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ABSTRACT

Water scarcity and water quality are becoming increasingly serious global issues, especially in China.
Collecting accurate, scientific data about water-scarce areas is a critical first step for water resources
management. Beijing is one of the cities in China that faces severe water scarcity issues, impeding eco-
nomic and social development. This study assesses the water deficit in Beijing at the catchment level
using the Water Evaluation and Planning (WEAP) model to provide insights for water assignment and
to explore the advantages of WEAP applications in water resources management. Results show that
(1) Beijing had a water shortage of 560.24 million cubic meters in 2010 with agricultural water facing
the most severe shortage; (2) Catchment Yongdinghe faces the most severe water shortage challenge
with demand site reliability of 45.83%, followed by Daqinghe, Jiyunhe, and Beiyunhe (64.17%-67.92%),
and Chaobaihe (80.83%); and (3) the most sensitive water scarcity months are November, December,
and February, characterized by the mean water demand coverage of 44.37% in all catchment areas.
This study provides insights for water allocation and future research by serving as an important basis

for water balance and for sustaining economic—social-environmental development in China.
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1. Introduction

Due, in part, to the rapid development of the world
economy, many parts of the globe are facing serious water
resource shortages. The water supply crisis has been named
one of the top five global risks with the largest impact for the
last six consecutive years, and it was ranked the number one
risk in 2015 [1]. Water scarcity is particularly severe in China
due to its rapid economic development and increasing pop-
ulation growth and urbanization. China’s per capita water
resource of 1869 m?/person is only a quarter of the world’s
average and ranks 121st in the world, making China one of
the 13 most water-scarce countries in the world [2]. Moreover,
water shortage is widespread in China. Eleven regions in
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China (“Dry 11”) are water scarce, including the economic
powerhouse provinces of Jiangsu and Shandong and the
municipalities of Beijing, Shanghai, and Tianjin. Nearly half
of China’s GDP comes from the Dry 11 regions [3]. These
widespread water quantity and quality shortage problems
have attracted attention from the Chinese central govern-
ment. In its No. 1 Document of Year 2011, the Chinese central
government addressed water problems for the first time,
introducing the “3 Red Lines” water policy to (1) control
water use; (2) improve water efficiency; and (3) prevent and
control water pollution. China’s 13th Five-Year Plan, released
in 2015, clearly put forward goals of further controlling water
consumption and implementing dual control of not only the
total amount of water consumed but also the intensity of
water consumption. To meet this goal, in 2016 the National
Development and Reform Commission and the Ministry
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of Water Resources jointly proposed another program the
“13th Five-Year Dual Control Action for the Total Amount
and Intensity of Water Consumption.”

Water balance and rational water resources allocation has
become one of the key challenges to overcome on the road
to solving the water resource shortage issue. Academically,
many researchers have studied water scarcity from var-
ious aspects, such as water security [4,5], water balance
[6-8], water allocation [9-11], desalination [12], water price
reform [13], and the water-energy nexus [14,15] as well as by
different indicators and models to find rational solutions to
ease water scarcity [16,17]. Indicators applied in water scar-
city studies include the water stress indicator [18,19], the
water poverty index [20] and water footprint and virtual
water [21-23]. Various models are used in the research, such
as mathematical models [24,25], economic models [13,26],
and geographic information system-based models [10,27,28].
All models attempt to evaluate the relationship between
water supply and demand, assess the impact of energy and
economic development on water shortage, and thus put for-
ward optimal water assignments. However, the complexities
of water resource management systems include a variety of
uncertainties; there is no uniform or comprehensive method-
ological fit for all regions, all scales, and all situations.

Accurately evaluating the water balance of supply and
demand in areas with water shortage provides a critical base
of information to aid in various fields of water resources man-
agement. Integrated water resources management (IWRM),
a suitable water management approach, was developed by
the Global Water Partnership to promote the development
of water, land, and related resources, maximizing the eco-
nomic and social welfare rationally without compromising
the suitability of the environment [29]. The IWRM lists many
models to apply in water resource management; among
them, the Water Evaluation and Planning (WEAP) model is
used widely and successfully across the world [27,30-33].
Compared with its wide application in other countries,
WEAP is only employed in a few studies in China. Li and
Li [34], Yu [35], Li et al. [36] and Wan et al. [37] conducted
their water resources studies in Zhejiang Xitiaoxi watershed,
Ningxia Yellow River Basin, Tianjin Binhai New Area, and
Beijing South-to-North Water Transfer area by applying the
WEAP model.

Beijing is one of most water-scarce cities in China and
the world, and thus, it is an important example of a water
crisis city with significant conflicts between economic devel-
opment and water resources conservation. Scientific and
precise assessment of the gaps of water supply and demand
data is an urgent and necessary first step for the Beijing
government’s 13th Five-Year Water Development Plan, which
follows the national plan: Dual Control Action of 13th Five-Year
Water Consumption Total Amount and Intensity. Many Beijing
water resource studies have been conducted. For example,
the water demands of different Beijing sectors are predicted
with the computable general equilibrium (CGE) model, with
game-theoretic modeling approaches, with statistic and
econometric modeling methods, and by integrating concep-
tual water balance model and econometric regression meth-
ods [38,39]. Other issues, such as causes of the water crisis,
solutions to ease water scarcity, and explorations of the water
pricing system, are also analyzed by researchers [7,40,41].

Although these studies have made contributions to Beijing’s
water resources issues, the research models and methods
used are often not transparent for city officials, water man-
agement policy makers, or stakeholders to use in policy mak-
ing and policy evaluations. In contrast, the WEAP methodol-
ogy is based on a very transparent and user-friendly interface
for data input and for conducting scenario analysis that is
also capable of assessing the actual water resources situation
and water management policy options from water and cost
efficiency perspectives.

Under such a situation, this study aims not only to assess
the water shortage of Beijing and put forth insights for water
allocation, but also to explore the advantages of the WEAP
model as a tool for policy development and management.
This study serves as the basis for balancing water supply and
demand to sustain economic-social-environmental devel-
opment in Beijing and will provide important scientific sup-
port for the implementation of Beijing’s 13th Five-Year Water
Development Plan.

2. Study area
2.1. Natural environment and socioeconomic conditions

Beijing, the capital of China, covers an area of 16,808 km?
in the northern part of the North China Plain, between
39°28'N and 41°05'N and between 115°25'E and 117°30'E
(Bureau, 2014). It is facing a critical water shortage and is
among the “Dry 11” regions in China identified as water
scarce [3]. The shortage of water resources has become the
primary bottleneck for sustainable development of the
city’s economy and society [40,42]. Beijing is characterized
by alluvial plains in the south and east (38% of the surface
area), and by hills and mountains in the north, northwest,
and west (62% of the surface area). It has an East Asian mon-
soon climate with four seasons, which are characterized by
hot and humid summers and cold, windy, and dry winters.
The average annual temperature is 12.5°C, multiyear average
precipitation is 585 mm (with a recorded high of 1,406 mm in
1959 and a low of 242 mm in 1869), and multiyear evapora-
tion is 1,842 mm [43,44].

By the end of 2014, Beijing had a total population of
13.33 million, a regional GDP of 2,133.08 billion yuan, and
a per capita GDP of 99,995 yuan. The tertiary industry
dominates the regional economic output, with the primary
industry production value of 15.9 billion yuan, the second
industry output value of 454.48 billion yuan, and the tertiary
industry production value of 1,662.7 billion yuan [43].

There are 16 administrative districts in Beijing
(Fig. 1), including the “core city districts” used in this paper:
Dongcheng, Xicheng, Chaoyang, Fengtai, Shijingshan, and
Haidian. The core city districts are always reported as one
region for water use data in statistical yearbooks (Fig. 1). The
five corresponding catchment areas of Beiyunhe, Chaobaihe,
Daginghe, Jiyunhe, and Yongdinghe are analyzed in this
study.

2.2. Water resources

Except for Beiyunhe River, originating within Beijing
municipality boundaries, most of the surface water flow-
ing through Beijing comes from rivers and streams outside
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Fig. 1. The location, catchment distribution, and land use of Beijing.

the municipality in neighboring regions: Hebei Province,
Shanxi Province, and Inner Mongolia [45]. They are part of
the Haihe Basin, which drains into the Bohai Sea. There are
five main rivers and many smaller rivers, most of them dried
out, within the Beijing municipality. The five main rivers are
Chaobaihe and Beiyunhe in the east, Yongdinghe and Jumahe
in the west, and Jiyunhe in the northeast (Fig. 1). Beijing also
has four large and medium reservoirs and several small res-
ervoirs, including Miyun, Guanting, Baihe Fort, and Haizi.
Among them, Miyun and Guanting reservoirs are the largest.

Groundwater resources are a major part of Beijing’s water
supply. There are 16 groundwater sources within the Beijing
municipality, including 11 groundwater sources in respective
administrative districts, and four emergency water sources:
Huairou, Pinggu, Machikou, and Zhangfang.

Beijing’s rainfall varies seasonally, annually, and between
the sub-watersheds, especially in mountainous areas and
the low-lying plain. Eighty-five percent of Beijing’s annual
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precipitation falls between June and August. Beijing has
recorded 27 years of drought since the 1970s according to
study results from Group (2008) and statistics of Beijing
Water Resource Bulletin 2009-2015, and there is a decline
trend of average annual precipitation (Fig. 2). In this con-
text, drought means below multiyear average precipitation.
Between 1999 and 2015, average annual precipitation was
476 mm, 19% below the average. The amount of available
surface water depends on rainfall; average annual precip-
itation declining resulted in declines of surface runoff and
inflows to reservoirs (Fig. 3).

Beijing has seen a slow increase in total water consump-
tion between 2003 and 2015, characterized by an increase
in municipal and environmental water consumption and a
decrease in industrial and agricultural water consumption,
according to the statistics of Beijing Water Resource Bulletin
of 2003-2015 (Fig. 4). Since 1949, the available amount of
per capita water resources has dropped from 1,000 to 94 m?
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Fig. 2. Yearly precipitation of Beijing 1949-2015.
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Fig. 3. Declining inflows to Guanting and Miyun reservoirs [45].
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Fig. 4. Water consumption within Beijing municipality 2003-
2015 [46].

in 2014 [46]. This means that per capita water use in Beijing in
2014 was less than 1.4% of the world average and 10% of the
level of the world’s seriously water-scarce areas. The imbal-
ance of water supply and water demand has limited Beijing’s
social and economic development.

3. Methods and data
3.1. WEAP model description

WEAP was originally developed by Stockholm Environ-
ment Institute in Boston, USA (SEI-US) [28]. The current ver-
sion of the model, WEAP21, combines an integrated modeling
tool for evaluating water supply policies and suitable water

resources plans in a single watershed or a complex trans-
boundary river basin system [28]. It operates at a monthly
step on the basic principle of water balance accounting and
is considered a conceptual model for describing the hydro-
logical processes [27]. WEAP applies a scenario approach to
assess water availability and socioeconomic activities with
water resources and their allocation for current and future
periods [31].

WEAP model elements fall into two categories: nodes and
links. Nodes are where water is demanded and supplied, and
links are places that transfer water between nodes. A linear
program is used at every node to calculate and evaluate the
satisfaction of demand site and user-specified instream flow
requirements based on a daily or monthly basis. It operates
on a monthly step water balance equation, which is shown
as follows:

Qinﬂow = Qoulﬂow + Qconsumption + Qslorage (1)

where Q. is total inflows at a node and all connected
inflow links; Q_ . is total outflows at a node and all con-
nected outflow links; meumpﬁon is water consumed at a node

and all connected links; Q. is net of any change in storage
(reservoirs and aquifers).

stora,

3.2. Data sources and processing

The data employed in this study are classified into three
categories: water supply, water demand, and social-economic
data. Water supply includes meteorology (temperature, rain-
fall, humid, wind, cloudiness, and evaporation), land use,
river flow, hydrology, local reservoir, groundwater, and
wastewater treatment plant data. Water demand data include
municipal water, industrial water, agricultural water, and
environmental water. Social-economic data include popula-
tion and gross domestic output (Table 1).

Among the reservoirs in Beijing, only Miyun and Guanting
have comprehensive statistical records of inflow, eleva-
tion, and volume data since they are the largest and most
important. Therefore, the five rivers, and these two reser-
voirs, are used in the WEAP modeling work as surface water
resources.

In order to explore water balance status at watershed/
catchment level, the optimal unit for computation in the
WEAP model, this study used recalculated statistical water
demand and social-economic data based on administrative
units, according to the respective area ratio of the adminis-
trative districts in different catchments.

3.3. WEAP model setup for Beijing
3.3.1. Current account

A period where all or most of the data are available is
defined as current account or baseline year [31]. Absent or
incomplete water supply and consumption datain China area
common problem, but great progress has been made in water
resources monitoring recently. For example, Water Law of the
People’s Republic of China was released in 2002 to advance
water resources management in China. Furthermore, Water
Resources Ministry determined the national water service
integration system reform in 2004, aiming at strengthening
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Table 1
Data sources used in the Beijing WEAP model

Data type Scale Format  Description Source
Water Meteorology Daily Excel Precipitation; National Meteorological
supply and (1951-2015) temperature; humidity; Information Center
resources wind speed; cloudiness http://data.cma.cn/

Land use 1:250,000 Shapefile Forest land, construction = National Administration of Surveying,
land, grassland, farm Mapping and Geoinformation
land, water area

River flow Daily Excel Streamflow (Chaobaihe;  Beijing Water Authority

(2010-2016) Beiyunhe; Yongdinghe; http://www .bjwater.gov.cn/
Jumahe; Jiyunhe)
Reservoir Daily Excel Reservoir’s volume, Beijing Water Authority
(2010-2016) elevation, and inflow http://www .bjwater.gov.cn/
(Miyun, Guanting)

Hydrology 1:250,000 Shapefile Rivers, reservoir National Administration of Surveying,
distribution Mapping and Geoinformation

Ground water  Yearly PDF Ground water initial Beijing Water Statistical Yearbook;

(2010-2014) storage; maximum Beijing Water Resource Bulletin;
withdrawal Ground Water Dynamic Monthly

Wastewater Yearly PDF Daily capacity; Beijing Water Statistical Yearbook

treatment (2010-2014) consumption

plant

Water Municipal Yearly PDF Annual water use rate; Beijing Water Statistical Yearbook
demand water (2010-2014) consumption; reuse rate

Industrial Yearly PDF Annual water use rate; Beijing Water Statistical Yearbook

water (2010-2014) consumption; reuse rate

Agricultural Yearly PDF Annual water use rate; Beijing Water Statistical Yearbook

water (2010-2014) consumption; reuse rate

Environmental Yearly PDF Annual water use rate; Beijing Water Statistical Yearbook

water (2010-2014) consumption; reuse rate

Social- Population Yearly PDF Total population; Beijing Water Statistical Yearbook
economic (2010-2014) population density
data GDP Yearly PDF Gross domestic product;  Beijing Water Statistical Yearbook

(2010-2014)

Gross domestic product

per capita

water data service ability for management [47]. Beijing is
the first city to make this water service integration system
effort by setting up Beijing Water Authority in 2004; relatively
comprehensive water statistics data for the city have been
released by the Beijing Water Bureau since 2010. Therefore,
year 2010 is set as the current account for this study’s Beijing
WEAP model.

3.3.2. Model generalization

The Beijing WEAP generalization model is simplified
and built using the 2010 basic data (Fig. 5). The water sys-
tem is characterized by five catchments nodes (Chaobaihe
or CBH, Beiyunhe or BYH, Yongdinghe or YDH, Daqinghe
or DQH, and Jiyunhe or JYH); five rivers (Chaobaihe,
Beiyunhe, Yongdinghe, Jumahe, and Jiyunhe); two res-
ervoir nodes (Miyun and Guanting); five groundwater
nodes (one for each catchment area); 20 demand site nodes

(municipal water, industrial water, agricultural water, and
environmental water in each catchment); five wastewa-
ter treatment plant nodes (one for each catchment area);
10 runoff/infiltration links; 25 transmission links; and 20
return flows (Fig. 5).

The nodes of demand sites, catchments, and wastewater
treatment plants are linked to the respective river by trans-
mission links and return flow links. The nodes of catch-
ments, groundwater sites, and municipal water demand
sites are connected to each other through transmission links
and runoff/infiltration links in each catchment area. The
demand site nodes are created in WEAP’s schematic view
at their relative positions. According to the historical water
consumption data and actual observation, the demand
priority was set as municipal and agricultural water (1)
and industrial and environmental water (2). Water supply
sources are then linked to the demand site nodes via trans-
mission links.
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Fig. 5. The schematic model of the Beijing WEAP.

4. Results
4.1. Water balance at the city scale

Results from calculating Beijing’s WEAP 2010 modeling
show a total water demand of 2,417.57 million cubic meters,
a water supply requirement of 1,687.09 million cubic meters,
1,126.85 million cubic meters of water delivered, and
unmet water demand equaling 560.24 million cubic meters.
The highest unmet demand sector is agriculture, accounting
for 77% of the total — other unmet demands include envi-
ronmental (13%) and industrial (10%). The municipal water
demand is totally met in 2010 (Fig. 6).

There appears to be differences between months in water
demand sectors, with the exception of municipal water
(Fig. 7). Monthly changes in unmet demand relate to sup-
ply delivered; the unmet demands are larger during those
months with less supply delivered. Agricultural demand
is unmet in every month, while the industrial demand is
unmet only in January, February, November, and December.
Environmental demand is unmet in eight months, months
excepting June through September. These results show that

Beijing faces a severe water scarcity during its dry season:
January, February, November, and December (Fig. 7).

4.2. Water balance at the catchment level
4.2.1. Yearly characteristics

Water demand is almost met in the BYH, CBH, DQH, and
YDH catchments; water demand is best met in JYH (Fig. 8).
In BYH, municipal water is the greatest demand sector, and
it is completely met; environmental and agricultural water
demands are in serious deficit status. In contrast, in the other
four catchments, agriculture is the greatest demand sector
and the largest shortage (Fig. 8).

Demand site reliability is defined as the percent of the
time steps in which a demand site’s demand was fully sat-
isfied [48]. Unfortunately, all the demand sites have unsat-
isfied reliabilities in catchments except for municipal water
with 100% reliability (Fig. 9). The municipal water reliability
probably results from the first priority of water use in this
Beijing WEAP model. Water reliability in CBH is greater than
that in the other catchments. YDH has the least reliability,
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characterized by both agricultural and environmental at 0%
(Fig. 9).

4.2.2. Monthly change

Results illustrate that there is not a significant monthly
change of water demand in any of the catchments (Fig. 10).
However, monthly rainfall and transmission losses are differ-
ent for each month, presenting an obvious monthly variabil-
ity within respective catchment for unmet demand (Fig. 11).

In CBH, unmet demand data show a monthly change
characterized by water shortage only appearing in February,
November, and December. Furthermore, in these months,
agricultural water faces the most serious water deficit. There
are eight water deficit months in BYH, and most severe are
January, February, November, and December. Unmet envi-
ronmental water demands are extreme in January, while
the most serious water deficit for agriculture is February,
November, and December. Unfortunately, serious water
shortage is clear in all months, with the primary water scar-
city in the agricultural sector in the YDH, DQH, and JYH
catchments. Results show that February, November, and
December are facing the most serious water deficit challenge
in all five catchments (Fig. 11).

Water demand coverage is defined as the percent of each
demand site’s requirement (adjusting for demand site losses,
reuse, and demand-side management savings) that is met,
from 0% (no water delivered) to 100% (delivered of full require-
ment) [48]. It gives a quick assessment of how well water
demands are being met. The results demonstrate that seri-
ous water shortage is widespread in all catchments in Beijing
(Fig. 12). The agricultural sector has the highest water scarcity
demand and the lowest coverage, while municipal water is met
100% in all months in almost all of the catchments. Beijing’s
dry season, especially February, November, and December,
is the worst water demand coverage period, when agricul-
tural, environmental, and industrial sectors have the lowest
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Fig. 9. Demand-site reliability in different catchments, Beijing region.

coverage (coverage as low as 0% appearing in this period)
(Fig. 12). The results of demand coverage also illustrate that
the catchments of JYH and DQH have the most severe water
shortage problem; water demand is best met in CBH (Fig. 12).

4.3. Water assignment

One of the WEAP model’s strengths is that it gives water
inflows and outflows for every node, so that water assignment

of each node can be calculated by empirical formulas embed-
ded in the WEAP model. In this study, Beijing WEAP 2010
provides the results of monthly water supply inflows for dif-
ferent nodes (Table 2). It presents the water assignment in
Beijing catchments ruled by natural rainfall and transmission
losses without any policy intervention.

BYH has the greatest total inflow (1,126.24 million cubic
meters), and JYH has the least inflow (267.23 million cubic
meters) (Table 2). Surface runoff makes up the majority of the
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Feb Mar Apr May June  July Aug Sep Oct Nov Dec Sum

Jan

Inflow nodes

Daginghe Catchment

291
346.56

0.01
0.00
0.00
0.10
0.69
522
6.03

0.04
0.00
0.01
0.10
0.67
5.05
5.88

0.01
39.22

0.64
53.17

0.31
113.51

0.28
24.29

1.64
62.88

0.00
20.56

0.00
11.31
0.00
0.42
0.67
4.38
16.79

0.00
14.73

0.00
1.41
0.00
0.29
0.63
4.72
7.04

0.00
5.48
0.00
0.43
0.69
453
11.14

River headflow

Surface runoff

0.98
433
8.17

55.50
418.45

0.00
0.43
0.69
453

44.88

0.21
0.42
0.67
442
59.53

0.10
0.43
0.69
4.55

119.59

0.09
0.43
0.69
455
30.34

0.55
0.42
0.67
449
70.64

0.00
0.43
0.69
453

26.21

0.00
0.43
0.69
453
20.39

Return flow from agricultural water

Return flow from industrial water

Return flow from wastewater treatment plant

Groundwater

Sum
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Jiyunhe Catchment

0.00
241.83

0.00
0.00
0.00
0.02
0.15
1.83
2.00

0.00
0.00
0.00
0.02
0.15
1.77
1.94

0.00
25.50

0.00
40.07

0.00
86.33

0.00
15.91
0.07
0.14
0.15
1.83
18.10

0.00
41.39
0.07
0.14
0.15
1.77

43.52

0.00
13.42
0.07
0.14
0.15
1.83

15.61

0.00
6.03
0.07
0.14
0.15
1.77
8.16

0.00
8.14
0.07
0.14
0.15

0.00
0.86
0.00
0.12
0.14
1.66
2.77

0.00
4.17
0.07
0.14

0.15

River headflow

Surface runoff

0.62
1.44
1.77
21.58

267.23

0.07
0.14
0.15
1.83

27.70

0.07
0.14
0.15
1.77

42.20

0.07
0.14
0.15
1.83
88.53

Return flow from agricultural water

Return flow from industrial water

Return flow from wastewater treatment plant

1.83
10.34

1.83
6.36

Groundwater

Sum

total inflow in each catchment, followed by groundwater; the
other inflow nodes contribute only a little. Inflows are higher
from June to October, reaching a climax in August (Table 2).

5. Discussion
5.1. Reliability of WEAP modeling

Based on water demand statistical data and water sup-
ply field data for Beijing in 2010, water deficit — the gap
between water supply and water demand - is estimated to
be 560.24 million cubic meters, with a total water demand of
2,417.57 million cubic meters. When water withdrawal quan-
tities within the municipality are considered but not water
transfer from the south to the north (SNWTP) and water
withdrawal from emergency water resources, the reported
statistical water shortage is 543 million cubic meters [43].
This is very close to the calculated water deficit of 560.24 mil-
lion cubic meters from the WEAP model results.

Estimated results for Beijing’s water balance in the liter-
ature fall into unsatisfied reliability, especially for the water
shortage projections for 2010 (Table 3). Comparing the sta-
tistical data released by Beijing Water Statistical Yearbook
(BWSY), results in the literature show deviations of between
39.2% and 78.7% for water demand estimations and devia-
tions of between 118.5% and 203.7% for water shortage esti-
mations, which overestimates the actual data. The deviation
of the calculated result in this paper is underestimated water
demand by 31.3% and overestimated water shortage by 3.7%.
It implies that the WEAP model is relatively more reliable
than other methods applied in the literature.

5.2. Data scarcity impact

The WEAP model’s projection capacity is impacted by the
availability of input data. Due to the lack of relevant histor-
ical monitoring data (monthly and daily) for societal water
consumption, results did not show a detailed exploration of
the water deficit at monthly and daily levels in this study.
Monthly water demand changes are calculated by assigning
the annual demands into months according to the exact num-
ber of days in each month. Therefore, the monthly water defi-
cit is estimated only on the water supply side. However, the
water deficit is associated with both water supply and water
demand. The more accurate the monthly water demand infor-
mation available, the more valuable the monthly water short-
age picture to give insights for practical water assignments.

Furthermore, there is no long-term annual historic (more
than 30 years) data for water demand, so a statistical tempo-
ral-spatial variation of water balance could not be presented.
However, water balance is a critical element for optimal water
resources allocation. Therefore, it is important and urgent to
obtain and accumulate the long-term basic data for WEAP
modeling. Another basic data gap appears in the monitoring
data at different water demand nodes, which could allow for
more reasonable water allocation across the different water
demand sectors.

5.3. Water resource assignment

An optimal water resource assignment is essential for
increasing water efficiency, especially in severe water scarcity
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Table 3

Water demand and water shortage estimations of 2010 for Beijing by major relevant studies and government departments (billion

cubic meters)

Departments/Authors Demand Shortage

Amount Deviation Amount Deviation
Beijing Institute of Urban Planning (1993) 4.90 39.2% No data No data
UNDP (1994) 6.29 78.7% No data No data
The Editorial Committee of Chinese Natural Resource Series (1995) 4.90 39.2% No data No data
Beijing Municipal Water Resource Bureau (1997) 5.43 54.3% No data No data
IWHR (1998) 5.24 48.9% No data No data
Beijing Municipal Government (1999) 5.27 49.7% 1.64 203.7%
Wang C. et al. (2006) No data No data 1.18 118.5%
Yang L. et al. (the present study) 2.42 -31.3% 0.56 3.7%
Beijing Water Statistical Yearbook (2010) 3.52 0.54°

Note: “The statistical water data from SNWTP and emergency water resources together.

areas. Researchers have been working on both water alloca-
tion theory and practical approaches such as the “social-nat-
ural” dualistic water cycle [49-53], the social water cycle [54],
rule-based water resource allocation [11], and water price
impact [13]. These studies provide good ideas and meth-
ods for the optimization of water resource allocation. But
there is still a lack of effective tools for water rights alloca-
tion to date. The WEAP model has advantages in the water
resources optimization studies, since it can estimate water
demand at all water use nodes and links. It could play a role
in all stages of the natural-social dualistic water cycle (Fig.
13). Furthermore, based on the model calibration and valida-
tion, WEAP can also evaluate the implementation effects of
the relevant policies and measures, so that the optimal water
resources allocation scheme with economic and technologi-
cal rationality could be obtained.

Results from the WEAP modeling for Beijing in 2010
show that the water assignment by natural water system
rules in each catchment area is very different across water
demand sectors, and it is variable by month. It indicates that
water right assignment should have flexibility for different
catchments, water demand sectors, and months. Because of

Water vapor diffusion and
transmission

f

\ f

Virtual water

\ | Desalinated water Water transfer program ‘

N

Fig. 13. The WEAP roles in natural and social water cycle
(modified based on [49]).

the severe water deficit occurring in February, November,
and December in Beijing, water resource allocation policy
on both water supply side (desalinated water, water trans-
fer, and virtual water) and water demand side (water use
sector priority, water price, and water efficiency) should
give emphasis to these severe water shortage months in
order to effectively ease the imbalance of water supply and
demand.

5.4. Limitations

This study advances water shortage evaluation by apply-
ing the WEAP model, a powerful and user-friendly WEAP
tool. The modeling results show the difference in water
shortages in the various catchment area, the most severe
water-scarce demand sectors, and the most sensitive months
of water deficit in the Beijing municipality. Because the
results are limited by a lack of comprehensive monthly water
demand data, this study fails to highlight the WEAP model’s
ability to give insights on monthly water assignment strat-
egy. Moreover, because it is outside the scope of this paper,
scenario analysis performed in the present study will be
presented in another paper, projecting the implementation
effects of the Beijing 13th Five-Year Plan Water Development
Plan, the water resource allocation policy, and the impact of
climate change on the water deficit of Beijing via the WEAP
Beijing model.

6. Conclusions

This study builds a WEAP model for evaluating both
annual and monthly water deficit, water demand, and supply
at city and catchment levels in Beijing, a city typical of both
economic development and severe water scarcity in China.
The water balance shows Beijing at a city level has a water
deficit of 560.24 million cubic meters in 2010, characterized
by the most water shortage in the agricultural sector. At the
catchment level, YDH suffers the most severe water shortage
challenge, with a demand site reliability of 45.83%, followed
by DQH, JYH, and BYH (64.17%—67.92%) and CBH (80.83%).
It also indicates that November, December, and February are
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the most severe water shortage months with a mean water
demand coverage of 44.37% in all catchment areas.

The water balance results of this study provide insights
on water resource assignment in water-scarce areas: (1) The
reality of monthly variations in water scarcity for different
demand sectors should be considered when formulating
government economic development plans and policies,
which seems to better meet water demand and balance eco-
nomic development and water resource conservation. (2) The
WEAP model could become a powerful and effective tool for
government policy designers, with its user-friendly interface
and excellent evaluating and scenario analysis ability. It cou-
ples with the models of water quality, groundwater, energy,
and climate to help policy makers capture the detailed char-
acteristics of water availability and socioeconomic activities
with water resources and their allocation for current and
future periods, which are important basis for rational policy
making. (3) In order to fully employ the WEAP model advan-
tages for water assignment strategy formulation, it is neces-
sary to enhance the water consumption monitoring system,
especially for social water cycle monitoring, and the water
auditing system, which provides information for cost-effec-
tive analysis of water management policies. With the help of
detailed data collected from water monitoring and auditing
systems, water shortage could be accurately evaluated by the
WEAP model at each demand site, and it could obviously
provide valuable insights for water allocation. (4) Current
water policies seldom consider the impact of energy con-
sumption and green gas emissions though they have already
aggravated the water crisis in both China and the world. The
water-energy-environment nexus should be an emphasis of
study to give a clear thinking for better water conservation.
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