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Abstract

China has been undergoing unprecedented urbamzsitioe the 1978 economic reform,
with the present growth rate of 20 million peopts gear. This rapid and perennial progress
has been raising concerns about environmental isabthty, due to a severe nationwide
deterioration of China’s environment and ecosystanthe context of ceaselessly increasing
demand for water and energy. It is therefore ahprnecessity and importance to comprehend
China’s water and energy security under the effgfictdramatic demographic changes.
Analyses of this issue still remain few and farvexn, and a comprehensive picture is not
available that would help understand China’s reckvelopment in urbanization, its spatial
features and links to water and energy securityjquédarly regarding residential consumption,
and related national policy-making. Consequentlg address these knowledge gaps by
performing an integrated and quantitative spatioperal analysis of the impacts of China’s
urbanization on water use and energy-related @@issions of residential consumption. We
propose adding residential per capita water usepandapita energy-related g@missions
as national indicators for policy-making targetsCdiina’s water and energy security. Over the

study period of 2003-2012, per capita rural residénvater use was on the increase, while



urban use showed the opposite trend. Rural consomipas been remarkably higher than the

urban, and this gap appears to be growing. In asfitthe per capita energy-related ,CO

emissions of residential consumption augmentedifgigntly in both urban and rural areas

nationwide. Besides, both the total and rural pepita residential water use and

energy-related COemissions showed a significant positive correfatidowever, in urban

areas this correlation was negative.
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CO, emission factor of fuel type

national total C@emissions of residential consumption in year

CO, emissions of residential consumption from the costion of fuel type in
sectoy of provincek in yearm

energy-related CQemissions

energy-related COemissions of residential consumption

energy factor of fuel typein yearm

standard quantity of the final residential consuompof fuel typei in sectoyj of
provincek in yearm

physical quantity of the final residential consuiaptof fuel typei in sectorj of
provincek in yearm

gross domestic product

gross rate of coal consumption for electricity gatien in yeam

heat and electricity

fuel type

area of residential consumption

province of China

loss of fuel type in sector j of provinc& in yearm



O fraction of carbon oxidized in use of fuel type

p significance level

Q Sen's slope, describing magnitude of a trend

r Pearson’s correlation coefficient

T theoretical rate of coal consumption for electyigieneration

TCE tonne of coal equivalent, i.e. unit of energy gated from metric ton of coal
wu water use

WURC water use of residential consumption

1. Introduction

Our planet is in the midst of a rapid urbanizatiwocess; each year, there are on average
76 million new urban dwellers, in comparison wikie tannual total population growth of 78
million (United Nations, 2015) Of these new urban dwellers, 20 million resideme single
nation, China(National Bureau of Statistics of China, 2016; Caet al., 2017a) China’s
urbanization is particularly fast, as its total ptgtion has been growing annually only by
approximately 6.5 million over the last decade, dhds the rural population has been
shrinking rapidly(National Bureau of Statistics of China, 2016; Caet al., 2017a) A key
driver of this process is the 1978 economic refomich set the policy outlines for China’s
socioeconomic developme(ai et al., 2016; Christensen et al., 2016; Wand al., 2016;
Fan et al., 2017) It is currently projected that the degree of @rgrurbanization (percentage
of urban population) will surpass 75% by 2050, whiould be substantially greater than that
in 2015 (56.1%) and about 4.2 times that in 19789%) (United Nations, 2015; National
Bureau of Statistics of China, 2016)

This rapid and perennial progress of urbanizatias lled to, besides vast demographic,

societal, and economic changes, also to soaringecos about environmental sustainability,



due to a severe nationwide deterioration of Chieagironment and ecosystems caused by
ceaseless increase in demand for water and eflergand Yang, 2012; Varis et al., 2014;
Ang et al., 2015; Huang et al., 2016; Bretschger drzhang, 2017) Facing this challenge,
China’s need to strive towards sustainable urbéinizgersistyCai et al., 2016) China’s
10" Five-Year Plan on national economy and social kigwveent can be portrayed as the
milestone call for action on these issues. Everesihwas set in force in 2001, emphasis has
been placed on sustainability as an overarchingcimle for China’s urbanization related
policy-making, in particular to best contribute lng-term sustainable water and energy
security (Wu et al., 2014; Liu and Qin, 2016; Zheng et al.2016; Cai et al., 2017h)
Therefore, it is of prime necessity and importanceexamine the impacts of China’s
urbanization on its water and energy security.

Water and energy are not only tightly interlinkdxit also highly interdependent. The
emerging concept of water-energy nexus has thus te@@gnized during the past decade as a
means of embracing and exploiting this interlinkage interdependency between water and
energy, along with their externalitiéSai et al., 2016; Zheng et al., 2016)t articulates that
it is crucial to consider water and energy secyaigtly, especially from the point of view of
China’s current dramatic demographic transitionweweer, there is to our knowledge, a
substantial lack of understanding of the joint ictgeof urbanization in China on both water
and energy security. The existing studies on wsdeurity (e.g., Hubacek et §2009) Yan et
al. (2015) and Li et al.(2017) or energy security (e.g., Wu et £016) Fan et al(2017)
and He et al(2017) within the theme of the urbanization were conddabnly at regional or

national scales, but not provinces, which has datte paint a complete picture of China’s



spatial heterogeneity. Hence, it is essential artical to assess the impacts of China’s
urbanization on its water and energy security inirgegrated manner in the context of
macro-level socioeconomic development, with a etelevant spatio-temporal resolution.

In our previous studyCai et al., 2016) we elaborated the diversity and ongoing
evolution of the definition and themes of water aswlergy security, along with their
indicators. With regard to water security, Hubaoek al. (2009) investigated current
trajectories and scenarios for water footprintsn ¥ al. (2015) assessed water use in
agriculture. Li et al.(2017) focused on urban rainwater management. In termenefgy
security, energy-related G@missions (ERCE) has been considered to be a canamo
straightforward indicatofWu et al., 2016; Fan et al.,, 2017; He et al, 201@nd its
relationship to urbanization was further explo¢€ao et al., 2016; Wang et al., 2016; Xu et
al, 2016) However, when per capita ERCE was analyzed isetlstudies, it included ERCE
of residential consumption (ERCERC) as well as ER€EBrimary, secondary, and tertiary
industry in urban areas. Despite the fact thatutmnization progress can help optimize
China’s industrial transition to enhance its ecoimoompetitivenes¢Wang, 2014; Liu and
Qin, 2016; Bretschger and Zhang, 2017)it is more important to specifically identify the
effects of demographic redistribution that is tlssemce of urbanization. Water use intensity
(water use (water withdrawal) per unit of gross dsetit product (GDP)) and energy-related
carbon intensity (ERCE per unit of GDP), are batkluded in national indicators for
policy-making targets of China’s water and energgusity in the context of its economic
structural changes. We found earlier a signifiqaoditive correlation between thef@ai et

al., 2016) and thus we propose here that per capita waeerotisesidential consumption



(WURC) and per capita ERCERC could be consideretivasadditional national indicators
for policy-making targets of China’s water and @yesecurity influenced by its urbanization.
Accordingly, it is of great interest to investigabe relationship between these two indicators.

Moreover, China’s national policies have been plgya fundamental role in promoting
water and energy security for residential consuompin the context of its urbanization.
During our specific ten-year study period, i.e. 1@ water pricing reforms were set in force
in 2002 to reduce WURC in urban aréZbong and Mol, 2010) while until 2012, a pilot run
of national residential tiered electricity pricingforms was launchg@hang and Qin, 2015)
it is critical to compare the differences between gapita WURC and per capita ERCERC,
resulting from China’s national policies, to addrdsow to develop these two potential
national indicators for policy-making targets tdgat

Our principal aim of this study is consequentlyctomprehend (1) how China’s recent
urbanization development has impacted residenteémuse and energy consumption, with
policy-relevant spatial resolutions; (2) how Chaadational polices influence water and
energy security for residential consumption; andh@wv China’s national policy-making for
water and energy security could benefit from owppised indicators (per capita WURC and
per capita ERCERC). To fill these knowledge gaps wonducted a quantitative
spatio-temporal analysis of per capita WURC and gagrita ERCERC under the effect of
China’s urbanization during 2003-2012. The speabgectives are to (1) quantify the degree
of China’s urbanization at national and provinsiedles; (2) assess possible trends of national
and provincial per capita WURC and per capita ERCERanges in urban and rural areas; (3)

investigate the relationship between per capita WE#Rd per capita ERCERC in urban and



rural areas at national and provincial scales; @)dreflecting on the findings in light of

China’s current national policies.

2. Material and methods
2.1. Classification of urban and rural areas

By definition, the ternmurbanization refers to the development and expansion of cities,
where cities are broadly considered as areas wigh lconcentrations of people and
human-made structur€g/u et al., 2014; Cai et al., 2017a)These areas thereby need to be
defined to identify China’s cities and their bounds.

China’s cities are in administrative terms typigattlatively large metropolitan regions,
which include both urban and rural arébmiang et al., 2016) Therefore, we collected the
data from the China’s statistical yearbod@kstional Bureau of Statistics of China, 2004c;
2005c; 2006c; 2007c; 2008c; 2009c; 2010c; 2011cizf) 2013c)which are based on the
census-reported urban population of a subset a@ficlss within each prefectural-level city,
satisfying a variety of criteria, namely being paftcontiguous built-up areas, being the

jiedao

location of the local government, being a “Stre@fi&) or having a “Resident Committee”

juaweihuil

(J5Z:%) (United Nations, 2015) Correspondingly, the data of rural areas containonly

the data of rural areas in prefectural-level cjtimst also the data of county-level cities and
counties, which are not considered url§lliational Bureau of Statistics of China, 2004c;

2005c; 2006c¢; 2007c¢; 2008c; 2009c¢; 2010c; 2011t 29 2013c)

2.2. Estimation of water use of residential consuntn



China’s domestic water use consists of water usesitiential consumption (WURC),
and water use in tertiary industries. Residentaiscmption includes the water from both
household faucets and shared taps that are usedrifidting, cooking, bathing, washing
clothes, and similar purposes, such as wateringefle or washing caf&hang and Brown,
2005) Water use in tertiary industry refers to allatleconomic activities not included in
the primary industry (agriculture, forestry, animalsbandry, and fishery) or secondary
industry (industry and construction), including ieass public and private services and
information technology(National Bureau of Statistics of China, 2004c; 2@z; 2006c;
2007c; 2008c; 2009c; 2010c; 2011c; 2012c; 2013e bulletin of China’s first national
census for water indicates that WURC is estimate@5&b of the total domestic water use
(Ministry of Water Resources of China and NationalBureau of Statistics of China, 2013)
The amount of WURC in urban areas is availableh@ €hina city statistical yearbooks
(National Bureau of Statistics of China, 2004a; 2@a; 2006a; 2007a; 2008a; 2009a;
2010a; 2011a; 2012a; 2013aJhus, the amount of WURC in rural areas can tienated as

the difference between the amount of total WURC\WARC in urban areas.

2.3. Estimation ofenergy-relatedCO, emissions of residential consumption
According to our previous studiai et al., 2016) we made use of all 21 actual fuel
types consumed in China and their £gission factors at both provincial and natiorales,
in order to improve accuracy, contrary to existgtgdies estimating China’s G@missions
from fuel combustionYuan et al., 2014; Zhao and Liu, 2014; Chen and Ysy, 2015;

Luukkanen et al., 2015; Ouyang and Lin, 2015)This estimation was performed using Eq.



(2):
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where C;fis the national total CQemissions of residential consumption in yesim = 2003,
2004, ..., 2012) (in metric tonneKjs the province of ChinkE 1, 2, ..., 30)j is the area of
residential consumption, in which the numbers @intl 2 denote urban and rural residential
consumption, respectively;is the fuel type consumed by each sector, in wthehnumbers

of 1, 2, ..., 21 denote raw coal, cleaned coal, ottesshed coal, briquettes, coke, coke oven
gas, blast furnace gas, other gas, other cokindugts, crude oil, gasoline, kerosene, diesel
oil, fuel oil, liquefied petroleum gas, refinery aother petroleum products, natural gas,
liuefied natural gas, heat, and eleCtriCithﬁkji is the CQ emissions of residential
consumption from the combustion of fuel tyip@ sector of provincek in yearm (t); CC; is

the CQ emission factor of fuel type(t/ TCE (tonne of coal equivalent)}) is the fraction of
carbon oxidized of fuel type& and FmF:.i is the standard quantity of the final residential
consumption of fuel typein sectorj of provincek of yearm (TCE); Fnli\l)(jil is thequantity in
original units of the final residential consumptiohfuel typei in sectorj of provincek of
yearm (t or 1d m® or 10 kJ or 10 kWh); andFF,, is the energy factor of fuel typeof year

m (TCE/t or TCE/16 m® or TCE/16 kJ or TCE/16 kWh).



Losses occur in the production of heat and elattrspecifically. These losses should be
taken into account, due to the fact that,@&s been emitted during the transformation from
fossil fuels. So Eq. (1) can be modified to diffeirate between the fuel types as

"=3'> > i, XFF, xCC X0

k=1 j=1i=1

2

+ZZZ(kaJ|I ka|)xFF XCC XO (2)

k=1 j=1i=20

whereL i is the loss of fuel typein sectoy of provincek of yearm (1& kJ or 16 kwh).

Additionally, given the fact that China’s electticistructure is still dominated by coal,
the share of which was around 75-80% during 200240iang, 2015; Ouyang and Lin,
2015) it is useful to convert the physical quantityedéctricity generation into TCE, i.e. a
coal equivalent. Thus, Eg. (2an be developed as

ZZZ FR, xFF,, xCC, xO
k=1 j=1 i=1
2

+ZZZ(kaJII kal)xFF XCC ><O

k=1 j=1i=20

2 \
+ZZZ(kaJI mkj|)x_meF XCC XO (3)
k=1 j=1

i=21

whereGy, is the gross rate of coal consumption for eleityrigeneration of yeam (g/kwh); T
is the theoretical rate of coal consumption foceleity generation in ideal conditions, whose

value is 122.9 g/kWIfOffice of National Coordination Committee on Climae Change of

10



China and Energy Research Institute of National Desiopment and Reform Commission

of China, 2007)

2.4. Spatial and temporal analysis

For simplicity, the ternprovince was used to represent all 34 provincial jurisdiasi,
namely 23 provinces, &utonomous regions, 4 municipalities, and 2 Spesikhinistrative
Regions. Due to lack of data availability, the gdictions Tibet, Hong Kong, Macau, and
Taiwan were excluded from the analysis. Accordindta were collected on 30 provinces,
which were classified into 2 categories as foll¢@ai et al., 2016)

1) Coastal provinces: 11 provinces in Northeast CHhinaoning) and East China
(Beijing, Tianjin, Hebei, Shandong, Jiangsu, Shamnghhejiang, Fujian, Guangdong,
Hainan);

2) Inland provinces: 19 provinces in Northeast Chikkeilongjiang, Jilin), Central
China (Shanxi, Henan, Hubei, Hunan, Anhui, Jiangand West China which is
covered by the China Western Development Policynj(Xing, Inner Mongolia,
Qinghai, Gansu, Ningxia, Shaanxi, Sichuan, Chorggifrvunnan, Guizhou,
Guangxi).

To assess the statistical significance of possildads in each indicator during this
10-year period, a non-parametric statistical metimadnely the Mann-Kendall test, was used
(Mann, 1945; Kendall, 1975; Gocic and Trajkovic, 203). Unlike ordinary least squares
regression, the Mann-Kendall test is less affeddgdmissing values and uneven data

distribution, and is relatively robust to extrem&lues and serial dependen@édelhoven,

11



2011; Yin et al., 2012) To identify the magnitude of each trend, Sengpesl(Q) was
calculatedSen, 1968; Hirsch et al., 1982; Gocic and Trajkogj 2013) As a non-parametric
linear regression analysis, it is not sensitivegitoss data errors or outlie(Gilbert, 1987;

Bouza-Deano et al., 2008; Yin et al., 2012)

2.5. Data

To support the above estimation processes, theahrprovincial data of (i) total
population, (ii) urban and rural population, (tiotal water withdrawal, and (iv) total domestic
water use during the study period were collectemimfrthe China statistical yearbooks
(National Bureau of Statistics of China, 2004c; 2@z; 2006c; 2007c; 2008c; 2009c; 2010c;
2011c; 2012c; 2013¢)while the data of (v) WURC in urban areas frone tBhina city
statistical yearbook@ational Bureau of Statistics of China, 2004a; 2@#&; 2006a; 2007a;
2008a; 2009a; 2010a; 2011a; 2012a; 2013a)

The data of (vi) Fn?(ji‘ , (Vi) FFmi, (Viil) Lmgi, and (ix)Gm during the study period were
collected from the China energy statistical yeaksofNational Bureau of Statistics of
China, 2004b; 2005b; 2006b; 2007b; 2008b; 2009b; Zb; 2011b; 2012b; 2013h)
whereas the data of (JC; and (xi) O; from the China national greenhouse gas inventory
(Office of National Coordination Committee on Climae Change of China and Energy
Research Institute of National Development and Refan Commission of China, 2007)

Besides, the data of (xii) total ERCE were from pravious studyCai et al., 2016)

3. Results

12



3.1. Quantification of degree of national and provicial urbanization
China’s population manifested a significant incnegsrend during 2003-201¢Table
S.1) This was also the case in the majority of proggjowith 6 inland provinces (Henan,

Hunan, Anhui, Sichuan, Guizhou, and Guangxi) agptons(Fig. 1 and Table S.1)Owing

to the fact that the coastal provinces had mucterfasocioeconomic development than the

inland ones throughout the study per{@i et al., 2016) the general tendency was the flow
of the population from developing inland provinéet® developed coastal provinces.
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Fig. 1. China’s provincial population during 2003-D12: Results of Mann-Kendall test

and Sen's slope(1) Data of total population ({(ersons) are available in Table S.1; (2)
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Urban and rural populations denote population shareirban and rural areas (%). Their data
are available in Table S.2-S.3 respectively; (3% Boale difference of Sen's slope between

total population and population shares is due @adimensional difference of their data.

China’s urban population showed a significant iasmeg trend, whereas the rural
population had a significant decreasing treffables S.2-S.3) The degree of China’s
nationwide urbanization rose from 40.5% in 200%302% in 2012. At the provincial scale,
the same significant changes were found in urbah ramal areas of all provinces, with
Shanghai (coastal province) being on average thst orbanized province across the country
during this ten-year periofFig. 1 and Tables S.2-S.3)The degrees of coastal and inland
provinces’ urbanization climbed from averages of5%0 and 35.9% in 2003 to 66.1% and
47.3% in 2012 respectively. Being in different pbm®f socioeconomic development, this
wide disparity of urbanization progress between stalaand inland provinces thus
demonstrated that China experienced a heterogenebasization rate nationwide, which
would lead to quite diverse scenarios of its impawctper capita WURC and per capita

ERCERC among these provinces.

3.2. Water: growing per capita consumption in ruralareas

For China as a whole, the values of per capital MtBIRC indicated a significant
increasing trend during 2003-2012, from 32.8parson in 2003 to 35.2 ¥person in 2012
(Table S.9) This corresponds to 87.6 and 96.4 |/person/degpactively. A significant

increasing trend was also detected in rural anghsre the per capita WURC went up from

14



29.8 to 42.6 riiperson (81.6 to 116.6 I/person/d4iipble S.11) In contrast, there was a
significant decreasing trend in urban areas, wtieger capita WURC reduced from 35.4 to
28.6 ni/person (97.0 to 78.4 I/person/dd¥pble S.10) It is important to note that although
China’s degree of urbanization grew substantiallgrahe study period, the percentages of
urban and rural WURC of the total residential congtion stayed almost unchang@@bles
S.6 and S.7)As the urban and rural WURC shares did not chamgeh and the urban shares
were smaller all the time, the rural areas becameentain contributor to the growing per
capita total WURC at the national scale.

With regard to the provincial values of per captal WURC, significant increasing
trends were found in 45% (5 out of 11) of coastavmces and 32% (6 out of 19) of inland
provinces(Fig. 2 and Table S.9)which was in line with the same significant ches@f the
provincial total WURC(Supplementary results) On average, the per capita total WURC in
coastal provinces lifted from 33.1 to 36.8/person (90.7 to 100.8 l/person/day), and in
inland provinces from 29.6 to 31.6%merson (81.1 to 86.6 I/person/day). So the coastal
provinces in general had greater per capita totdR® than the inland ones, yet the changes
were not significant in all provinces. Beijing (sbd@l province) was the only province that
held a significant decreasing trend and its peitadaptal WURC value sank from 60.3 to 50.3
m>/person (165.2 to 137.8 |/person/d4fig. 2 and Table S.9)although its total WURC

value significantly increased due to populatiorvgio(Table S.4)

15
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Fig. 2. China’s provincial per capita water use ofresidential consumption (WURC,

m?person) during 2003-2012: Results of Mann-Kendaltiest and Sen's slopeData of per

capita total water use (WU) and per capita total R@Jare available in Table S.8-S.9. Data

for urban and rural areas are available in Tallé-S.11.

In terms of urban vs rural per capita WURC by pnoe, the urban values indicated

significant decreasing trends in 36% (4 out of dflyoastal provinces and 26% (5 out of 19)

of inland provinces, while there were significantreasing trends in Inner Mongolia and

Qinghai (inland provinceq)ig. 2 and Table S.1Q)This was, however, not fully consistent
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with the significant changes of the urban WURC det® in the same provinces
(Supplementary results) On average, the per capita urban WURC in cogst@inces
dropped from 39.5 to 30.7 ¥person (108.2 to 84.1 l/person/day), whereas ithanland
provinces from 25.5 to 23.4¥person (69.9 to 64.1 l/person/day). On the cowntithe rural
values showed significant increasing trends in 45%ut of 11) of coastal provinces and 42%
(8 out of 19) of inland provinces, while there wasignificant deceasing trend in Ningxia
(inland province)Fig. 2 and Table S.11)It was also mostly inconsistent with the sigrafic
changes of the rural WURC found in the same prasrS&upplementary results) On
average, the per capita rural WURC in coastal pies rose from 28.7 to 44.8%werson
(78.6 to 122.7 I/person/day), while that in inlgmdvinces from 31.8 to 38.9%person (87.1
to 106.6 |/person/day).

Hence, significant trends of per capita WURC welscavered nationwide, with
decreases in urban areas and increases in ruiad.dbele to much faster socioeconomic
development, the coastal provinces had greatecqgdta WURC on average in both urban
and rural areas. In the context of China’s demdgraphanges, the rural areas were the

greatest contributor to the rising per capita te¢&JRC at both national and provincial scales.

3.3. Energy: urban and rural areas sharing throne

From a national perspective, the values of pertadaptal ERCERC showed a significant
increasing trend during 2003-20{Rable S.17) Per capita total ERCERC climbed from 0.42
t/person in 2003 to 0.85 t/person in 2qQTable S.17) Unlike per capita WURC, significant

increasing trends were detected in both urban aral areagTable S.18-S.19)The urban
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and rural values grew from 0.60 and 0.31 to 0.99 @YO t/person, respective(ffable
S.18-S.19) Despite the fact that urban ERCERC shares hadfisant increasing changes
and their values were constantly greater than tinal rones throughout the study period
(Supplementary results) there was no evident shift between urban and ewems over the
dominance of per capita total ERCERC at the natistele.

Significant increasing trends were also found i pinovincial values of per capita total
ERCERC, excluding 4 inland provinces (Xinjiang, @uai, Ningxia, and Guizhou¥Fig. 3
and Table S.17) This was consistent with similar significant chgas in the provincial total
ERCERC(Supplementary results) On average, the per capita total ERCERC in cbasth

inland provinces went up from 0.43 and 0.41 to @AA 0.83 t/person, respectively.
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Fig. 3. China’s provincial per capita energy-relatd CO, emissions of residential
consumption (ERCERC, t/person) during 2003-2012: Railts of Mann-Kendall test and
Sen's slope.Data of per capita total energy-related ;G&nissions (ERCE) and per capita
total ERCERC are available in Table S.16-S.17. Batarban and rural areas are available in

Table S.18-S.19.

Regarding per capita ERCERC in urban and ruralsamé#he provincial scale, the urban
values showed significant increasing trends in §4%ut of 11) of coastal provinces and 47%

(9 out of 19) of inland province@~ig. 2 and Table S.18) This was different from the
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significant changes of the urban ERCERC discovaneitie same provinces, among which
only Shanghai (coastal province) as well as Shandxhei, and Guizhou (inland provinces)
had consistent changes in both urban and rurat §&egplementary results) On average,
per capita urban ERCERC in coastal and inland po®s grew from 0.57 and 0.66 to 0.89
and 1.24 t/person, respectively. On the other h#ralrural values also showed significant
increasing trends in 73% (8 out of 11) of coastalvimces and 68% (13 out of 19) of inland
provinces(Fig. 2 and Table S.19)There was a lack of consistency in the changéseofural
ERCERC in the same provinces, except for Qinghal &uangxi (inland provinces)
(Supplementary results) On average, per capita rural ERCERC in coastdl iatand
provinces rose from 0.30 and 0.31 to 0.76 and ge9son, respectively.

Consequently, there was strong evidence of si@mfiincreasing trends of national and
provincial per capita ERCERC in urban and rurahardoth of which greatly contributed to

the rising per capita total ERCERC at national pravincial scales.

3.4. High correlation between water and energy

At the national scale, a significant positive ctatien appeared between the per capita
total WURC and per capita total ERCERC during 22032 ¢ = 0.8287,p < 0.001)(Table
S.20) There was also a significant positive correlatimtween the per capita rural WURC
and per capita rural ERCERC € 0.9235,p < 0.001), however, a significant negative
correlation was detected in urban areas {0.9754 p < 0.001)(Table S.20)

By province, the per capita total WURC and per tapotal ERCERC manifested

significant positive correlations in 27% (3 outdf) of coastal provinces and 21% (4 out of
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19) of inland provincesp(< 0.01) (Fig. 4 and Table S.2Q) Beijing (coastal province)
exclusively showed a significant negative correlatiluring this ten-year period £ -0.8360,

p < 0.01)(Fig. 4 and Table S.2Q)In terms of urban areas, significant negativeatations
were found in 36% (4 out of 11) of coastal prove@nd 16% (3 out of 19) of inland
provinces p < 0.01), whereas there were significant positivgedations in Beijing (coastal
province)and Inner Mongolia (coastal provincg) € 0.01) (Fig. 4 and Table S.2Q)With
regard to rural areas, only significant positiveretations were discovered, in 55% (6 out of
11) of coastal provinces and 32% (6 out of 19)ndénd provincesp < 0.01)(Fig. 4 and

Table S.20)
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capita total WURC vs. per capita total ERCERC, gagrita urban WURC vs. per capita urban
ERCERC, and per capita rural WURC vs. per capital BERCERC, respectively. Their data

are available in Table S.20.

Therefore, this suggests the inclusion of per eapflURC and per capita ERCERC as
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national indicators for policy-making targets of ikdkis water and energy security in the

context of its determination in striving for susiable urbanization.

4. Discussion

There was strong evidence of distinct spatial pagtef per capita WURC and per capita
ERCERC among China’s coastal and inland provinees @003-2012. This indicates how
the country’s recent urbanization development hgsacted residential water use and energy
consumption and how its concurrent national poliofisence water and energy security for
residential consumption. These patterns result fbath natural and anthropogenic effects
(Cai et al., 2017a; Veldkamp et al., 2017)

China’s urbanization development has tended toobatéd in fertile areas with good
access to international marké@Ghristensen et al., 2016)which is in line with the fact that
coastal provinces are located in plains and coedettt ports. Also due to this fact, China’s
national policies since the 1978 economic reformehlbeen in favor of coastal provinces’
socioeconomic development, which has led to treariag urbanization progre¢€ai et al.,
2016)

In contrast, the degree of inland provinces’ urbaton is lagging behind, although
significant increasing trends were detected). 1). What is more important, the tendency of
the population flow from rural to urban areas, aoly occurred within each inland province
but also was largely towards coastal provincesanrbreaqFig. 1). Hence, China’s rapid
urbanization, which is directly related to the exgian of urban areas and growth of the urban

population(Cai et al., 2017a) has substantially affected the extent of residemtater use
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and energy consumption, in particular with coggtal/inces experiencing much more stress.

Facing this unprecedented urbanization progressR@Uhas been emerging as the
dominant concern in China’s municipal water supplgnning and management during our
study period, owing to the fact that it involveluge capital commitment as well as an equity
issue between urban and rural areas with wide lsogmications(Zhang and Brown, 2005)

In general, more coastal provinces had significacteasing total WURC and corresponding
per capita total WURC than inland provinces, byhbabsolute and proportional amount
(Supplementary results) Hence, more urbanized provinces need more watendet the
demand of growing population for residential conption.

However, it was surprising to find that per capithan WURC manifested significant
decreasing trends, regardless of coastal or infodnces(Fig. 2). These unexpected results
are rooted in aforementioned China’s water pricefgrms that were set in force in 2002 to
reduce WURC in urban are@ghong and Mol, 2010) These reforms have targeted adoption
of increasing block rate price structures in plateommonly used uniform rate structures,
motivated by the responsiveness of water demardgteer pricegDalhuisen et al., 2003;
Saglam, 2015; Zhang et al., 2017¢hang et al(2017) pointed out that there was a 3-4%
annual urban WURC reduction in the short-run and i&%he longer-term, based on 28
China’s cities that adopted increasing block raeffs during 2002-2009, which is not
completely consistent with the results of our beryadspatio-temporal analysis
(Supplementary results) Nevertheless, the effectiveness of the increallagk rate tariffs
should not be underestimated, when taking the tEssde growing urban population into

accouni(Fig. 1 and Tables S.1-S.2)

24



In contrast, almost half of coastal and inland progs had significantly increasing per
capita rural WURC, while the amount of the rural RO did not change mudfig. 1, 2,
and S.1) These results are likely to be closely linkedstmioeconomic controls, including
income and education(Sankarasubramanian et al., 2017) The study by
Sankarasubramanian et #2017) demonstrated that per capita WURC in the U.S. has
increased in urban counties relative to rural omed in counties with higher income and
education. They also argued the need for frequpdates, perhaps monthly to annual, of
WURC data for identifying effective strategies, Isuas increasing block rate tariffs
(Sankarasubramanian et al., 2017)Heretofore, China and the U.S. appear to conftioat
same delicate issue, i.e. how to control and atevper capita urban and rural WURC in
various geographic settings under a changing cimaspecially in the context of reaching
the United Nations’ Sustainable Development Goal éidto ensure access to water and
sanitation for all) by 2030, China could learn wsdessons and experiences from other
countries that have achieved a mature stage inrthenization process, as well as join forces
with them to optimize policy-making strategies dnelir implementatiorgSteensig, 2017)

Many studies have revealed a positive link betw€bma’s urbanization and ERCERC
(Zha et al., 2010; Feng et al., 2011; Jiang and Lir2012; Sun et al., 2014; Yuan et al.,
2015) Our analysis shared the same outcome. Per caR@GERC approximately doubled
nationwide in total, in urban areas and in rurabarduring this ten-year urbanizati®mng. 3).

In general, coastal provinces had much greatecggita ERCERC than inland provinces in
both urban and rural areas, which is in accordamitk the fact that coastal provinces’

ERCERC increased substantially in both absolutepaoportional terms (total ERCERC/total
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ERCE) (Supplementary results) When taking a close look at all 21 actual fughety
consumed in China, heat and electricity (H&E) wtre greatest contributors to ERCERC
(Table S.21) On average, inland provinces’ urban and rural H&res climbed from 52.1%
and 31.8% in 2003 to 61.9% and 44.7% in 2012 res@dy; while coastal provinces’ shares
maintained a relatively high consumption levelnir62.1% and 61.8% in 2003 to 63.1% and
61.7% in 2012 respectiveffable S.22-S.23)Accordingly, inland provinces were still in the
increasing phase of ERCERC owing to urbanization.

Given the dominance of coal in China’s energy potida structure for a long time, coal
has been occupying an absolutely dominant propodienergy sources for H&E production,
particularly in rural areagAldhous, 2005; Zha et al.,, 2010; Feng et al., 2Q1Hu and
Cheng, 2017) It is also worth noting that there is an interesphenomenon in China’s heat
consumption. Only the urban households of citiestied north of the Yangtze River are able
to use central heating provided and controlled dnall governments in wintdSun et al.,
2014) This leads to a unique spatial pattern of heasemption among China’s provinces
(Table S.25-S.26)which is in line with the fact that many northgurovinces have been
experiencing severe fossil-fuel-related outdoor/@mbair pollution by fine particulate matter
(<2.5um: PM2.5), along with growing ERCfRamaswami et al., 2017)During our study
period, there were no specific national policieggated for aiming to alleviate ERCERC, it is
therefore apparently the critical reason why Chlanzer capita ERCERC showed significant
increasing trends nationwide.

Thanks to China’s commitment to clean energy amdate protection made during the

2009 United Nations Climate Change Conference (knaw the Copenhagen Sumng©ai
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et al., 2016) a series of initiatives have been proposed amideimented. In July 2012, China
launched a pilot run of residential tiered eledlyipricing reforms in all the provinces expect
Xinjiang, which is seen as the first step towardea@ough power sector refor(@dhang and
Qin, 2015) In March 2014, the National New-type Urbanizati®an (2014-2020),
consisting of 17 indicators from four componentdb&nization level, basic public services,
infrastructure, and resource and environment), wksased by the State Council of China as
the first national policy to steer China’s urbamiza process onto a human-centered,
environmentally friendly, and sustainable p&@hen et al., 2016; Cai et al., 2017a)lo
implement this plan, the National Development amfloRm Commission of China initiated a
new action plan in the same month to develop 1008darbon citiegLiu and Qin, 2016).

On the basis of the Paris Agreement of 2015, Chiregional pilot cap-and-trade programs
are now being implemented as part of its currematie policy, which signals that China has
been making efforts for the absolute ERCE dgsetschger and Zhang, 2017) These
measures are ambitious and promising, howeves,tda early to envision what progress can
be achieved and by whé¢dhang and Qin, 2015)

In spite of the fact that urbanization and indadtiiansition are expected to co-occur, it
is of prime importance and necessity to have a cehgmsive understanding of
characteristics of residential water use and enemysumption in the rapid urbanization
process, for developing effective strategies anmut@piate policy-making targets of China’s
water and energy securifiiu and Yang, 2012; Zhang and Qin, 2015; Chen etla 2016;
Ramaswami et al., 2017) Our results indicated the huge difference betwpen capita

WU/ERCE and per capita WURC/ERCERC. On one hareln#tional and provincial values
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of per capita total WU/ERCE that includes WU/ERGCEprimary, secondary, and tertiary
industry were approximately 10 times greater orraye than those values of per capita total
WURC/ERCERC(Table S.8-S.9 and S.16-S.17Dn the other hand, the changes of per
capita total WU/ERCE manifested diverse trendsonatide due to China’s industrial
transition, in comparison with those of per capiwéal WURC/ERCERC(Fig. 2-3 and
S.1-S.2) This further led to different correlations of gepita total WU/ERCE and per capita
total WURC/ERCERC in each proving€ig. 4 and Table S.2Q) Our proposed potential
national indicators, per capita WURC and per capR&LERC, have thus fulfilled the purpose
of identifying the effects of demographic trangition China’s water and energy security,

which is in accordance with reflecting our findiragainst its concurrent national policies.

5. Conclusions

We conducted, for the first time, an integrated goéntitative spatio-temporal analysis
of the impacts of China’s urbanization on two ptamational indicators for policy-making
targets of its water and energy security, namely ga&pita water use of residential
consumption and per capita energy-related, @@dissions of residential consumption. Our
study, conducted over the period 2003-2012, pralvidgong evidence of the significant
impacts of the demographic changes on per capitarwae of residential consumption and
per capita energy-related @@missions of residential consumption. Its highiglan be
summarized as follows: (1) Rural areas dominated pér capita water use of residential
consumption at both national and provincial scalg) a significant increasing trend, while

the shares of water use of residential consumgatr@hthe per capita water use of residential
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consumption in urban areas decreased; (2) the g@tacenergy-related GGemissions of
residential consumption was significantly augmentebloth urban and rural areas nationwide;
(3) the per capita total and rural water use ofdesgial consumption and per capita total
energy-related CQemissions of residential consumption had a siggifi positive correlation,
but urban areas had a significant negative coroglat

As national indicators for policy-making targets,s crucial to quantify them for the
timelines set in long-term action plans. Given oesults indicating a significant positive
correlation between per capita total WURC and jagita total ERCERC, it would be highly
useful and advisable to synchronize these two piatamtional indicators for policy-making
targets in every stage of the timeline to contebomost to China’s water and energy security
in the context of its determination in striving feustainable urbanizatiafiLiu and Yang,

2012; Cai et al., 2016; Chen et al., 2016)
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Highlights

e We assessed the impacts of China’s urbanizatiomater-energy security.

e An integrated and quantitative spatio-temporal gsialwas performed.

e Growing residential water consumption was foundurmal areas nationwide.

e Both urban and rural areas had soaring residestilgy consumption nationwide.

e Significant correlations of residential water amet gy consumption were detected.



