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Abstract: In the context of China’s rapid and perennial urbanization, it is of profound
importance to understand how to enable and accelerate progress towards achieving the
country’s sustainable water-energy-food nexus by 2030. In this study, a quantitative spatial
scenario analysis was performed to identify the provinces that are expected to experience
changes in water stress, under the competition for water between food and energy sectors.
The results manifested an imbalance of water availability for meeting the demand between
those two sectors. First, food sector played the leading role in the baseline water stress.
Second, energy sector dominates the increases of the projected water stress index. Third,
urbanization is projected to substantially affect the extent of water availability as well as food
consumption and energy production, especially in the eastern provinces. Tackling imbalanced
sectoral water demand is the key to China’s sustainable water-energy-food nexus, which shall
require some corresponding changes in national policy-making. China needs, first, policy
coherence and synergies, second, ensuring the adequacy of any follow-up procedures, and

third, embracing greater participation and transparency in policy-making.

Keywords: Water footprint; Blue water; Food security; Energy security; Urbanization; China



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

1 Introduction

Viewing night lights from the Earth’s orbit illustrates how swiftly the patterns of human
settlement change across our planet (Carlowicz, 2017). These views on Earth at night
resonate with the transition that our world is undergoing, i.e. global urban population growth
is proportionally much faster than average population growth, and global urban population is
expected to grow up to 6.68 billion by 2050 (United Nations, 2019). The case of China is
revealing; the combination of 6 % of global water resources, 9 % of global arable land, and
18 % of global population gives an insight of the challenges with regard to sustainable
development that the country keeps facing (World Bank, 2019). The growing population and
economy, together with spreading consumeristic urban lifestyles, contribute to booming
exploitation of natural resources. This puts increasing pressure on human well-being and
environmental sustainability. At the same time, it is of pungent necessity to seek for means to
balance between competing sectoral demands, between regional and provincial needs within
a country, and between human desires and nature’s sustainability. In particular, the inter-
sectoral competition over water resources is expected to climb up and lead to
overexploitation, as demographic and economic growth, along with growing consumption,

lead to increased water stress significantly worldwide.

Urbanization is a process of concentration of population, and a key driver for various
environmental changes (van Ginkel, 2008). China has set urbanization as one of the core
development strategies for economic growth and social development in its recent Five-Year
plans (Cui et al., 2019). This endeavor has resulted in rapid rural outmigration and
corresponding growth of urban population, i.e. the degree of China’s urbanization
(percentage of urban population) has quadrupled in the last four decades (National Bureau

of Statistics of China, 2018). Urbanization contributes to not only changing consumption
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patterns such as the shift from plant to animal-based diet (Dwivedi et al., 2017) and the boom
of construction activity (Zhang et al., 2019), but also changing energy and water demand in
households and industries (Fukase and Martin, 2016). Owing to the fact that agriculture is
the greatest water-use sector in China with 62 % of total water use in 2017 (National Bureau
of Statistics of China, 2018), the vast population, lifestyle transition, and limited water
resources have triggered a concern of the country’s national food security, with aims of food
self-sufficiency up to 90 % by 2030 (Fukase and Martin, 2016). Besides, urbanization puts
pressure on land use, by diffusing to areas previously used for agriculture (Li et al., 2013),
thus decreasing the share of agricultural land and water availability (Yan et al., 2015). Apart
from food security, urbanization has a big influence on energy security, through electrical
appliances, private transportation, and infrastructure (Wang, 2014). China’s coal-intensive
energy production is the main and significant water consumer (Gu et al., 2016), whereas the
water footprint of renewable energy resources is much smaller (Mekonnen et al., 2016). In
light of water availability being the crucial issue in China’s food consumption (Huang et al.,
2015) and energy production (Cai et al., 2018b), it is therefore of prime importance to

address the changes in water demand under the effect of rapid urbanization.

China has been underlining sustainable development as an overarching objective for policy-
making within the economic, social, and environmental dimensions. Also, the country has
committed to play a leading role, to the best of its abilities, in implementing the 2030 Agenda
(Transforming our world: The 2030 Agenda for Sustainable Development) comprehensively
at national, regional, and global scales (Ministry of Foreign Affairs of China, 2017). Due to
the fact that water, in sufficient quantity and quality, is at the core of sustainable development
(United Nations Educational, Scientific and Cultural Organization, 2019), it is embedded

in the majority of the Sustainable Development Goals (SDGs). It is crucial to food security



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

94

95

96

(SDG 2), health and well-being (SDG 3), energy security (SDG 7), cities and human
settlements (SDG 11), consumption and production cycles (SDG 12), climate change (SDG
13), aquatic biodiversity (SDG 14), terrestrial biodiversity (SDG 15), and means of

implementation (Mol) (SDG 17) (United Nations, 2018).

The water-energy-food (WEF) nexus constitutes a framework for analyzing the dynamic
interactions between water, energy, and food systems and developing strategies for resource
sustainability and effective governance (Liu et al., 2017). The interlinkages and
interdependencies of SDG 6 (water), SDG 7 (energy), and SDG 2 (food) across the 2030
Agenda articulate the significance of the WEF nexus. Like most nexus cases, China’s WEF
nexus also has a clearly water-centric perspective, underlining the water use/withdrawal
aspects of agriculture and coupling these with specific energy-sector issues (Varis and
Keskinen, 2018). Whilst such water-centrism may be seen to be natural due to the
intensifying water stress and the crucial role that water plays in food and energy production
(Keskinen et al., 2016), it is likely to be the greatest single challenge for the nexus approach,
as its implementation requires the engagement of both food and energy sectors (Varis and
Keskinen, 2018). Hence, it is of profound interest and great necessity to scrutinize the
competition over water demand between food and energy sectors through the WEF nexus in
the context of China’s urbanization. To the authors’ knowledge, hitherto only Xiang et al.
(2016) examined this inter-sector competition in one river basin in China, with no attempt to

address the country’s spatial heterogeneity.

The aim of this study is consequently to comprehend the water demands of food and energy
sectors nationwide, in particular their interlinkages and rivalries, and thereby to contribute to

the progress towards achieving China’s sustainable and balanced WEF nexus by 2030. To fill
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this knowledge gap, a quantitative spatial scenario analysis was conducted to investigate the
competition for water between food and energy sectors in water stressed provinces, being the
first study to systematically assess the role of these two sectors in future water stress. The
future scenarios were developed on the basis of recent literature, and the concepts of blue
water footprint and water stress index were then applied to assess these changes, in the
context of China’s urbanization. The specific objectives are to (1) investigate the sectoral
water demand in China by 2030; and (2) assess the shares of blue water withdrawals of
China’s food and energy sectors and their corresponding contributions to water stress index

in an array of scenarios for the development of those two sectors.

2 Materials and methods

The current water stress for each province was assessed by using blue water availability
(BWA) and blue water withdrawals (BWW) of all water use sectors (irrigation, domestic,
electricity generation, livestock, mining, and manufacturing). To understand how the changes
of water demand in food sector (FS) and energy sector (ES) in 2030 might impact on the
pressures on water resources, the changes of blue water footprint (BWF) were calculated
based on the existing water demand scenarios of FS and ES. These changes in BWF were
accordingly used to estimate the future BWW and thus water stress, including the sectoral
impacts. Data and methods used for the analyses are elaborated below, also the detailed

scripting can be found in Supplementary information.

2.1 Blue water availability and blue water withdrawals

The BWA in each province was estimated using the water availability data from Kummu et

al. (2016). They took into account the upstream water availability, on the basis of water
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allocation rules (Kummu et al., 2016). In this study, the average BWA over 2001-2010,
including surface water runoff and groundwater recharge (but not fossil groundwater sources)

were used.

The BWW data for the current conditions (an average over 2001-2010) were extracted from
Huang et al. (2018). They provided global gridded (30 arc-min) dataset of water withdrawals
of six sectors: mrigation, domestic, electricity generation, livestock, mining, and
manufacturing. For current water stress calculations, a sum of the BWW of all the sectors
was used; while for scenario calculations, the BWW of food (irrigation and livestock) and
energy sectors were used with the changes in BWF. Year 2010 was used as the baseline for

BWW in FS and ES, since newer data are not available.

2.2 Blue water footprint

Water footprint is a consumption-based indicator of water withdrawals (Hoekstra and
Chapagain, 2007). The BWF concentrates on the water intake from freshwater resources
(rivers, lakes, and groundwater). The provincial BWF for food consumption was assessed by
multiplying food consumption by each food category’s BWF (Jalava et al., 2014). The

equation can be expressed as

BWFfood = popprovmcg Z BWFfood .item * F”faad dtem_province (1)

where BWFjoq (m*/province/year) is the provincial BWF for total food consumption in an
average diet, BWFjfpod.item (m’/kg/year) is the BWF for per kilogram of consumed food,
Mfood item province (Kg/person/province/year) is the provincial per capita consumed food of each

category In an average diet, and popprovince (Person/province/year) is the provincial total

6
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population of 2015 or 2030. Water consumption was calculated based on current food
consumption data (Cons2015) (National Bureau of Statistics of China, 2016) and simulated
consumption patterns (Cons2030) (Zheng et al., 2019). Food consumption in 2030 was
projected by applying annualized growth rates of food item expenditure on baseline food
consumption in 2015. Growth rates were acquired from projections estimating the changes in
expenditure on major foods under the impact of medium income growth, population aging,
and urbanization (Zheng et al., 2019). Here, it was assumed that the percentual change of
food consumption is equal to the change in expenditure (i.e. annual growth of 0.46 % in
expenditure on poultry equals to annual growth of 0.46 % in consumption of poultry). The
population data for the 2015 provincial water consumption calculations was based on year
2015 population counts (National Bureau of Statistics of China, 2016) (Table 1). The
future scenarios for 2030 population projections were also performed by HYDE 3.2 data set

(Klein Goldewijk et al., 2010) (Table 1).
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Table 1. Summary of scenario input data.

Data Definition Resolution Unit Source
Per capita consumption of major foods in 2015 province kg/person/year ggi‘;l)onal Bureau of Statistics of China,
Food Projections of expenditure on major foods in 2030 - kg/person/year (Zheng et al., 2019)
Blue water consumption of produced food - 1/g/year (Jalava et al., 2014)
Electricity production and water withdrawals for electricity . TWh/year, .
Electricity production in 2015 province m’ /MWh/year (Caietal., 2014)
Projections of electricity consumption in 2030 province TWh/year (OECD/IEA, 2018)
. Provincial population counts in 2015 province person/year (National Bureau of Statistics of China,
Population 2016)
Projections of provincial population counts in 2030 (HYDE 3.2) 5 arc min person/year (Klein Goldewijk et al., 2010)
WaFer - Total blue water availability, excluding upstream water use 30 arc min m’/year Kummu et al (2016)
availability
Water Sectoral water withdrawals for irrigation, domestic, electricity
withdrawals generation (cooling of thermal power plants), livestock, mining, 30 arc-min m’/year Huang et al (2018)

and manufacturing
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The provincial BWF for electricity production was assessed by the BWW for electricity
production (Cai et al.,, 2014), which is the common approach in water stress calculations
(Liu et al., 2017). The BWF for electricity production is thus a slight overestimation, due to
lack of consideration for water returns. This approach does not consider the potential mutual
benefice or complementary uses that may derive from water returns used for agriculture. The

equation can be expressed as

BWF ooy = > BWW,

elctrcty tctricty spe * P Cope )
where BWF ciectricity (n13;’provincefyea1‘) 1s the BWF for electricity production, BW Weiectricity.oype
(m’/TWh (terawatt hours) /year) is the BWW for each type of electricity production,
including coal, gas, biofuel, and nuclear, and PGy, (TWh/year) 1s the amount of generated
power by each production approach. The BWF for electricity production was calculated for
year 2015 and 2030 with three scenarios listed in Table 2 (OECD/IEA, 2018). It was
assumed that both the provincial share of electricity production and BWW per produced TWh

would remain unchanged since 2015.

2.3 Water stress index

The inter-sectoral water competition between FS and ES was examined by the water stress
index (WSI), which indicates the ratio between BWW and BWA (Vorosmarty et al., 2000).

The equation of the provincial WSI can be expressed as

> BWW,

WS[=-1—— (3)
BWA
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Where BWW; (m’/province/year) is the sectoral blue water withdrawals and BWA
(m*/province/year) is the blue water availability. The range of the WSI values can be divided
as follows: (1) [0, 0.10[, which denotes no to low water stress; (2) [0.10, 0.20[, which means
moderate water stress; (3) [0.20, 0.40], which represents medium water stress; and (4) > 0.40,
which indicates high water stress (Vorosmarty et al., 2005). For future scenarios, the WSI
was calculated with Eq. 3, so that the BWW for food and electricity were changed according
to the changes in BWF of FS and ES, while the BWW for other sectors were kept in current

levels.

2.4 Scenario design

The impacts of provincial FS and ES on blue water resources were examined with six
scenarios, on the basis of potential changes in diet and electricity production by 2030, i.e. by
the end of the period of achieving SDGs (2015-2030) (Table ). The bottom-up approach for
assessing water demand for FS was selected to analyze the BWF required for sufficient food
supply. The future provincial per capita food consumption in 2030 was estimated by applying
food expenditure projections for major food items (Zheng et al, 2019)
(Supplementary information). The BWF data for food produced in China were acquired
from Jalava et al. (2014), who used the original data from Mekonnen and Hoekstra (2011).
These data provided the BWF for each food item defined in this study

(Supplementary information).

ES was examined by assessing electricity production instead of consumption, to include
several different sources for electricity production (i.e. coal, gas, biofuel, and nuclear)
(OECD/IEA, 2018). However, the direct consumption of gas or fuel for transportation, for

instance, is excluded, because this study concentrates on BWF and water stress, and water

10
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consumption of these two energy forms in China is marginal, also the origin of these energy
forms is not easy to track and thus it is difficult to allocate the BWF to correct places.
Electricity demand is estimated to grow faster than any other types of energy, globally as well
as in China, where the share of electricity in total energy demand at both residential and
industrial levels is expected to grow due to urbanization (International Energy Agency,
2019). In this sense, electricity provides a good proxy for examining the structural changes of

the energy sector in the context of China’s urbanization (Supplementary information).

Table 2. Scenario design of food consumption and electricity production. (i) Cons2015
shows current food consumption patterns; (ii) Cons2030 denotes future food consumption
patterns by 2030; (iii) CPS is a current policy scenario of electricity production before mid-
2018; (iv) NPS denotes new policy scenario of electricity production reflecting the policy
targets set after mid-2018; and (v) SDS indicates a sustainable development scenario which
reflects the energy-related Sustainable Development Goals. This scenario includes measures
for keeping the global temperature increase below 2 °C, ensuring accessible modern energy

for all and preventing negative health impacts of energy-related pollution (OECD/IEA 2018).

Food consumption scenarios

Cons2015 Cons2030
.. ) CPS SC1 (Cons2015+CPS) SC4 (Cons2030+CPS)
Electricity production
scenarios NPS SC2 (Cons2015+NPS) SCS5 (Cons2030+NPS)
SDS SC3 (Cons2015+SDS) SC6 (Cons2030+SDS)

With regard to food consumption scenarios, the year 2015 scenarios with current
consumption patterns (Cons2015) contain no effect of urbanization, in comparison with the
2030 scenarios with the combined effect of income growth, demographic change, and

urbanization (Cons2030). The estimated impacts of urbanization on food consumption were

11
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adopted from Zheng et al. (2019) who hypothesized future food expenditure patterns for

major food items in China.

In terms of electricity production scenarios, current policy scenario (CPS) is based on policies
implemented and adopted before mid-2018, new policy scenario (NPS) reflects policies
implemented and adopted after mid-2018, and SDS indicates policies aligned with energy-
related Sustainable Development Goals (OECD/IEA, 2018). These scenarios note
urbanization as an “overarching structural trend” and a possible catalyst concerning
electricity production (OECD/IEA, 2018), yet they do not examine the potential increases in

electricity production indirectly caused by irrigated food production.

All  the scenarios were tested with three potential population scenarios
(Supplementary information). Population projections for year 2030 followed Shared
Socioeconomic Pathway (SSP) scenario 1-3 for total, urban, and rural population, and they
were aggregated to provincial scales (Jiang and O’Neill). SSP1 projects a sustainable future
with low fertility, fast urbanization, rapid economic growth, and increased environmental
awareness. SSP3 forecasts a complete opposite future of SSP1, whereas SSP2 stands a
middle-way option between SSP1 and SSP3 (O’Neill et al.,, 2014). Since none of the
population projections of SSP 1-3 significantly affected the scenarios (SC1-6) (Table 2 and
Tables S3-18), the results are thus presented on the basis of SSP2, being the mid-way

scenario (Supplementary information).

The scenario results for the BWF of food consumption and electricity production were used
to estimate the changes in blue water demand at the provincial scale. These estimates were

then used to calculate the future BWW of FS and ES, while the BWW of other sectors, as

12
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well as the BWA, remained in current levels. This approach allowed the authors to calculate

the impact of FS and ES on future water stress levels as well.

2.5 Study area

The spatial analysis was conducted by province to allow the applicability of the results to

China’s WEF-nexus policy-making (Varis et al., 2014). For simplicity, the term province

was used to represent all 34 provincial jurisdictions, namely to cover 23 provinces, 5

autonomous regions, 4 municipalities, and 2 special administrative regions. Due to lack of

data, the provinces Hainan, Hong Kong, Macau, and Taiwan were excluded from the

analysis. The data were thereby collected on 30 provinces located in the continental mainland

China (Figure 1). To ease interpretation, these 30 provinces were categorized into 4 regions

as follows (Figure 1):

1) Northeast China (Heilongjiang, Jilin, and Liaoning);

2) East China (Beijing, Tianjin, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, and
Guangdong);

3) Central China (Shanxi, Henan, Hubei, Hunan, Anhui, and Jiangxi); and

4) West China with 12 provinces covered by the China Western Development Policy
(Xinjiang, Inner Mongolia, Qinghai, Gansu, Ningxia, Shaanxi, Tibet, Sichuan,

Chongqing, Yunnan, Guizhou, and Guangxi).

13
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Figure 1. Study area. The study was conducted for thirty provinces in the continental
mainland China (1-30). The other provinces with no data (31-34) are illustrated for clarity.

This map also shows the average blue water availability for each province.

China’s climate is highly diverse, ranging from humid southeast to arid northwest and polar
tundra in the Tibet plateau. This spatial heterogeneity contributes to the local hydrology
(Chen et al., 2017). The most abundant water resources are located in the western provinces,
including Tibet and Guizhou. In contrast, the scarcest available water resources, in relation to
demand, are located in the coastal provinces on the Yellow Sea coast and on the belt from the

bay to inland.

3 Results

The following sections elaborate the baseline status and projections of blue water

withdrawals and water stress index.
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3.1 Baseline status of blue water withdrawals and water stress index

In the baseline year 2010, there was a pronounced spatial heterogeneity in total BWW among
provinces, e.g. Shandong’s total BWW value was approximately 30 times greater than
Tibet’s (Figure 2B; Table S1). The majority of the provinces with great total BWW values
are located in East and Central China (Figure 2B). When taking a closer look at the shares of
the total BWW values, FS and ES accounted for a major proportion, ranging from 62.2 % to
94.6 % in these 30 provinces (Figure 3; Table S1). Also, the contribution of FS surpassed
ES nationwide (Figure 3; Table S1). Therefore, FS played a leading role in intensifying

water stress.

Altogether 27 out of 30 provinces suffered from different degrees of water stress. The WSI
values of 30 % provinces (9 out of 30) were over 1 (Figure 2A; Table S1). The provinces
that experienced high water stress standing in the top tier included Tianjin (WSI = 3.63),
Beijing (3.00), Shandong (2.36), and Hebei (2.06), which are mainly located in East China
(Figure 2A; Table S1). Whilst the provinces under no or low water stress are all from West

China, namely Tibet, Qinghai, and Yunnan (Figure 2A; Table S1).
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Figure 2. China’s water stress index (WSI) (A) and total blue water withdrawals

(BWW) (B) in the baseline year 2010.

A) B)
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Kilometers

Figure 3. Shares of China’s total blue water withdrawals (BWW) in food sector (A) and

energy sector (B) in the baseline year 2010.

3.2 Projections of blue water withdrawals and water stress index

In order to display the envelope of the multitude of the scenario results, the best-case scenario
(SC6) and worst-case scenario (SC1) are presented here. More detailed rationale of other

scenarios can be found in Table S2-18.
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With regard to the projected BWW, the best-case scenario (SC6) portrayed nearly nationwide
decreasing or no changes in the total BWW (ranging from -16.2 % to 2.7 %), except for
Hubei, while the worst-case scenario (SC1) manifested mostly increasing changes across the
country (ranging from -11.8 % to 30.3 %), with the exception of Beijing, Tianjin, and Tibet

(Figure 4; Table S19).

A) B)
P 20--10%
X BWW
-3 -10--1% decreases
-1-1% No change
1-10% BWW N
= - - 10-20% increases ; - A
: ‘LJ; - ~20% 0 350 700 1400
I No data Kilometers

Figure 4. Relative changes of China’s total blue water withdrawals (BWW) by 2030. A)
Best-case scenario (SC6); and B) worst-case scenario (SC1). See scenario description in

Table 2.

When zooming in on the sectoral BWF (Table S22), the best-case scenario (SC6) showed
that the BWF values in FS sunk in each province (ranging between -1.8 % and -43.8 %),
whereas the values in ES dropping in the majority of the provinces as well (ranging from -
7.2 % to -74.6 %). In contrast, half of provinces in Central China had soaring BWF changes
in ES (ranging from 40.7 % to 90.3 %) (Table S22). On the other hand, the worst-case
scenario (SC1) indicated that the BWF values in ES climbed up nationwide, except for Tibet
(-19.3 %), with a 42.3 % increase on average (ranging from 23.5 % to 95.8 %) (Table S22).

Whilst the BWF values in FS were diverse, as there were mostly decreasing changes in the
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eastern provinces (ranging from -36.6 % to 2.8 %) and increasing changes in the central and
north-eastern provinces (ranging from -4.4 % to 15.4 %) (Table S22). From the point of view
of the absolute changes, most of eastern provinces had approximately 2-4 times greater

increases in ES than other provinces (Table S1-2).

In terms of the projected WSI, both the best-case scenario (SC6) and the worst-case scenario
(SC1) unveiled that still 90 % of the provinces (27 out of 30) suffered from different degrees
of water stress, and the WSI values of the same nine provinces remained over 1 (Figure 2A;
Table S13). Taking a closer look at the absolute changes of the WSI values, nationwide
decrease or no changes were observed in the best-case scenario (SC6), except for Hubei,
whereas the worst-case scenario (SC1) manifested mostly increasing changes, with the
exception of Beijing, Tianjin, and Xinjiang (Figure 5; Table S23). These results were in line

with the changes in the total projected BWW.
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Figure 5. Absolute changes of China’s water stress index (WSI) by 2030. (A) Best-case

scenario (SC6); and (B) worst-case scenario (SC1).
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Moreover, ES dominated in the best-case and worst-case scenarios across the country,
especially in East China’s provinces Beijing, Tianjin, and Shanghai (Figure 6), when looking
through the lens of the absolute changes of FS and ES contributions to WSI. It is noteworthy
that ES is the sector that resulted in the substantial increases of the projected WSI, despite the
fact that FS held the largest share of the total BWW in the baseline as well as in the scenarios

(Figure 3; Table S1 and S6).
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367  Figure 6. Absolute changes of contributions of food sector and energy sector to China’s
368  water stress index (WSI) by 2030. (A) Best-case scenario (SC6); and (B) worst-case

369  scenario (SC1).

370

371 4 Discussion

372  The following sections focus on three aspects in detail: (1) sectoral water demand; (2)
373  impacts of urbanization; and (3) limitations and the way forward.
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4.1 Sectoral water demand

The results manifested distinct evidence of the imbalance of water availability for meeting
the demand between FS and ES, which reveals that China’s water, energy, and food security
have been under duress. How to tackle this imbalance of sectoral water demand is thereby the
key to enable and accelerate progress towards achieving China’s sustainable WEF nexus by

2030.

A high level of water stress can affect food security as well as amplify competition and
potential conflict among sectors (United Nations, 2018). By far, agriculture accounts for
69 % of annual water withdrawals globally (United Nations Educational, Scientific and
Cultural Organization, 2019). In particular, irrigated agriculture is one of the main
subsectors causing water stress (Jigermeyr et al., 2015), thus increasing agricultural water
productivity is an essential and efficient means of alleviating water use intensity (Cai et al.,
2016). The results unveiled that FS played a leading role in the baseline water stress, which is
in line with the key findings of the previous study, i.e. primary industry (including FS)
appeared to dominate the water use intensity and its water use intensity continued to be far
higher than that of secondary industry (including ES) (Cai et al., 2016). According to the
projections, FS made less contribution to the WSI, even in the worst-case scenario (SC1)
there was on average -3.9 % growth nationwide (Figure 6; Table S22). However, the huge

base quantity of FS shares shall be taken into account (Figure 3).

In light of China’s National Plan on Implementation of the 2030 Agenda for Sustainable
Development (NPISD) (Ministry of Foreign Affairs of China, 2016), the effective

irrigation ratio is listed as one of three ‘‘redlines” for the most stringent water resources
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management. This indicator is aimed to reach above 0.55 nationwide by 2020 (Ministry of
Foreign Affairs of China, 2016). The measures to achieve this goal are expected to include
developing irrigation schemes and water-saving irrigation technologies to enhance
agricultural water productivity as well as to upgrade manufacturing industry to accelerate the
innovation-driven transformation on agricultural modernization (Jigermeyr et al., 2017).
Besides, China has issued the National Plan for Sustainable Agricultural Development (2015-
2030) to ensure sustainable food production and to promote resilient agricultural practices

(Ministry of Foreign Affairs of China, 2016).

According to Cai et al. (2016), China has been and will continue to experience industrial
transition from primary industry towards secondary industry and tertiary industry, it is thus
the reason why ES was the biggest contributor to both the increases of the total BWF and the
WSI in the projections, given the fact that coal has been occupying an absolutely dominant
proportion of energy sources for China’s electricity production (Cai et al., 2018b). In
particular, the fundamental difference between the best-case scenario (SC6) and worst-case
scenario (SC1) regarding ES is whether China would stick with the current policy scenario of
electricity production before mid-2018 (SC1) or issue new sustainable-development policies
that are adopted to the maximum of global temperature increase below 2 °C (SC6). The
results showed that the coal-based electricity production within the worst-case scenario (SC1)
exacerbated water stress across the country, whereas in the best-case scenario (SC6) the BWF

in ES and the corresponding WSI were largely alleviated in most of the provinces (Figure 6).

Low-carbon energy production usually saves water substantially (Bridle and Attwood,
2015), and there is a clear shift in China’s policies away from coal and towards cleaner

alternative energy sources (Zhou et al., 2019). In comparison with 2010 (20.0 %), the share
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of renewable energy, including hydropower, nuclear power, and wind power, in the
electricity mix rose to 25.6 % and 26.8 % in 2015 and 2016, respectively (National Bureau
of Statistics of China 2018). According to China’s NPISD (Ministry of Foreign Affairs of
China, 2016), the share of non-fossil fuels in primary energy consumption aims at increasing
to about 20 % by 2030. However, the development of renewable energy for electricity
production has been experiencing several following hindrances: (1) the widespread coal
subsidies for producers and consumers (Bridle and Attwood, 2015); (2) the worsening
electricity waste generated by solar and wind power, due to insufficient grid construction and
transmission (Stanway, 2017); and (3) the promotion of gas-based electricity production,
owing to the fact that natural gas will become China’s main energy source, together with non-

fossil fuels (Ministry of Foreign Affairs of China, 2016).

As noted above, the interlinkages and interdependencies of SDG 6 (water), SDG 7 (energy),
and SDG 2 (food) across the 2030 Agenda articulate the significance of the WEF nexus.
Several challenges still remain for sound operationalization of this nexus, due to the lack of
systematic tools that could address all the trade-offs involved (Liu et al., 2017). To achieve
the sustainable WEF nexus by 2030, China needs policy coherence and synergies, which
remain missing in either its NPISD or other long-term action plans. Integrated thinking is
required to place the nexus to the center in meeting the demands across water, energy, and
food sectors. Moreover, policy-making is a dynamic process and its effects ought to be
reviewed regularly to ensure the adequacy of any follow-up procedures (Cai et al., 2016). It
is heretofore of prime importance and necessity to comprehend how and when to synchronize
those national targets representing water, energy, and food security in every stage of the
timeline in order to contribute most to China’s sustainable WEF nexus by 2030 (Cai et al.,

2016, 2018b).
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4.2 Impacts of urbanization

China is at the midst of an unprecedented urbanization development, with approximately 20
million new urban dwellers per year (Cai et al.,, 2018a). This rapid and perennial
development has substantially affected the extent of water availability as well as food
consumption and energy production. In line with the analysis of spatial heterogeneity,
particularly the coastal provinces in East China have been experiencing substantial stress
across water, energy, and food sectors. It is due to their more developed socioeconomics in
comparison with inland provinces, by having advantages in geographical conditions and

corresponding preferential policies (Varis and Kummu, 2019).

While approaching to becoming a high-income country, consumption and living patterns in
China’s cities undergo a radical change towards a consumeristic culture, such as the shift to
meat-rich diets including more dairy products, which is one of the key drivers for growing
water demand (Godfray et al, 2018). According to the estimation by Gu et al. (2019), China
would need to increase its cropland area by 40 % from 2010 levels to 227 million hectares.
Apart from dietary changes, food waste is another critical concern regarding water and food
security (Kummu et al 2012), owing to the fact that China’s cities dump 18 million tons of
uneaten food each year (Gu et al., 2019). Reducing food waste by three-quarters would cut
this aforementioned requirement to 200 million hectares (Gu et al., 2019). As Hoekstra et al.
(2014) pointed out that meat and dairy consumption can be a blind spot in water policy, it is
difficult for policy-makers to comprehend the interlinkages and interdependence between
animal-based food products and water stress. China made a commitment in its NPISD to
launch nuritition improvement projects, as well as to conduct publicity and education

campaigns on health and nutritition knowledge (Ministry of Foreign Affairs of China,
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2016), yet the nutrition guiance and intervention does not explicitly include the

recommdations on dietary changes underscoring more plant-based food comsumption.

Many studies, such as Jiang and Lin (2012) and Yuan et al. (2015), have revealed a positive
relation between China’s urbanization and energy-related CO, emissions, in particular with
regard to residential consumption. Given the dominance of coal in energy production
structure for a long time, China’s water and energy security have been deeply intertwined
(Cai et al., 2018b). To achieve the transition away from coal to cleaner fuels as well as
advance the low-carbon and green urbanization model (Gass et al., 2016), China has set a
bunch of ambitious goals in its NPISD, along with the National New-type Urbanization Plan
(2014-2020), the action plan for 1000 low-carbon cities, and the regional pilot cap-and-trade
programs (Ministry of Foreign Affairs of China, 2016). It is still too early to envision what
progress can be achieved and by when (Cai et al., 2018b). However, implementing these
measures shall be a participatory process on the basis of inter-sectoral coordination and
greater engagement of citizens. For instance, China launched a pilot run of residential tiered
electricity pricing reforms in 2012, to the authors’ knowledge, which mainly lies in the price
differences between rush hours and peak hours. In Finland, besides that, electricity
companies also offer the price options for consumers to choose how electricity is generated,
i.e. by renewable energy alone or combined with other energy sources. Where policy-making
is prepared to move towards greater participation and transparency, significant policy gains in

effectiveness can be achieved.

4.3 Limitations and the way forward

With regard to food production, it was assumed that all food would be produced in China,

and thus food imports were excluded. It was also assumed that food would be produced
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locally, and therefore food trade inside China was not considered either. Also, other factors
limiting food production were not taken into account, due to the fact that these results do not
consider the quality of water and arable land, to mention a few. It should be noted that food
security cannot be explained only in the context of water quantity, as water quality is another
crucial factor (Chen, 2007). For instance, food security has been exposed to threat, owing to
harmful subsidies in dairy resulting from polluted waters (Squires et al., 2015). Cai et al.
(2017) pointed out that water quality deterioration is strongest in China’s water scarce areas.
Therefore, the inclusion of water quality in a WEF nexus analysis such as the present one
would evidently exacerbate the seriousness of water problems, particularly in water stressed

areas of China.

In terms of water withdrawals for electricity production, the share of each province in
national production was assumed to remain unchanged in 2030. So, possible replacement of
production was not considered. Also, water withdrawals per produced unit of electricity were
not considered to change, and accordingly improvements in technology were not taken into
account in the results. It should be noted that the scenarios only considered water required for
generating electric power, and excluded water demands for, such as coal mining and washing
as well as primary energy industry in general. Hence, the analysis underestimated the total

water demand for China’s energy industry.

Another limitation deriving from the approach is to consider only BWF for FS and ES, which
denotes that green water was not addressed in this study. Green water footprint should be
addressed more thoroughly given that biomass energy production has been strongly promoted
(Zhao, 2016). Also according to the scenario results, the consumption of dairy products is

projected to grow. This may assign possible competition over land and green water between
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FS and ES, which would help achieve more comprehensive understanding about the inter-

sectoral dynamics and competition over water availability.

5 Conclusions

It was for the first time that a quantitative spatial scenario analysis was performed, for
assessing the competition for water between food and energy sectors in China’s water
stressed provinces by 2030 in the context of urbanization. The scenario results unveiled an
imbalance of water availability for meeting the demand between food and energy sectors.
They can be summarized as follows: (1) food sector played the leading role in the baseline
water stress; (2) energy sector substantially causes the increases of the projected water stress
index; and (3) the rapid and perennial urbanization has substantially affected the extent of

water availability, particularly in the eastern provinces.

As tackling the imbalance of sectoral water demand in the context of China’s urbanization is
the key in enabling and accelerating the progress towards achieving the country’s sustainable
water-energy-food nexus by 2030, it shall require the following three changes in China’s
policy-making.
* China needs policy coherence and synergies, with the integrated thinking of placing
the nexus to the center in meeting the demands across water, energy, and food sectors.
* China needs to ensure the adequacy of any follow-up procedures, by synchronizing
national targets representing water, energy, and food security in every stage of the
timeline. Those targets should level water consumption to sustainable quantities.
* China needs to embrace its policy-making towards greater participation and

transparency, to optimize important policy gains in effectiveness.
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