grey WF) of provinspd?® is the vector of direct water use intensity, which
170  means the water consumption directly dischargaddease one unit of total economic output in
171  each sector; and® is the vector of total economic output in provisce

172 Equation (5) captures the total direct and indiveater consumption associated with the final
173  demand of a region. However, it isn’t able to digtiish between the water for final consumption
174  from domestic water resources (DWF) and virtualewdtade. To calculate the Virtual Water

175  Export (VWE) and Virtual Water Import (VWI) from gvinces to other provinces, equation (5)

176  can be rewritten as:

177

178 vwe' = dS(I1— A%S)" 1Y, . e (6)

179

180 d®, A% and€’® of region s are, respectively, direct water userisity, technical coefficient of
181  domestic intermediate inputs, and import from pmoeis to province r.

182 The virtual water import of provincg vwi®, may be treated as the virtual water export from

183  other regions to province So,vwi® is calculated by summing over the virtual watepats of
184  other regions to provincg equation (7):

185

186 vwit =Y ... d"(I1—A™)"1e™ (7)

187

188 d", A" ande” of regionr are, respectively, direct water use intensityhmézal coefficient of
189  domestic intermediate inputs, and export from pro®ir to provinces.

190 The Consumption-based water footprint (CWF) in prog s is the sum of consumed

191 domestic water resources (DWF) to meet the intefmal demand of provinces, and the
192  consumption of external water resources via vinatler import from external provinces in goods
193  and services (VWI). CWF can measure the impacttti@final demand of one province has on
194  another province’s water resources (equation 8):

195

196 CWF=DWF+VWI (8)

197

198 The Production-based water footprint (PWF) in pnoeis is the sum of domestic water

199  resources consumed for domestic demand (DWF) apdrexd to other provinces via embodied
200 virtual water in goods and services (VWE) for emt#rdemands. This accounts for the use of the
201  Jing-Jin-Ji's domestic water resources to meetnialeand external demands (equation 9):

202

203 PWF=DWF+VWE (9)

204

205 2.3 Datasources

206 In this research we used the GEPIC model (GIS-b&sedronmental Policy Integrated

207  Climate model) (Liu, 2009) to simulate direct blaed green water footprint for the primary
208  agricultural sector, particularly the main agrioudtl crops. The GEPIC model has been used to
209 calculate water consumption in agriculture at tlabal, national and regional scales and several
210 studies have shown it to have good performancehinal(Liu et al., 2007b; Liu et al., 2007a; Liu
211 and Yang, 2010; Zhao et al., 2014); we have thezafeed the same parameters in our simulations.
212 Detailed simulation processes for the GEPIC mods} bre found in Liu (2009) and Liu and Yang
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(2010). Our results showed that blue WF and greéndfVcrop production in China was about
85,050 million ni and 580,900 million rhrespectively, however Mekonnen and Hoekstra’s 1201
previously calculated these two indicators as 1X38,6fllion m® and 623,880 million h
respectively; our simulations are therefore smdilieP8% and 7% of their study. One of the most
important reasons for this difference is that oatculations were focused solely on the
agricultural growing season, but Mekonnen and Hiaéksesults were calculated for the whole
year. Our study was concerned with the actual wadasumption by agricultural output, thus the
water footprint during the growing season was atersid more suitable for this purpose. The
AgMERRA climate forcing dataset was obtained fréwa AgMIP group (Ruane et al., 2015).

Blue water use of the secondary and tertiary seat@s obtained from the China Water
Resource Bulletin of different provinces (The Minysof Water Resources of China, 2011). Water
use data in each sector was converted to blue Whidiiplying with the water consumption
coefficient, which was taken from the provincial téfaResource Bulletin (The Ministry of Water
Resources of China, 2011). Total blue WF at seagratad tertiary sector level was disaggregated
into 29 sectors based on water consumption perofigitonomic output for 30 provinces in 2007,
which was estimated from the China Economic Cenéemrbook 2008 (National Bureau of
Statistics of China, 2008). For the grey WF forteaector, Hoekstra et al. (2011) introduced a
global standard. In China, water quality is catexgmt into five grades (Ministry of Environmental
Protection of China, 2002), with Grade Il and abadwmdicating water suitable for fishery,
aquaculture, and recreational purposes. Water mesewategorized below Grade Il indicate
poorer quality which is deemed unsuitable for sase. Grade V indicates water which is so
seriously polluted so as to be unfit for any beriafiuse. Here, we estimated the grey WF
component according to these rules and calculdiedvblume of water needed to assimilate
nutrients so that they could achieve Grade lllustaCOD, NH-N, TN and TP discharges were
selected as water pollutant indicators to estirtteegrey WF for each sector. We then selected the
maximum dilution water consumption as the grey WF that sector; this practice has been
successfully applied by Zeng et al. (Zeng and 2@ 3). Agricultural non-point source discharge
pollution data in 2010 was estimated based on agwi@l non-point pollution datasets from the
China Economic Census Yearbook 2008. Annual wathutant discharge data (measured in tons)
for each sector at national level is recorded & Emvironmental Statistics Yearbook (National
Bureau of Statistics of China, 2011). We disaggey¢his data into provincial scales based on the
province’s economic outputs on a sector scale ksuramg that the technology level and
efficiency in each area/province was homogeneous.
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Figure 1 Geographical location of the Jing-Jin-Jitiwaal capital region.

3 Resaults

3.1 Thewater footprint of the Jing-Jin-Ji distinguishing between blue water, green water and
grey water

In 2010, in terms of the consumption-based watetpiint (CWF) for Jing-Jin-Ji, we found
there was a total of 15,292 million*rblue water or 146 fnper capita, and 36,477 million®m
green water or 349 hrper capita consumed by domestic homes and busme¥sis varied
between 2,964 million fhblue WF in Beijing and 17,987 million hygreen water in Hebei. A
further 292,710 million rhfreshwater or 2,800 fper capita was used to dilute the resulting water
pollution discharged by business and householditet, which is significantly greater than the
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sum of the blue WF and green WF (See Table 1hdr@WF account, virtual water imports made
an important contribution to the water footprintadif categories (55% for blue WF, 78% for green
WEF, and 63% for grey WF). This was particularlyetfor Beijing and Tianjin, where more than 80%
of the total CWF was restricted to import from atpeovinces. Hebei mainly relied on its local
water resource rather than the import of blue WiFgney WF (See Figure 2).

For the production-based water footprint (PWF)328, million n? blue water or 166 frper
capita, and 20,903 million hgreen water or 200 per capita, was used to produce goods and
services. This ranged from 750 millior? ilue WF in Beijing to 19,047 million hgreen WF in
Hebei. Dealing with water pollution consumed 268,08illion n® freshwater or 2,507 frper
capita to achieve the Grade Il water quality stadd which is greater than the total available
water resource in this area (National Bureau dfisies of China, 2011). In the production-based
approach account, virtual water export also playedajor role for all types of water footprint (60%
for blue WF, 64% for green WF, and 58% for grey WH)is was particularly the case for Hebei,
which accounted for almost 90% of total virtual gragxport. Overall, about 60% of water was
traded virtually and areas such as Beijing and Hielqgorted and exported substantial proportions
of their water. The CWF approach to accountingtierJing-Jin-Ji's green WF and grey WF led to
a higher estimate than the PWF approach becautiee afignificant net import of virtual water,
however the region is a modest net exporter ofi@invater in terms of blue WF.

Table 1: Jing-Jin-Ji's regional water consumptiomomestic consumption refers to the
consumption of local water resources to meet tkerial final demand of one zone; virtual water
import is the consumption of external water reseufiom other provinces to meet local final
demand; virtual water exports shows the consumptiolocal water resources to meet the final
demand of another province.



Blue WF [10°m?]

Green WF [10°m7

Grey WF [10°m?]

Domestic
Consumption water
footprint (DWF)

Virtual Water Import
(VWI)

Virtual Water Export
(VWE)

Production-based
water footprint (PWF)

Consumption-based
water footprint (PWF)

Beijing. Tianjin.... Hebei.... Total Beijing... Tianjin... Hebei Total Beijing. Tianjin.. Hebei Total

Absolute 502 488 5,898 6,888 544 528 6,928 ,00B 15,306 13,215 80,322 108,843
Per capita

5 26 38 82 66 28 41 96 77 780 1,017 1,1171,041
(m°)
Absolute 2,462 2,865 3,078 8,404 9,776 7,64111,059 28,476 63,173 51,561 69,134 183,867
Per capita

5 125 221 43 80 498 588 154 272 3,220 3,969961 1,759
(m°)
Absolute 248 471 9,741 10,460270 514 12,119 12,902 7,484 12,451 133,312 153,246
Per capita

5 13 36 135 100 14 40 168 123 381 958 1,8531,466
(m°)
Absolute 750 959 15,639 17,348 814 1,042 19,047 20,903 22,790 25,666 213,634 262,089
Per capita

. 38 74 217 166 41 80 265 200 1,162 1,976 97@ 2,507
(m°)
Absolute 2,964 3,353 8,976 15,29210,320 8,169 17,987 36,477 78,478 64,776 149,456 292,710
Per capita

151 258 125 146 526 629 250 349 4,000 7,98 2,078 2,800

(m’)
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3.2 Thewater footprint distribution among different industrial sectors

The WF component of different industrial sectorstiie CWF account is summarized in
Figure 2. The ratios of VWI to total CWF in Beijiragd Tianjin exceeded 80%, and for green WF
the proportion reached 95%. A further decompositmr/WI showed that Beijing and Tianjin
dependence on VWI from other provinces was mairdynffood related sectors i.e Agriculture,
and Food and Tobacco Processing. Beijing’s agticalltvWI was 1,329 million f(54% of the
blue VWI), 5,866 million m (60% of the green VWI), and 32,850 millior (62% of the grey
VWI). This value was 1,518 million Tn(53% of blue VWI), 3,897 million th(51% of green
VWI), and 23,202 million r (45% of the grey VWI) for Tianjin. Considering licand supply
chain water consumption, Food and Tobacco Procesgawthe second largest virtual water
importer for these two cities. These results sugthed Beijing and Tianjin were supporting their
populations through the importation of huge amowfitgrtual water. In other words, Beijing and
Tianjin were largely supported by other externavprces. As for the third Jing-Jin-Ji region,
Hebei, we found that domestic water footprint pthgemajor role in the blue CWF and grey CWF
categories, but only a minor role in the green CWFletail, Agriculture was the biggest water
consumption sector in all water lists, ranging fré)177 million ni(55% of domestic grey CWF)
to 1,231 million ni (40 % of blue VWI), and Food and Tobacco Processias the second largest
water consumption sector.
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Beijing Tianjin
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Green

Beijing Tianjin Hebei
6928 11059

18%
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Grey

Beijing Tianjin 80322 Hebei

51561 69134

15306 13215
17%
Fbomestlcm% r .Domestn: 20% 18% I Domestic54% port 14%
B Agriculture I Transportation Equipment I Rcal Estate and Social Services
Food and Tobacco Processing I Construction Bl Other Services
Textile Industry B Freight Transport and Warehousing [JJll Other sectors

P Chemicals I Wholesale and Retail Trade
[ Smelting and Pressing of Metals - Hotels, Food and Beverage Places

Figure 2 Consumption-based water footprint (CWF)°f’]

Figure 3 shows the water footprint components fffer@nt industrial sectors contained in
the PWF account. In Beijing, an interesting obsmavas that about two-thirds of the total PWF
was consumed internally for all water footprint argl which indicated mostly local water
resource being used to meet local demand. A fudhatysis of the domestic PWF showed that
nearly 35% was consumed in the Other Services set6r68 million ni for blue PWF, 152.3
million m? for green PWF and 5,357 million*rfor grey. The Agriculture, and Hotels, Food and
Beverage Places sectors made an important comdribtet domestic PWF. In Tianjin, half of the
PWF was consumed by domestic demand, the otherbbaify used for export in virtual water
trade. In detail, the food related sectors accalifie 55% of the blue PWF, 70% of the green
PWF and nearly 20% of the grey PWF. Water use aatémnpollution in the Construction sector
could not be ignored: for the biggest area, Habere than 60% of total PWF was used for export
through virtual water flow. Furthermore, Hebei whs region that exported major water resource
to other provinces. In particular, food related cowdities contributed nearly 80% of PWF (70%
for Agriculture, and 10% for Food and Tobacco Psso®g).
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Figure 3 Production-based water footprint (PWF) fa6]

3.3 Net virtual water flow

The Jing-Jin-Ji exported a total of 2,056 milliori blue virtual water, but imported 15,574
million m? green virtual water, and 30,621 millior? grey virtual water (Figure 4). In particular,
Hebei played a vital role in Jing-Jin-Ji virtual tem flow, being the biggest exporter of water
resource and also the biggest importer, accoufingore than 50% of virtual water trade within
the area. In fact, Hebei was a net virtual watgroeter of 6,663 million rhblue, 1,060 million M
green, and 64,178 million hyrey virtual water. Conversely, Beijing and Tianjiere net virtual
water importers of all colors. In other words, Heagpeared to be a “Producer”, whilst Beijing
and Tianjin were “Consumers”. Water intensive prddufrom the Agriculture, and Food and
Tobacco Processing sectors transferred about tindstbf virtual water to other provinces from
Hebei. Figure 4 also illustrates the predicameagdaby Beijing and Tianjin, which imported a
large amount of virtual water from other provinaasmpared to their exports, and are clearly
out-of-balance.
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333
334  Figure 4: net virtual water flows in the Jing-Jimddy sector. The bar color indicates sector as in
335 TableS1; the dot in the diagram shows the amoungb¥irtual water import or export.

336

337 3.4 Theinter-region net virtual water flow by region and sector

338  Virtual water transfers within the Jing-Jin-Ji aexternal regions for the main classes of industrial
339  account (primary, secondary and tertiary) are sunzea in Figure 5. Overall, Hebei transferred
340  all virtual water colors to Beijing and Tianjin fail industrial sectors. For primary and secondary
341  industries, Beijing imported virtual water from mja, but in terms of tertiary industry it exported
342  water to Tianjin. In detail, we found that virtuahter flowed from the economically poor and less
343  populated region (Hebei) to the more affluent aedsely populated regions (Beijing and Tianjin).
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There was a large difference in the amount of \irtuater flow between Hebei and
Beijing-Tianjin. The biggest value was 5,183 milion® grey WF from Hebei to Beijing for
primary industry, and the minimum was just 13 roillin? green WF for tertiary industry. In
addition, Beijing plunders its water resources fféianjin (24 million nf blue WF, 28 million ri
green WF, and 538 million hyrey WF) for the development of primary and seespdhdustries,
only compensating in small part to Tianjin in taryi industries (4 million thblue WF, 4 million
m® green WF, and 74 million fgrey WF). In terms of water resources, we fourad €71 million
m® blue WF in total was transferred from Hebei tojiBgiTianjin through goods and services,
which is about 7% of available water resource ibéie

Primary industry

N N

—+

)
Net virtual grey water
transfer [10°m’]

Net virtual blue water Net virtual green water

transfer [10°m’] transfer [10°m’]

Figure 5: Net virtual water flows within the JingadJi. The Agricultural sector was defined as
primary industry; Coal Mining and Dressing througt the Construction sector was defined as
secondary industry; and Freight Transport and Wanating through to Other Services was
defined as tertiary industry; as per Table S1.

4 Limitations of thisstudy

This study conducted a comprehensive water fodt@imalysis in production-based and
consumption-based accounting among different im@dlissectors within the Jing-Jin-Ji and
between other provinces. We also addressed the tamper of offset mechanisms in terms of
virtual water trade. However, we would like to repizg some limitations of the study. First,
because of data availability, we assumed that #whnblogy level and efficiency in each
area/province was homogeneous in order that wedaedompose the water pollutant discharge
into each province, and for each sector basedeprbvince’s economic outputs on a sector scale.
This assumption can also be found in Hollanda.g28115) for the impacts of energy demand on
global freshwater resources. Second, the boundaouwostudy was restricted to the Jing-Jin-Ji.
We placed our emphasis on the internal impact ieduny trade within the three areas, and less so
on trade with other provinces; this gap shouldaben into consideration in future studies. Due to
data limitations we were also unable to calculatey-Jin-Ji's virtual water transfer to other
countries; such boundary setting is commonplace, camdbe seen in other work (Guan and
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Hubacek, 2007; Zhang and Anadon, 2014; Zhang e2@11). Finally, our analysis framework
attributes bilateral trade only into final consuiopt without considering the impact of
intermediate imports. This phenomenon, whereby & import intermediate products (e.qg.,
raw materials) from upstream industries and prodfical products for re-export to final
consumers, cannot be traced clearly. The relevatuskion about these problems and their
possible solutions can be found in other papersgée et al., 2007; Zhao et al., 2016b; Zhao et al.,
2010).

5 Discussion and Conclusions

This study investigated the water footprint in tdeng-Jin-Ji region of China by
distinguishing blue, green and grey water. For fir& time we have quantified virtual water
transfer in terms of water consumption and watdlufion with four pollutant indicators in a
physically water scarce region. The results shotlvatithe Jing-Jin-Ji exports only small amounts
of blue water but outsources huge amounts of greater and grey water (Figure 4). A
considerable amount of water footprint was tramefkias virtual water. Our study demonstrated
that the quantitative targets of “the most strirtgemter resources management policy” for
Jing-Jin-Ji can only be met at the expense of gxmgpprovinces which provide virtual water to it
and receive outsourced pollution in return. A “Mat Water Strategy” is one measure which could
alleviate water stress at the provincial scale tt@none hand it will relieve the water crisis i th
receiving provinces, on the other hand it will impgsessure on the providing provinces through
their supply chains, especially for water stresaezhs. As a result, financial compensation from
net water receiving provinces to water supplyingiaes could be considered in the context of
achieving water management targets.

Serrano et al. (2016) assessed water footprintdbasehe consumption-based approach for
the EU27 showing that the average blue WF is 39Bemncapita, which is about 2.5 times bigger
than our result for China (143*mer capita in the Jing-Jin-Ji region). It is knottiat European
citizens consume large amounts of water-intenspael fproducts in their diets, such as cheese,
butter and beef. Conversely, Chinese citizens aveerikely to have food with a lower water
footprint, such as rice, vegetables and pork. Thudomestic diet distinction between these two
regions resulted in a large difference in demamdvater resource. Zhao et al. (2015) analyzed the
virtual blue water transfer and internal domestiasumption for China’s 30 provinces for 2007.
He found that Beijing and Tianjin were net virtudle water importers, and Hebei was a net
virtual blue water exporter; our findings for thiedWF account are consistent with this. However,
Zhao's absolute blue water values for the Jingddiwere about 52% higher than our results. One
reason for this is that Zhao selected water udgsabasic blue water element; we also know that
water use refers to the quantity of water distebluto users, including water lost in transmission.
The blue water footprint used in our study was \tbkime of freshwater consumed to produce
goods or services. Distinct from water use, watetdrint in its accounting treatment excludes
return flows which are a portion of a diverted watet is not used consumptively or returned to
its original source or another region (U.S. GealabiSurvey, 2016). This comparison indicates
that water footprint among supply chains couldaeplwater use to obtain a more accurate picture
of overall water consumption.

In 2015, the middle route of the South-North-Wateansfer-Project (SNWTP) transferred
1,320 million nf physical water (822 million frfor Beijing, 373 million nifor Tianjin, and 125
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million m*for Hebei) (The State Council of China, 2015); juse-fifth of its targeted volume.
However, our results showed that the Jing-Jin-fioebed 2,056 million mvirtual blue water
which was nearly twice that of physical water flawd 12% of available water resource in the
region. For the Jing-Jin-Ji physical water trarsfs@annot balance virtual blue water export, not to
mention compensating for provincial water consuomptit is well known that over exploitation of
groundwater has been a serious problem in thenegitd there is no doubt water scarcity will be
aggravated by huge virtual water export. In addijt@s the biggest net virtual blue water exporter,
Hebei transferred 6,663 million%rbut only 14.5% of this was to the Beijing-Tianjiregacities
(526 million n? for Beijing, and 445 million fhfor Tianjin). From our point of view, improving
the ratio of internalization of Hebei's virtual veatflow will have positive impacts on water
management.

Blue water presents high opportunity costs duegdotential as an input element in the
value chain for high value added products and sesyirather than its frequent use in intensive
primary industry irrigation. As a result, blue wai® addressed through water resource policies in
China such as reservoir construction, water transfgects, and flood management etc. However,
green water is often ignored due to its exclusse in agricultural production and “invisibility” in
sustaining local ecosystems. Over exploitation eegrwater may lead to degradation of the local
environment, therefore careful planning for agtierdl production is crucial to sustainable local
water management.

In 2010, Hebei exported huge amounts of water interend low value added products to
other provinces. Amongst its exports, the two meater-intensive sectors (Agriculture, and Food
and Tobacco Processing) accounted for 78% - 85Mebki’'s export-related water consumption,
but only contributed 7% to total economic outputttee area. A continuation of an export-based
economic development model may further worsen Hebeiter stress, impair hydro-ecosystems,
and potentially crowd out internal production. Téfere, to reduce these unbalanced water losses,
reducing the dependency of this economy on expomvater intensive and low value added
agricultural products may lead to a more sustamalstual water balance and reduce the pressure
on internal water resources.

In 2010, 30,621 million fhgrey water was imported to the Jing-Jin-Ji. lfréhisn’t virtual
water trade-off, water pollution in Jing-Jin-Ji Wieteriorate, and about twice the amount of
Jing-Jin-Ji's annual watershed will be needed kat&lipollutants to the minimum Grade Il reuse
standard. Food related sectors were the largedrilmoior to water pollution. In particular,
Agriculture sector non-point source pollution wae tmain polluting sector; products from this
sector were supplied internally for household corsion; Food and Tobacco Processing is
second with these products mainly consumed by unbaseholds.

The central government’s “Beijing-Tianjin-Hebei égration Strategy” will lead to a
reduction of industrial intensity in Beijing by 203Some businesses are likely to retain their
headquarters in Beijing, but relocate productioadilifies to Hebei and/or Tianjin. This will
decrease total water consumption in Beijing, andtrdoute large indirect water flows from
Beijing to Tianjin and Hebei. This helps to balaneater flows among these areas, however the
strategy has also created some problems: the em&fibof the Jing-Jin-Ji is that the three areas
are integrated, thereby facilitating flow and poiaht increasing efficiency. However, because
Beijing is the national capital it enjoys certainréaucratic advantages over Tianjin and Hebei,
and industrial transfer from Beijing to Hebei atesults in transfer of some businesses with low
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water utilization efficiency and heavy pollutionjtiout requiring these businesses to adopt new
technologies that improve utilization efficiency atetrease water pollution in their new location.
Therefore, the government must pay greater attent@® encouraging businesses to adopt
technologies that reduce water consumption andifparil.
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Appendix

Table S1. Sector categories

ID Sectors
Primary Sectors

1 Agriculture

Secondary Sectors
2 Coal Mining and Dressing
3 Petroleum and Naturl Gas Extraction
4 Metals Mining and Dressing
5 Nonmetal Minerals Mining and Dressing
6 Food and Tobacco Processing
7 Textile Industry
8 Garments, Leather, Furs, Down and Related Preduct
9 Timber Processing and Furniture Manufacturing

10 Papermaking, Cultural, Educational and Sportglas
11 Petroleum Processing and Coking

12 Chemicals

13 Nonmetal Mineral Products

14 Smelting and Pressing of Metals

15 Metal Products

16 General and Specialized Machinery

17 Transportation Equipment

18 Electric Equipment and Machinery

19 Electronic and Telecommunications Equipment
20 Instruments, Meters Cultural and Office Machyner
21 Other Manufacturing Products

16



Electricity and Heating Power Production

22 and Supply -
23 Gas and Water Production and Supply -
24 Construction -
Tertiary Sectors
25 Freight Transport and Warehousing -
26 Wholesale and Retail Trade -
27 Hotels, Food and Beverage Places -
28 Real Estate and Social Services -
29 Scientific Research -
30 Other Services -

476  Table S2. Three region input-output table for thrgdin-Ji (modified from Guan et al (2014)

Intermediate Demangl Final Demand Water account
Beinal Terin| Hebe Final Captial | Interprovincia|internationa)l TOt&l 0UtPUl  pirect blue | Direct green| Direct Grey
ng ! consumption| formation export exports water footprinf water footpring water footprint
Beijing
Tianjin z y e X
Hebei
Imports

477 Total Inputd
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Highlights

Assessing water footprint (WF) is crucial in undansling water deterioration

WF and virtual water flows are assessed with airmedfional input-output model
Jing-Jin-Ji region exported little blue water, butsourced much green and grey water
Joint efforts between water receiving and supplyegjons are a key for management
Corporations need to adopt technologies to redwaternveonsumption and pollution



