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Abstract: Water shortage problems are increasing in many water-deficient areas. Most of the
current research on multi-source combined water supplies depends on an overall generalization of
regional water supply systems, which are seldom broken down into the detail required to address
specific research objectives. This paper proposes the concept of a water treatment and distribution
station (water station), and generalizes the water supply system into three modules: water supply
source, water station, and water user. Based on a topological diagram of the water network
(supply source-station—user), a refined water resource allocation model was established. The model
results can display, in detail, the water supply source, water supply quantity, water distribution
engineering, and other information of all users in each water distribution area. This makes it possible
to carry out a detailed analysis of the supply and demand of users, and to provide suggestions
and theoretical guidance for regional water distribution implementation. Tianjin’s water resource
allocation was selected as a case study, and a water resource allocation scheme for a multi-source,
combined water supply, was simulated and discussed.

Keywords: multi-source combined water supply; multi-objective optimal scheduling model;
refined water supply network; Tianjin

1. Introduction

Water resources play an indispensable role in the process of social development. Due to economic
development and climate change, water shortages in many parts of the world are increasing [1,2].
In some areas where water resources are scarce, local conventional supplies have been unable to
meet the water demand, and this has seriously hampered the sustainable development of the area [3].
The combined effects of dependence on the unicity of local conventional water sources, and the
instability of water supply, pose great risks to the water supply system [4]. To meet this challenge,
more alternative water sources need to be introduced to increase water supplies to reduce the pressure
on local conventional water supply, and multi-source combined water supply systems need to be
built. Unconventional water sources, such as reclaimed water and desalinated seawater, have been
developed and utilized in many countries for multi-source water supply systems [5,6]. Inter-basin
water transfers also play a significant role in alleviating the limitations created by the spatial and
temporal distribution of water resources. Large-scale water transfer projects include long-distance
water transfer projects, such as the Central Valley Project and the Los Angeles Aqueduct in the United
States [7], the Snowy Mountain Project in Australia [8], the Great Basin Lake Drainage Project in the
United States [9], and China’s South-to-North Water Transfer Project [10]. Multi-source combined water
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supplies can guarantee the security of regional water supplies and effectively reconcile the supply
and demand of regional water resources [11]. However, because of the complexity of multi-source
combined water supply systems, their optimization presents significant challenges in practice.

Many factors need to be taken into account in the decision-making regarding multi-source
combined water supply systems, such as selecting water supply sources, economic costs,
and addressing water user requirements. These factors are not independent of each other, and need
to be balanced in the process of optimizing the allocation of water resources. In particular, when the
amount of available water resources cannot meet water demand, water conflicts often occur between
different water user sectors [12]. Multi-objective algorithms are the main tool for solving the optimal
allocation of water resources, and can effectively reduce the conflicts between competing water user
sectors. There has been much research on multi-source and multi-objective water resource allocation.
Wong et al. proposed the principle and method of multi-objective and multi-stage optimization
management to support the combined use of surface water and groundwater, and considered the
combined use of local surface water, groundwater, and external water sources in the prediction of
water demand [13]. Percia et al. incorporated sewage, surface water, and groundwater in the Eilat
area in southern Israel in a water management model that had the aim of maximizing economic
benefits, and addressing the different water quality requirements of different sectors [14]. Zhong et al.
established a multi-objective decomposition model of a large system for water resource optimization
and scheduling, and provided solutions to problems at different levels according to the characteristics
of the mathematical model by taking into account the importance of different users [15]. Ma et al.
established a fuzzy linear programming model for the optimal allocation of multi-objective water
resources (including reclaimed water) that can be used for the rational allocation of multi-water
resources [16]. Kilic et al. developed a multi-objective model for large-scale irrigation systems that
increased production value by increasing irrigation areas and reducing water losses [17]. Eskandar et al.
proposed a new heuristic water cycle optimization algorithm that is based on the simulation of the
water cycle process in nature, and has been used to solve water resource problems with multiple
objectives and multiple constraints [18]. Roozbahani et al. proposed a multi-objective optimization
model for the sharing of water resources among transboundary river stakeholders by converting the
multi-objective problem into a three-step, single-objective problem [19]. Based on the middle route
of China’s South-to-North Water Transfer Project, which was opened in 2014, Zhang et al. set up
a multi-water resource joint scheduling model for the combined water supply of multiple sources
(external water transfer, local surface water, and groundwater) in Beijing, aimed at minimizing water
shortages and water wastage [20]. Yu et al. researched the optimal allocation of water resources
in Tianjin based on two scheduling objectives of a system network topology (social benefit and
water supply cost) by establishing a multi-source joint scheduling model of the urban water supply
system [21]. Roozbahani et al. established a multi-objective optimal water resource allocation model to
address water resource competition between different water use sectors and to simultaneously address
economic, social, and environmental problems [22].

These models, which address the optimal allocation of water resources, are usually a general
simplification of the regional water supply system [23], and are seldom divided in detail according to
the specific characteristics and objectives of water users and water supply. The allocation results only
consider the total allocation relationship between water supply and water demand, and insufficient
consideration is given to the detailed water distribution process, such as the distribution of water
infrastructure pipelines, water transmission capacity, water purification capacity of water treatment
plants, and the spatial distribution of water resources. Consequently, the theoretical configuration can
only be used for macro guidance, and cannot provide detailed guidance for water supply schemes.
To address this knowledge gap, this study proposes a virtual water treatment and distribution station
(a “water station”) to take into account the water resources, the administrative division of regional
water supply, and the complexity and diversity of water users. The study also proposes to build
a detailed water resource allocation model based on a network topology diagram of water supply



Water 2018, 10, 1580 30f20

source-station—user (WSSU). Using Tianjin’s water resource allocation in a typical year (2020) as an
example, water distribution schemes for the combined water supply from multi-water sources are
simulated, and optimal allocation schemes for different water sources and different water supply
targets are investigated, and the optimal allocation of water resources based on the detailed water
distribution process is solved.

2. Methods

2.1. Hierarchical Structure Analysis of the WSSU Distribution System

An optimal allocation model for water resources needs to reflect the hierarchical structure of water
supply sources and water users in the water resource system, and clearly describe the relationship
between water distribution infrastructure, water sources, and water users. Current urban water supply
system research usually takes a water plant as the connecting point between water sources and users to
build the water supply model [20]. However, the urban water supply model has limited applicability
to agricultural water supplied from rivers and lakes [21] because the agricultural water does not pass
through water plants, and because there are many water intake points that are difficult to calculate
uniformly. Therefore, the present study proposes a virtual water treatment and distribution station
concept, referred to as a water station for brevity. The water station integrates the functions of existing
surface water plants, underground water plants, sewage treatment plants, and desalination plants,
as well as the functions of the management and distribution of water resources, in order to make a
comprehensive water allocation for regional water users. It is assumed that all the water resources
supplying a certain region are, first, summarized to a water station of the region through the water
distribution network. Subsequently, some of the water passes through water treatment processes
at the water station, i.e., the purification capacity of each water plant is distributed throughout the
water distribution network to specific users who need purified water. The rest of the water is not
treated or simply filtered (which does not involve the water purification capacity of the water station),
and then distributed to water users. Reclaimed water is returned as sewage generated by the user
to the water station, and is then purified by the sewage treatment plant, and transported to specific
users for secondary use. By introducing the concept of a water station, the water supply of each
user can be uniformly coordinated in a water station, which facilitates water balance calculations.
Moreover, the functional integration of water stations simplifies the water supply route (supply source
> distribution pipeline > water plant > distribution pipeline > user). This facilitates the reasonable
generalization of water sources, water stations, and water users in different regions in the construction
of the refined WSSU scheduling model.

The refined WSSU model is a multi-level water resource scheduling model, and includes the
water supply source, water station, administrative division, and water user. There are a large number
of individuals involved, and there may be one-to-one, one-to-many, many-to-one, and many-to-many
connections between them, which makes the model more complex. To reduce the model dimensions
and to reduce the number of system variables, a two-layer programming model was adopted for the
model structure [24-26]. The first layer is the water supply system from the water supply source to
the water station, and the second layer is the water demand system from the water station to the
users. The upper and lower layers of the model are relatively independent, with independent decision
variables, objective functions, and constraint conditions. However, the two layers are related to each
other. The decision variables given at the upper level will be passed to the lower level as parameters to
participate in the constraint decisions at the lower level. The objective functions at the lower level will
be passed to the upper level as important feedback indicators for the optimization of the upper model.
This process is repeated until the optimal feedback is found, and the upper layer obtains an overall
optimal solution. The WSSU system diagram is shown in Figure 1.
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Figure 1. WSSU system diagram.

2.2. Objective Functions

From the point of view of social equity, regional water systems require as much water as possible
to meet the needs of all users. Thus, the water shortage rate reaches a minimum. From the perspective
of water supply cost, the total cost of the regional water supply system should be as small as possible,
and the water resources should be distributed to the users with higher incomes, in order to obtain the
maximum benefit with the lowest water supply cost. In this study, four objective functions were set up,
i.e., social benefit target, economic benefit target, water supply cost target, and social equity target [27].
To realize the rational allocation of water resources in the complex WSSU system, a multi-source
combined water supply scheduling model was constructed, and an appropriate multi-objective
algorithm was selected to solve the model.

2.2.1. The Upper Layer: Social Benefit Target

The social benefit value is calculated in the form of a water benefit coefficient for different users
to directly reflect the total benefit value of the water distribution scheme. Previous research has paid
more attention to the development and utilization of water for the economy, and has ignored the
importance of water demand from the ecological environment. In this study, the priority of water use
by the ecological environment is raised. Hence, the efficiency coefficients for domestic and ecological
water use are assigned large values. The social benefit function is expressed as follows:

I K L
fi(x) =max} ]]':1 Yot 21 QGijk X ay, 1

where f;(x) represents the social benefits after the completion of water supply tasks in various districts
during the year (1 x 108 yuan); QG;  x; represents the annual amount of water that the water source
i supplied through the water station j to the user ! of administrative division k, (1 x 10% m3); and 4
represents the benefit coefficient of unit water supply to [ user (yuan/m?).
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2.2.2. The Upper Layer: Economic Benefit Target

Many indicators (e.g., GDP and profit) reflect economic benefit targets. To more directly reflect the
economic benefits of water distribution, the economic benefits were calculated by using the efficiency
coefficient of water consumption per unit, i.e., market water price. The economic benefit target function
is expressed as follows:

I K L
fo(x) =max} /]':1 Y i1 21 QGijja X by, @

where f>(x) represents the economic benefits after the completion of water supply tasks in various
districts during the year (1 x 108 yuan); QG; ; x represents the annual amount of water that the water
source i supplied through the water station j to the user ! of administrative division k (1 x 10® m3);
and b; represents the economic benefit coefficient of unit water supply to  user, i.e., market water price
(yuan/m3).

2.2.3. The Lower Layer: Water Supply Cost Target

There can be many kinds of water sources in regional water supply systems. Water transmission
projects and raw water prices determine the cost and scope of water supply. Water supply cost adopts
unit raw water price as the calculation standard, and the calculated total raw water supply cost is the
target of the water supply cost. A minimum water supply cost is sought, while maintaining optimal
regional benefits. The water supply cost target function is expressed as follows:

o K L
fa(x) =min} ;| ][:1 Y st 21 QGiji X ciy ®)

where f3(x) represents the water supply cost of each district after completion of water supply tasks in
the year (1 x 10® yuan); QG,; i represents the annual amount of water that the water source i supplied
through the water station j to the user / of administrative division k (1 x 108 m?); and ¢; represents the
price of raw water per unit of water supply of source i (yuan/m?).

2.2.4. The Lower Layer: Social Equity Target

A minimum total regional water shortage was adopted as the goal of social equity, and reflects
the fairness of water resource allocation. The social equity target function is expressed as follows:

fu) = min (Yol Yoy QX = Yoy Yy Yoy Yoy QG ), @

where f4(x) represents the water shortage after the completion of water supply tasks in each district in
the year (1 x 108 m®); QX » represents the annual water requirements of the user 7 in administrative
division m (1 x 10® m3); and QG; j x represents the annual amount of water that the water source i
supplied through the water station j to the user ! of administrative division k, (1 x 108 m?).

2.3. Constraints

(1) Water supply capacity constraints: The total amount of water supplied annually to the
connected water stations by the i source during the year was not greater than the maximum capacity
of the source.

I J
Zi:1 j=1 QGi/j < QGi,fmax (5)

(2) Pipe network capacity constraints: The amount of water supplied by the i source to the j water
station during a year was not greater than the maximum pipe capacity of the water supplied by the
source to the water station.

T
ZiZI j=1 Qsi/j S Qsirjmax (6)
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(3) Water station purification capacity constraints: During a year, the total amount of purified
water supplied to each partition user by the j water station was not greater than the maximum capacity
of the water purification station.

I ] K L
Zi:l j=1 Zk:l Zl:l QGi,j,kl S Q]i,jnzax (7)

(4) Water station constraints: The total amount of water supplied by the j water station to users
in each district must not be greater than the sum of water supplied by each water source to this

water station. ! | K L I vJ
Zizl j=1 Zk:1 21:1 QGiju = 21 Zl QGij ®)

(5) Water supply constraints: The total amount of water provided by the water station to users in
each district must not be greater than the maximum amount of water required by the users.

I ] K L I ] K L
Yt =1 L1 201 QGiju < Yy j=1 L1 21 QXiju ©)

(6) Non-negative constraints: The model satisfies the non-negative constraint of decision variables.

QGijx =0 @)

2.4. Objective Function Processing

Since the results of the objective function are in different dimensions, dimensionless processing
is needed. This study adopts the standard deviation method, which is a deformation based on the
standard method. The function expression is as follows:

=1/, (11)

where s; represents the standard deviation of the objective function; and f; represents the objective
function (i =1, 2, 3, 4).

2.5. Multi-Objective Weight Processing and Solution

The linear weighting method is used to transform each objective function into a single objective
optimization function, and then the overall optimization of the whole region is solved. The function
expression is as follows:

Fi=Y " (hix f]), (12)

where A; represents the weight coefficient of four targets; and f/ represents the objective function after
standard difference processing (i =1, 2, 3, 4).

LINGO software (www.lindo.com, Lindo Systems, Chicago, IL, USA) was used to solve the
model. LINGO software has a built-in modeling language, which provides multiple internal functions.
The overall efficiency of this software, from modeling to solving, is very high. The objective function
data and constraint data (water supply source data, user water demand data, water supply network
capacity data, daily water plant capacity data, etc.) are input in the form of formulas. The modeling
language built into LINGO then automatically transforms the mathematical model into matrix form,
and automatically selects the appropriate solver to solve the problem in terms of the model.

3. Case Study

Tianjin is situated on the banks of the Haihe River, in China. Tianjin has a developed economy
and a large population. Water resources are in great demand, and there are large local water supply
shortages. Per capita water use was only 124.84 m® per annum [28]. This is the smallest per capita
water use of all the provinces and cities in China. Severe water shortages have greatly restricted the
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sustainable development of Tianjin. After the opening of the middle water supply route of China’s
South-to-North Water Transfer Project, water sources available to Tianjin include local surface water,
groundwater, groundwater source field, reclaimed water, desalinated seawater, Luanhe River water,
and water from the South-to-North Water Transfer Project (subsequently referred to as River water).
A multi-source water supply system has been created. Water is mainly supplied from two external
water sources, with local water sources providing auxiliary supplies. Since there are so many different
water sources, and because the water supply infrastructure is so complex, the potential for water
user conflicts over limited resources is high. The management of resource allocation for this complex,
multi-source water supply is difficult. Therefore, using the water supply system of Tianjin as a case
study will provide results that can be extrapolated to other areas.

3.1. Network Diagram of Water Supply System

The overall urban planning and spatial development strategy of Tianjin was combined with the
location of the Luanhe River and the South-to-North Water Transfer Project [29]. The water plant and
water transmission networks were systematically generalized in accordance with the water station
concept. Tianjin can be divided spatially into a horizontal and a vertical linear feature, three large
areal features, eleven partitions, and four users. The linear features refer to the two major external
water diversion projects, i.e., the middle route of the South-to-North Water Transfer Project and the
Luanhe River to Tianjin project. Two straight lines are used to represent the main water supply lines,
ignoring the water quantity adjustment function of the reservoir. The three large areal features are
the suburban area, the Zhongxincheng area, and the Binhaixinqu area. The eleven partitions refers to
eleven administrative divisions within the three large areal features. Suburban areas include Jixian,
Baodi, Wuging, Jinghai, and Ninghe. The Zhongxincheng area includes Zhongxinchengqu and six
districts of the city. The Binhaixinqu area includes Beibu, Xibu, Nanbu, Binhaibei, and Binhainan
(Figure 2). The four users refer to the four types of water users in each administrative division,
namely, domestic, industrial, agricultural, and ecological water demand. The topological map of the
Tianjin water supply network generalized water plants into water stations, and all water supplies
to the administrative divisions were summarized into water stations. The external water source
and the water station are directly connected through the water pipeline, and the water supply is
provided to the users in each administrative division through the water station. Local water sources
are assumed to connect directly to the water station through water pipelines, and are then assigned to
users. The Zhongxincheng area is jointly supplied by the Zhongxincheng and Jinbin water station.
Within the Binhaixinqu area, Beibu is supplied by the Hangu water station, Xibu is supplied by the
Jinbin water station, Binhaibei is supplied by the Tanggu water station, and Binhainan and Nanbu are
supplied by the Dagang water station. Within the suburban area, Jixian is supplied by the Jixian water
station, Baodi is supplied by the Baodi water station, Wuging is supplied by the Wugqing water station,
Jinghai is supplied by the Zhongxincheng water station, and Ninghe is supplied by the Ninghe water
station. The generalized water supply network diagram is shown in Figure 3.
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Figure 3. Generalized water supply network. (Two straight lines represent the main water supply
line of the South-to-North Water Transfer Project and the Luanhe River to Tianjin project in Tianjin.
Eleven blocks represent the eleven administrative divisions, and nine “water stations” are connected
to two major water supply routes through a network of water pipes. All available water sources are
transferred to the corresponding administrative divisions through the “water station” after unified
treatment, and distributed to the four users (domestic, industrial, agricultural, and ecological water
demand) in need of water.

3.2. Water Supply Rules

3.2.1. Users’ Available Water Sources

There are many kinds of water sources available in Tianjin, and the water quality of these water
sources varies. Different water users have different water quality requirements and, thus, it is necessary
to determine the water users of various types of water sources [30-32]. The details are shown in Table 1.
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Table 1. Water supply users for different water sources.

Water Users Surface Groundwater Groundwater Reclaimed Desalinated Luanhe River River
Water Source Field Water Seawater Water Water
Life v v v v i
Industry Vv Vv Vv Vv V4
Agriculture Vv Vv v
Ecology v v v v

Note: The /in Table 1 represents the available water sources for water users in Tianjin.

3.2.2. Rules of Water Source Priority Utilization

Due to the high cost of external water supplies, local water sources (conventional and
non-conventional) are preferred, with the shortfall met by external water. Two preferential rules
for water supply from external water sources were set up to take into account (a) the difference in
water prices for the Luanhe River water and River water, (b) the priority of water supply from two
external water sources, and (c) China’s minimum water supply requirements for River water from the
South-to-North Water Project. The first of these rules is the priority of Luanhe River water when there
are water shortages after running out of local water sources. When Luanhe River water is insufficient,
the shortfall is met by River water. The second rule is the priority of part of the River water for meeting
minimum water supply requirements (4 x 10% m3), with excess water requirements met by Luanhe
River water. When the total water supply of Luanhe River water is unable to meet the water demand,
the remaining water shortages are met by River water.

3.2.3. Water Demand Forecasting

Water demand forecasting is the basis of, and the primary work in, the optimal allocation of water
resources. The data on water demand for each partition in Tianjin in 2020 were derived from Ye’s study
“Analysis of Tianjin urban demand and water supply” [33]. The water users are divided into four
types: domestic, industrial, agricultural, and ecological water demand. Details are provided in Table 2.

Table 2. Water demand forecasting for Tianjin in 2020 (units = 108 m3).

.. . Domestic Industrial Agricultural ~ Ecological
Water Usgfvli:?::lgms“ahve Water Water Water Water Total
Demand Demand Demand Demand
Zhongxincheng  Zhongxin 5.46 3.06 1.17 2.89 12.58
Area Chengqu
Jixian 0.46 0.46 0.73 0.05 1.7
Suburh Baodi 0.47 0.18 2.63 0.1 3.38
uA“r an Wugqing 0.84 03 2.16 0.1 3.4
rea Ninghe 0.36 0.37 1.16 0.46 2.35
Jinghai 0.54 0.28 0.5 0.05 1.37
Beibu 0.63 0.3 0.12 0.23 1.28
Binhaixi Xibu 0.63 0.33 0.12 0.26 1.34
m Amxmqu Nanbu 0.87 1.81 0.12 0.24 3.04
rea Binhaibei 1.55 1.52 0.12 0.37 3.56
Binhainan 0.38 0.82 0.12 0.11 1.43
City 12.19 9.43 8.95 4.86 35.43

3.2.4. Water Supply Forecasting

From an analysis of the current water resources development and utilization situation in Tianjin,
water resources available for 2020 will include surface water, groundwater, groundwater source field,
reclaimed water, desalinated seawater, Luanhe River water, and River water. The amount of water
resources available for Tianjin in the year 2020 is shown in Table 3.
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Table 3. Water supply forecasts for Tianjin in 2020 (units = 10% m3).

Water Sources Surface Groundwater Groundwater Reclaimed Desalinated Luanhe River
Administrative Divisions Water Source Field Water Seawater River Water Water
Zhongxincheng Zhongxin 175 1.86

Area chengqu
Jixian 2.24 0.16 0.45 0.16
Baodi 1.02 0.1 0.12
Suburban Area  Wugqing 1.02 0.13 0.07 0.21
Ninghe 0.92 0.1 0.13
Jinghai 0.9 0.11 0.15
Beibu 0.35 0.2 1.58
Binhaixi Xibu 0.21
m Aa”‘mq“ Nanbu 0.66 0.56 1.1
rea Binhaibei ~ 0.51 0.66
Binhainan 0.25 0.3
City 9.37 0.6 0.52 451 2.98 9.06 12.16
Total 17.98 21.22

3.2.5. Simulation Scheme Setting

The available water quantity for local conventional water sources (surface water = 9.37 x 108 m3,
groundwater = 0.6 x 108 m3, groundwater source field = 0.52 x 108 m?) and unconventional water
sources (reclaimed water = 4.51 x 108 m3, desalination seawater = 2.98 x 108 m3) are based on the
estimated average requirements for 2020 (total = 17.98 x 108 m?). Historical data on the quantity
of Luanhe River water and River water were used to determine the minimum amount of external
water available (Luanhe River water = 5.32 x 108 m3 and River water = 4.87 x 108 m3). The minimum
amount was used as the initial condition, and the available quantity of external water was then
increased in steps of 0.25 or 0.5 x 10% m3 to the maximum value (Luanhe River water = 9.06 x 108 m3
and River water = 12.16 x 108 m3). A 17 x 27 matrix was constructed to simulate the water resource
allocation schemes for different combinations of the available external water supplies.

3.2.6. Objective Function

(1) Social Benefit Target

Based on the principle of making water use a priority for domestic and ecological demand,
the efficiency coefficient for domestic and ecological water use was assigned a large value.
The industrial benefit coefficient was allocated using the gross industrial output value method [34].
The other benefit coefficients relate to social, ecological, economic, and other factors, and were assigned
a proportion of the industrial efficiency coefficient [35]. The details of the coefficients are shown in
Table 4.

Table 4. Social benefit coefficients.

Category Calculation Formula
Industrial benefit coefficient a1= B x (1/w) =70 yuan/ m3
Domestic benefit coefficient ay= 1.5a; = 104 yuan/ m3
Agricultural benefit coefficient az= 0.71a; = 50 yuan/ m3
Ecological benefit coefficient ay=1.2a; = 84 yuan/ m?3

Note: W represents the water consumption of industrial output of 1 x 10* yuan in value (1 x 10~% m?/yuan).

(2) Economic Benefit Target

In Tianjin, the price of domestic water is currently 4.9 yuan/m?, the price of industrial water
is 7.85 yuan/m?, and the price of agricultural water is 0.21 yuan/m?>. Assigning a price to the cost
of ecological environment water is not straightforward. In most cases, the value of ecological water
derives from public welfare as determined by government, rather than economic activity. Therefore,
the direct economic benefits are small, and this study assumes a small value of 0.1 yuan/ mS.
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(3) Water Supply Cost Target
Local water resources are limited, and the cost of external water is high. Therefore, only the

water supply cost of the external water is calculated. The price of raw Luanhe River water is currently
0.91 yuan/m?, and the price of raw River water is currently 2.16 yuan/m?.

3.2.7. Multi-Target Weight Processing

The benefit generated by water supply is far more than the economic cost of water supply.
Therefore, this study assigns high weights to economic, social, and social equity targets. The weights
for (economic + social): social equity: water supply cost targets = 0.4:0.4:0.2. The Chinese government’s
protection policy for the ecological environment assigns a high weight to the social benefit targets in the
economic/social benefit targets. Consequently, the economic/social benefit target = 0.4:0.6. Based on
these ratios, the final weight ratio for economic benefit/social benefit/water supply cost/social equity
= 0.16:0.24:0.2:0.4. The approach used in determining the ratios is consistent with methods used in

similar research in the study area [35].

3.2.8. Calculation Results and Analysis

(1) Analysis of Minimum Water Shortage
Figure 4 shows a graph of Tianjin’s minimum water shortage in 2020 for different water supply

source schemes. It can be seen that, with the increase in the amount of Luanhe River water and
River water supplied, the total water shortage is gradually reduced, and the minimum water shortage
stabilizes at 2.82 x 10® m3. Based on a simple water supply and demand balance, Tianjin’s total water
supply (35.98 x 10® m3) will have exceeded the predicted water demand (35.43 x 10® m3) when the
cumulative amount of water from the Luanhe River water and River water exceeds 18 x 108 m3.
However, the water demand has not been completely met, which shows that Tianjin’s water shortage

is not a simple matter of water resource shortages.

ortage (1x10% ny3)

Water sp,

Figure 4. Tianjin’s minimum water shortage in 2020 for different external water supplies.
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A scheme was chosen with 7.5 x 108 m3 of Luanhe River water available at a 75% guarantee
rate, and 12 x 108 m? from River water available at an 80% guarantee rate. An analysis of the water
distribution for water users in this scheme revealed that water shortages for agricultural users occurred
at Baodi, Wuqing, Ninghe, and Beibu (Table 5). An analysis of the capacity of the water pipeline in
these four areas revealed that the maximum water transmission capacity has been reached. However,
the two rules for external water supply allocation allow surplus water from River water to be available
to meet all the water requirements of the users (Table 6). Thus, the water shortages in Tianjin under the
scheme chosen are the result of infrastructure limitations, rather than a lack of available water. In the
four regions of Baodi, Wugqing, Ninghe, and Beibu, the water infrastructure connecting to the River
water supplies is not adequate. At the same time, the pipelines’ capacity from the Luanhe River water
to these four regions are limited, and cannot meet the requirements of all water users.

The water supply distribution and trends are shown in Figure 5. Surface water, Luanhe River
water, and River water make up the bulk of water supplies, with the largest amount of water being
supplied by River water. Domestic water is mainly provided by Luanhe River water and River water.
Industrial water supplies are more evenly spread among the different water sources, with River water
providing the highest proportion. Agricultural water is mainly derived from local surface water,
while ecological water is mainly provided by reclaimed water. The biggest users of external water are
Zhongxinchengqu, followed by Binhaixinque. The consumption of external water in the suburban
areas is very small, with only Jinghai suburban areas supplied by River water. The reason for this
is that there is no water transmission infrastructure to distribute water from River water supply in
areas other than Jinghai. This finding is consistent with the earlier findings regarding the effects of
a lack of pipeline infrastructure in these areas. An analysis of the use of water sources in Table 6
indicates that water shortages could be caused by both lack of water infrastructure capacity and lack of
external water in Tianjin when there are insufficient supplies of Luanhe River water and River water.
Therefore, it is necessary to either expand the maximum water transmission capacity of the pipeline
from the Luanhe River to Tianjin, or add water transmission infrastructure in the water shortage
areas so that more water from River water can be utilized. This will enable supplies to be augmented,
while ensuring the stability of external water supply sources.
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Table 5. Water distribution for areas with forecasted water shortages in 2020 (units = 108 m3).
Administrative Cateeo Luanhe Groundwater Surface Reclaimed Groundwater Desalinated Total Water Water
Division gory River Water Water Water Source Field Demand Shortage

Life 0.37 0.1 0 0 0 0 047 047 0
Industry 0.16 0 0 0.02 0 0 0.18 0.18 0

Baodi Agriculture 0.0175 0 1.02 0 0 0 1.0375 2.63 1.5925
Ecology 0 0 0 0.1 0 0 0.1 0.1 0

Total 0.5475 0.1 1.02 0.12 0 0 1.7875 3.38 1.5925
Life 0.64 0.13 0 0 .0 0 0.84 0.84 0
Industry 0.19 0 0 0.11 0 0 0.3 0.3 0

Wuging Agriculture 0.0825 0 1.02 0 0 0 1.1025 2.16 1.0575
Ecology 0 0 0 0.1 0 0 0.1 0.1 0

Total 0.9125 0.13 1.02 0.21 .0 0 2.3425 34 1.0575
Life 0.26 0.1 0 0 0 0 0.36 0.36 0
Industry 0.37 0 0 0 0 0 0.37 0.37 0

Ninghe Agriculture 0.135 0 0.92 0 0 0 1.055 1.16 0.105
Ecology 0.33 0 0 0.13 0 0 0.46 0.46 0

Total 1.095 0.1 0.92 0.13 0 0 2.245 2.35 0.105
Life 0.365 0 0.265 0 0 0 0.63 0.63 0
Industry 0 0 0 0 0 0.3 0.3 0.3 0

Beibu Agriculture 0 0 0.055 0 0 0 0.055 0.12 0.065
Ecology 0 0 0.03 0.2 0 0 0.23 0.23 0

Total 0.365 0 0.35 0.2 0 0.3 1.215 1.28 0.065

Total 2.82




Water 2018, 10, 1580 14 of 20

Table 6. Water resource use (units = 108 m3).

Category Amount of Use = Available Amount  Residual Amount

Luanhe River water 75 75 0
River water 9.25 12 2.75
Surface water 8.288 9.37 1.082

Groundwater 0.6 0.6 0

Reclaimed water 451 4.51 0
Groundwater source field 0.07 0.52 0.45
Desalinated seawater 2.39 2.95 0.56
Total 32.608 37.45 4.842

14

The distribution of water sources

Water supply structure for water users

[ Luanhe River water

I Diverted River water
Surface water

I Groundwater

Il Groundwater source field

I Recclaimed water

28.37% Il Dcsalinated scawater

Cumulative water volume (1x10% m?)

0

Life Industry  Agriculture Ecology

(a) (b)

The distribution of Luanhe River water The distribution of River water
I Zhongxinchengqu
[ Jixian
B oodi
Wuqing
- Ninghe
[ JJinghai
[ Beibu
I Xibu

14.6% 4.65%
7 )

12.22%
-

I Nanbu
I Binhainan

-
62.27%

(c) (d)

Figure 5. Distribution of water sources. (a)The distribution of seven water resources, (b)Water supply
structure of water users, (c)The distribution of Luanhe River water, (d)The distribution of River water.

(2) Analysis of the Cost of Water Supply

All the schemes that meet the minimum water shortage of 2.82 x 108 m3 will have reached
the minimum water requirement of the River water (greater than 4 x 10® m?), irrespective of the
two priority rules for external water. Therefore, the cost of water supply in Tianjin is not affected
by the priority rules for external water. The cost of water supply for all the schemes (with water
shortages of 2.82 x 108 m3) was calculated by analyzing the relationship between the cost of water
supply and two external water supplies. As can be seen from Figure 6, the maximum cost of water
supply is 29.53 x 10® yuan, with the amount of water supplied by the Luanhe River water and River
water being 5.32 x 108 m?® and 11.43 x 108 m3, respectively. The minimum cost of water supply is
24.86 x 108 yuan, with the amount of water supplied by the Luanhe River and River water being
9.06 x 108 m3 and 7.69 x 10® m3, respectively. With the decrease in water from River water and the
increase in water from the Luanhe River water, the cost of water gradually decreases. The reason for
this is that the price of River water is higher than that of the Luanhe River water. When the amount of
River water increases, the cost of water supply will inevitably increase. Therefore, the cost of water
supply can be effectively controlled by setting a limit for River water.
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Figure 6. The cost of water supply.

(3) Competition between Social and Economic Benefit Targets

The main conflict between social benefit and economic benefit targets arises from the different
water resource priorities of different water users. Domestic water demand is the highest priority
of the two targets and, thus, water competition can be avoided. The remaining three water users
have different priorities for the two targets. When the total available water cannot meet the total
water demand, there will be strong competition for water. To more directly reflect the competition
relationship between social and economic benefit targets, the schemes with 7.5 x 108 m? of Luanhe
River water at a 75% guarantee rate were selected for analysis. As can be seen from Figure 7a, when the
available amount of River water is low, and the social benefit target is optimal, the economic benefit is
obviously lower than that when the economic benefit target is optimal. As the amount of River water
increases, the gap between the two benefits gradually narrows and, at a minimum water shortage of
2.82 x 108 m3, the benefits are almost same. The difference in values is caused by the priority of the
water supply. The benefit coefficient of the two targets is different, resulting in different final values.
Similarly, as shown in Figure 7b, the gap between the social benefit when the economic benefit target is
optimal and social benefit when the social benefit target is optimal gradually narrows as the amount of
River water is increased, and the final trends are the same. In conclusion, when the total water supply
to Tianjin cannot meet all the water requirements, the water supply priority of different water users
will have a large impact on the social and economic benefit targets, especially when the water shortage
is large. Therefore, reasonable setting of water supply priorities and water supply guarantee rates for
water users can effectively maintain the balanced development of social and economic benefits.
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Figure 7. Benefit trends along the River water. (a) Economic benefit trends; (b) Social benefit trends.

(4) Trend Analysis of Objective Function and Water Shortage

The schemes with 7.5 x 10® m? of diverted Luanhe River water, available at a 75% guarantee
rate, were selected for analyzing the relationships between water shortage and social benefit,
economic benefit, water supply cost, and comprehensive targets. As can be seen from Figure 8, with a
decrease in water shortage, all four target values show an increasing trend. When the water shortage
is in the range of 2.82-4.57 x 108 m?, the change trend for economic benefits and comprehensive
targets is relatively smooth, and the change range for social benefits and water supply cost targets is
large. The comprehensive target was obtained by weighted calculations after the standard deviation
treatment of the four objective functions. The gentle trend within the 2.82-4.57 x 10® m3 water shortage
range is mainly affected by the economic benefit target, and the overall trend increases as the water
shortages decrease. It can be seen from Figure 8d that there is an inflection point when the water
shortage is 4.57 x 108 m>. The water shortage on the left side of the inflection point is small, and the
change trend is gentle, but the cost of water supply is high. The water shortage on the right side of the
inflection point is large, and the change trend is obvious. Therefore, it is recommended that a water
supply scheme on the left of the inflection point is chosen. If the cost of water supply is sufficient,
it is recommended that a water supply scheme with a minimum water shortage of 2.82 x 108 m? is
chosen to meet the water demand of the region as far as possible. At this time, the diverted amounts of
Luanhe River water and River water will be 7.5 x 10% m3 and 9.25 x 10% m3, respectively, and the cost
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of water supplied is 26.81 x 108 yuan. If the cost of water needs to be controlled, it is recommended
that a water supply scheme in the middle of the 2.82-4.57 x 108 m> water shortage range be chosen,
such as the scheme with the water shortage at 3.32 x 108 m3. At this time, the diverted amounts of
Luanhe River water and River water will be 7.5 x 108 m® and 8.5 x 108 m3, respectively, and the cost
of the water supplied will be 25.19 x 10® yuan.
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Figure 8. Relationship between water shortages and the four benefit targets. (a) Social benefits increase
with the decrease of water shortage, (b) Economic benefits increase with the decrease of water shortage,
(c) The cost increase with the decrease of water shortage, (d) The comprehensive target value increase
with the decrease of water shortage.

4. Discussion

This study addressed a regional water resources system with high complexity. A refined
multi-source, multi-user, and multi-target water resource allocation model was constructed.
The concept of a water resource treatment and distribution station (water station) was proposed
to integrate the functions of water plants and manage the water resources uniformly. The overall
allocation of agricultural and urban water was realized, while taking into consideration the urban
complex water pipe network. When compared with existing research, the characteristics and
innovation of study are as follows:

(1) The proposed water station concept solves the problem of agricultural water supply by either
(a) not being considered in the study of urban water supply system, or (b) being modeled separately
so that regional water supply cannot be unified and integrated. The integrated generalization of a
regional water distribution network is realized, and the modeling process is simplified.

(2) The model developed in this paper is capable of refined simulation: the simulation results
can display the water supply source type and water supply quantity data of each user in each area
in detail. Consequently, information, such as the direction of water supply, the remaining capacity
of the water pipeline network, and the water shortage of users, can be obtained through statistics.
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In addition, the water supply proportion of users in each area can be analyzed, as well as the reasons
for users” water shortages, which can provide detailed guidance for water resource allocation in the
research area.

However, the model developed in this study has some limitations:

(1) The amount of input data required by the model is large and requires extensive data support,
such as user’s water demand for administrative divisions, water supply pipe network and water
supply capacity, and water plant treatment capacity. Therefore, the model is a more appropriate choice
when a research area has detailed data, but has difficulties in providing refined simulations when an
area lacks sufficient data.

(2) Although the present research intended to develop a refined configuration model,
many simplified treatments remained of various aspects of water resource allocation. Issues, such as
the water loss caused by water passing through the water pipe network and the cost of the water
supply transportation process were not taken into account in the model. Therefore, the impact of local
engineering factors on water resource allocation cannot be identified. We intend to investigate these
factors in further research.

5. Conclusions

(1) To investigate a complex regional water resources system, the concept of a water resource
treatment and distribution station (water station) was proposed. A water distribution hierarchy for the
regional WSSU was constructed to clarify the relationship between supply and demand. A refined
multi-source, multi-user, multi-target water resource allocation model was constructed.

(2) Tianjin’s water resource allocation in the average year of 2020 was used as a case study.
The results show that, even with adequate external water supplies, Tianjin will have water shortages.
Some areas do not have a water infrastructure network connecting them to the River water transfer
project. In addition, the capacity of the pipeline from the Luanhe River water to some areas is
limited, which leads to water shortages caused by infrastructure limitations. Therefore, it is necessary
to optimize the water supply network and increase the amount of external water in the water
shortage areas.

(3) The cost of water supplies can be effectively controlled by setting a limit for River water. If the
costs of water supply are sufficient, it is recommended that the water supply scheme with a minimum
water shortage of 2.82 x 10® m3 be chosen to meet the water demand of the region to the maximum
extent. If the costs of water supplies need to be controlled, it is suggested that a plan to meet water
shortages within the range of 2.82-4.57 x 108 m? be selected.
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