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Abstract: Multi-source, combined water supply models play an increasingly important role in solving
regional water supply problems. At present, in the area of regional water supply, models are mainly
used to study the problem of overall water guarantee rate, and do not take into account the impact of
the uncertainty of multi-source water supplies on water supply risk. There is also a lack of research
on how changes in multi-source water supplies affect sub-region and sub-user water guarantee rates.
To address this knowledge gap, the encounter probability of different frequencies and a refined water
resources allocation model of multi-source supplies were used. Using Tianjin as an example, this
paper studies the quantitative relationship between the uncertainty of multi-source water inflows and
the regional guarantee rate of water use. The objectives of the study are to analyze the changing trend
of the water shortage rate and the main body of water supply in each region, and to quantitatively
describe the influence of the variation of multi-source water supply on the main body of water supply
for users. The results show that under the same requirement of guarantee rate for water use, as the
number of water diversion sources increase, the probability of water supply meeting the water use
rate increases significantly, and the risk to water supplies decreases. At the same time, suburban areas
have a low dependence on external water supplies, while the change in the quantity of external water
sources has a great impact on the water supply of the Zhongxinchengqu and Binhaixiqnu areas. The
distribution and main body of water supply will change for different water users. Therefore, it is
important to ensure a stable supply of external water for maintaining the guarantee rate of regional
water use.

Keywords: multi-source combined water supply; optimal allocation of water resources; incoming
water uncertainty; guaranteed rate of water use

1. Introduction

Because of rapid population growth and rapid urbanization, the demand for water resources has
greatly increased [1], while water shortages are becoming increasingly serious because of, inter alia,
climate change and water pollution [2–5]. Many regions in the world are facing serious water crises and
water conflicts [6,7]. Multi-source, combined water supply modes, based on inter-basin water transfers
have become an important means for solving urban water supply problems [8,9]. Many countries have
planned and implemented a large number of inter-basin water transfer projects [10–12], such as China’s
South-to-North Water Diversion project [13–16] and California’s State Water Project [17]. Inter-basin
water transfers alleviate the uneven distribution of water resources through artificial redistribution, and
balance the mismatch between water demand and water resources. However, there are disadvantages
as well as advantages in the multi-water supply model approach [18]. On the one hand, inter-basin
water transfers provide a new water supply source for the water supply system. Multiple water
sources can supplement each other to avoid water shortages caused by insufficient water supply from
a single water source in low-flow years, and thus effectively reduce the risks to water supplies [19].
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On the other hand, because of the differences in water quality, project scale, and water price of the
various external water sources [20,21], the competition between multiple water sources is likely to
lead to water conflicts in the water distribution process [22]. Therefore, it is of great importance to
study the joint water supply from multiple sources for the rational allocation of water resources, the
quantification of water guarantee rates, and the assurance of water supply engineering benefits.

One current aspect of multi-source water supply research is to provide or simulate the water supply
from each source, and then carry out water-distribution modeling using an optimized allocation model.
For example, Montazar et al. studied the combined use of water in irrigation areas, an integrated soil
water balance algorithm was coupled to a non-linear optimization model in order to carry out water
allocation planning in complex deficit agricultural water resources systems based on an economic
efficiency criterion [23]. Based on an integrated GSFLOW model, Wu et al. studied and optimized the
combined use of surface water and groundwater in the Heihe River basin of China to alleviate the water
conflict between agriculture and ecosystems [24]. Another aspect of multi-source water supply research
is to take the amount of water resources as an uncertain condition to determine the upper and lower
limits of available water resources, and then simulate the allocation of water resources. For example,
Fu et al. adopted a two-stage, interval, stochastic planning method, introduced a risk preference, and
carried out research on water resource allocation optimization, using an uncertain stochastic planning
model based on risk values for the Sanjiang Plain [25]. Suo et al. proposed a comprehensive solution
method for multi-objective, interval programming using fuzzy linear programming and an interactive
two-step method, and applied this method to the case study of uncertain multi-water resource joint
scheduling planning in eastern Handan, China [26]. In some studies, the above simulation was carried
out using typical schemes for the interaction between multiple water sources in high-flow and low-flow
years. For example, Yu et al. researched the optimal allocation of water resources in Tianjin based on
two scheduling objectives for a system network topology (social benefit and water supply cost) by
establishing a multi-source joint scheduling model of the urban water supply system [27]. To address
regional water resources allocation under two correlated hydrological random variables and interval
parameters, Chen et al. proposed a couple-based interval-bistochastic programming (CIBSP) method.
To demonstrate the applicability, the CIBSP method is applied to the Zhanghe Irrigation District located
in Hubei Province, Yangtze River basin of China, to optimally allocate available water resources to the
municipality, industry, hydropower, and agriculture [28].

In essence, the optimization of the allocation of water resources is a highly complicated risk
decision problem [29–31]. The uncertainty in water supply will directly affect the change of water
guarantee rate for different water users, and have a great impact on the results of the water resources
allocation. However, there is a lack of research on the impact of the uncertainty of multi-source water
inflows, and on the probability of combination encounters of water supply risk. There is a lack of
research on the impact of water quantity change from multiple water sources on water guarantee rates
and the water supply composition for different regions and users. Therefore, the overall objective of
this paper is to combine the encounter probability of different frequencies of multiple water sources
and a refined water resources allocation model. The specific objectives are to study the quantitative
relationship between the uncertainty of multi-source water supplies and the regional water guarantee
rate, clarify the water supply schemes for different sources under specific water guarantee rates, and
analyze the changing trend of the water shortage rate of users and the main body of water supply in
different regions. In addition, the changing trend in water shortage rates for users and the main body
of water supply in each region are analyzed, and the influence of the change in multi-source water
supply quantity on the main body of water supply is quantitatively described.

2. The Study Area

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 is only 124.84 m3 per annum [32]. This is the smallest per capita
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water use of all the provinces and cities in China. Severe water shortages have greatly restricted the
sustainable development of Tianjin. Before the opening of the middle water supply route of China’s
South-to-North Water Transfer Project (STNWTP), water sources available to Tianjin included surface
water, groundwater, reclaimed water, desalinated seawater, and Luanhe river water. The opening
of the STNWTP added an additional water source. A multi-source water supply system has been
created. According to a preliminary study by the present research team [33], the problem of engineering
water shortage can be solved by building a new water distribution network. Tianjin can be divided
spatially into a horizontal and a vertical linear feature, three large areal features, eleven partitions, and
four users (Figure 1b). The linear features refer to the two major external water diversion projects,
i.e., the middle route of the STNWTP and the Luanhe river to Tianjin project. Two straight lines are
used to represent the main water supply lines, and ignore 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 refer to eleven administrative divisions within the three
large areal features. The suburban areas include Jixian, Baodi, Wuqing, 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 1a). The four users refer to the four
types of water users in each administrative division: domestic, industrial, agricultural, and ecological
water demand. Because of the large number of water supply sources and complex water pipelines,
water conflicts will occur among numerous water users with limited water supplies. The complex
system of multi-source combined water supply makes the allocation of water resources in Tianjin
extremely difficult. Therefore, the water supply system of Tianjin is a good choice for the current
investigation’s case study. The combination of different frequency encounters of multiple water sources
can better reflect the variation of the water guarantee rate for users in different regions. This can be
used to quantitatively describe the impact of the fluctuation of water supply from multiple water
sources on the actual water supply.
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Figure 1. (a) Administrative and water distribution map for Tianjin. (b) 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. The four users refer to the four types of water users in each
administrative division: domestic, industrial, agricultural, and ecological water demand. All available
water sources are transferred to the corresponding administrative divisions through the "water station"
after unified treatment, and distributed to the four users in need for water.

The water demand data and water supply data for each district in Tianjin in 2030 are shown in
Tables 1–3.

Table 1. Water demand forecasting for Tianjin in 2030 (units = 108 m3).

Water Users
Administrative Divisions

Domestic
Water

Demand

Industrial
Water

Demand

Agricultural
Water

Demand

Ecological
Water

Demand
Total

Zhongxin
cheng Area

Zhongxin
Chengqu 5.46 3.06 1.17 2.89 12.58

Suburban
Area

Jixian 0.46 0.46 0.73 0.05 1.7
Baodi 0.47 0.18 2.63 0.1 3.38

Wuqing 0.84 0.3 2.16 0.1 3.4
Ninghe 0.36 0.37 1.16 0.46 2.35
Jinghai 0.54 0.28 0.5 0.05 1.37

Binhaixinqu
Area

Beibu 0.63 0.3 0.12 0.23 1.28
Xibu 0.63 0.33 0.12 0.26 1.34

Nanbu 0.87 1.81 0.12 0.24 3.04
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
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Table 2. Prediction units for local water supply in Tianjin in 2030 (units = 108 m3).

Category
Administrative Divisions

Surface Water
Groundwater Reclaimed

Water
Desalinated

SeawaterDesign Frequency

50% 75% 95%

Zhongxin
cheng Area

Zhongxin
Chengqu 1.75 1.14 0.56 1.86

Suburban
Area

Jixian 2.24 1.38 0.59 1.88 0.16

Baodi 1.02 0.6 0.24 1.11 0.12

Wuqing 1.02 0.58 0.21 1.54 0.21

Ninghe 0.92 0.57 0.24 0.3 0.13

Jinghai 0.9 0.47 0.14 0.32 0.15

Binhaixinqu
Area

Beibu 0.35 0.24 0.13 0.2 1.58

Xibu 0.21

Nanbu 0.66 0.33 0.09 0.56 1.1

Binhaibei 0.51 0.27 0.09 0.66

Binhainan 0.25 0.3

City 9.37 5.58 2.29 5.15 4.51 2.98

Table 3. Water supply from external diversions in 2030 (units = 108 m3).

Category
Design Frequency

50% 75% 95%

Luanhe river water 7.5 4.95

STNWTP water 11 10.04 7.24

3. Methods

3.1. Research Design

“Random event”, “probability” and “independence” are basic concepts in probability theory. One
result of a random experiment is called a random event (abbreviated as event), which is expressed
by letters A, B, C, etc. Independent events refer to the fact that the occurrence of one event has no
effect on the probability of the occurrence of another event. When event A, B and C are independent of
each other, the probability of event A, B and C occurring simultaneously is equal to the product of the
probability of three events [34,35]. That is,

P(ABC) = P(A) × P(B) × P(C) (1)

Therefore, the inflow of surface water, Luanhe river water and STNWTP water in Tianjin at
different design frequencies are mutually independent events and do not influence each other, i.e.,
events A, B and C. By calculating the schemes for different combinations of design frequencies of
three different water sources, the influence of water quantity changes on guarantee rate of water use
of Tianjin is simulated. This could quantitatively describe the distribution of water supplies from
multiple water sources to different users in different regions, and describe the influence of the change
in water supply sources on the regional water supply.

The flow chart of the research is shown in Figure 2.
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3.2. Probability of Encounter of Incoming Water Combination and Guarantee Rate of Water Use

After the opening of the middle water supply route of China’s STNWTP, water sources available
to Tianjin included surface water, groundwater, reclaimed water, desalinated seawater, Luanhe river
water, and STNWTP water. Of these, the water supplies from surface water, Luanhe river water, and
STNWTP water changed significantly under different design frequencies, while the water supplies from
groundwater, reclaimed water, and desalinated seawater was relatively stable. Therefore, the selection
of different design frequency combinations for surface water, Luanhe river water, and STNWTP water
can effectively reflect the impact on the guarantee rate of water use in different administrative divisions
and for different water users. Using the concept of mutually independent events from probability
theory [34,35], the inflow of surface water, Luanhe river water and STNWTP water at different design
frequencies (50%, 75% and 95%) are mutually independent events and do not influence each other.
Assuming that the surface water inflow is event A, the Luanhe river water inflow is event B, and the
STNWTP water inflow is event C, the probability that the surface water, the Luanhe river water, and
STNWTP water will occur simultaneously at different design frequencies is:

P
(
A[i]B[j]C[k]

)
= P

(
A[i]

)
× P

(
B[j]

)
× P

(
C[k]

)
(2)

where P
(
A[i]B[j]C[k]

)
represents the encounter probability of the three water source combinations.

P
(
A[i]

)
represents the surface water when the design frequency is i, P

(
B[j]

)
represents the Luanhe river

water when the design frequency is j, and P
(
C[k]

)
represents the STNWTP water when the design

frequency is k.
The guaranteed rate of water use is mainly applied to water users, and can be expressed as the

degree of water demand by the water users [36]. The higher the guaranteed rate of water use, the
higher the satisfaction of the water demand of water users, and the higher the guaranteed water use.
The calculation formula is as follows:

P = Ws/Wr (3)
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where Ws represents water supply (1 × 108 m3), and Wr represents water demand (1 × 108 m3).

3.3. Construction of Water Resources Optimal Allocation Model

3.3.1. Objective Functions

The benefits of water resources are comprehensive; from the perspective of water resource use, it
can be divided into economic benefits and social benefits. The purpose of the optimal allocation of
water resources is to ensure that the regional water supply system meets the water demand of all users
as far as possible, and minimizes the water shortage rate and achieves the optimal comprehensive
benefits of the water resources. Therefore, this paper takes the economic and social benefit targets as
the objective functions of the refined water resources allocation model for Tianjin.

Economic Benefit Target

The economic benefit value is calculated in the form of a water benefit coefficient for different
users. This can more directly reflect the total benefit value of the water distribution scheme. The
economic benefit function is expressed as follows:

f1x = max
I∑

i=1

J∑
j=1

K∑
k=1

L∑
l=1

QGi, j,kl × al − 0.91×QL − 2.16×QJ (4)

where: f1(x) represents the economic benefits after the completion of the water supply tasks in the
various districts during the year (1 × 108 CNY); QGi, j,kl represents the annual amount of water that
the water source i supplied through the water station j to the user l of administrative division k
(1 × 108 m3); al represents the benefit coefficient of unit water supply to l user (CNY/m3); QL represents
the accumulated amount of Luanhe river water (1 × 108 m3); and QJ represents the accumulated
amount of STNWTP water (1 × 108 m3).

The industrial benefit coefficient was allocated using the gross industrial output value
method [37,38]. This coefficient is the reciprocal of ten thousand CNY of industrial output. The
agricultural benefit coefficient is the ratio of agricultural output value to agricultural water consumption.
Based on the policy of giving priority to domestic water use to meet and protect ecological and
environmental health, the coefficient of living and ecological benefits is taken as a larger value. Details
are shown in Table 4:

Table 4. Economic benefit coefficients (units = CNY/m3).

Category Calculation Formula

Industrial benefit coefficient a1 = 1/7.65 = 1307
Domestic benefit coefficient a2 = 1500

Agricultural benefit coefficient a3 = 467.44/12.32 = 37.95
Ecological benefit coefficient a4 = 1300

Where the CNY is the unit of money used in the People’s Republic of China.

Social Benefit Target

The social benefit target is to minimize the total water shortage in the region. The social benefits of
water resources are manifested in four main aspects: life, industry, agriculture, and ecology. Meeting
the domestic water use need is a basic condition for human survival and development. Meeting
the industrial and agricultural water use need is a fundamental prerequisite for social stability and
continuous economic improvement [39]. Therefore, to maximize the social benefits of water resources
when water resources are limited, the minimum total water shortage in Tianjin is selected as the goal
of social benefits. The function expression is as follows:
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f2(x) = min

 M∑
m=1

N∑
n=1

QXm,n −

I∑
i=1

J∑
j=1

K∑
k=1

L∑
l=1

QGi, j,kl

 (5)

where f2(x) represents the water shortage after the completion of water supply allocations in each
district during the year (1 × 108 m3). QXm,n represents the annual water requirements of user n in
administrative division m (108 m3). QGi, j,kl represents the annual amount of water that the water
source i supplied through the water station j to the user l in administrative division k (1 × 108 m3).

3.3.2. Constraints

The constraints to the optimal allocation of regional water resources are mainly the constraints of:
water supply, water transmission capacity of the pipeline network, and the water supply capacity of
the water stations.

(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∑
i=1

J∑
j=1

QGi, j ≤ QGi, jmax (6)

(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 pipeline capacity of the water supplied
by the source to the water station.

I∑
i=1

J∑
j=1

QSi, j ≤ QSi, jmax (7)

(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∑
i=1

J∑
j=1

K∑
k=1

L∑
l=1

QGi, j,kl ≤ QJi, jmax (8)

(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.

I∑
i=1

J∑
j=1

K∑
k=1

L∑
l=1

QGi,j,kl ≤

I∑
1

J∑
1

QGi,j (9)

(5) Water supply constraints: The sum of the amount of water supplied by the water station to the
users in each zone shall not be less than the lower limit of the water demand of the users and
shall not be greater than the maximum water demand of the users.

αn ∗

I∑
i=1

J∑
j=1

K∑
k=1

L∑
l=1

QXi,j,kl ≤

I∑
i=1

J∑
j=1

K∑
k=1

L∑
l=1

QGi,j,kl ≤

I∑
i=1

J∑
j=1

K∑
k=1

L∑
l=1

QXi,j,kl (10)

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

QGi, j,kl ≥ 0 (11)
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3.4. Simulation Scheme Setting

The water resource allocation of Tianjin in 2030 is used as a case study. In this paper, it was
assumed that supplies of groundwater, reclaimed water, and desalinated seawater were constant.
To analyze the quantitative relationship between the uncertainty of incoming water and the water
assurance rate of users in different zones, 33 simulation schemes with different design frequency
combinations of surface water, Luanhe river water, and STNWTP water were set up. The detailed
simulation scheme settings are shown in Table 5.

Table 5. Simulation scheme settings (units = 108 m3).

Category
Only use Luanhe river water Only use STNWTP water

Luanhe river water STNWTP water

Surface water
Design frequency

75% 95% 50% 75% 95%

50% (9.37,7.5) (9.37,4.95) (9.37,11) (9.37,10.04) (9.37,7.24)

75% (5.58,7.5) (5.58,4.95) (5.58,11) (5.58,10.04) (5.58,7.24)

95% (2.29,7.5) (2.29,4.95) (2.29,11) (2.29,10.04) (2.29,7.24)

Use both Luanhe river water and STNWTP water

Category STNWTP water

Surface water Luanhe river water
Design frequency

50% 75% 95%

50%
75% (9.37,7.5,11) (9.37,7.5,10.04) (9.37,7.5,7.24)

95% (9.37,4.95,11) (9.37,4.95,10.04) (9.37,4.95,7.24)

75%
75% (5.58,7.5,11) (5.58,7.5,10.04) (5.58,7.5,7.24)

95% (5.58,4.95,11) (5.58,4.95,10.04) (5.58,4.95,7.24)

95%
75% (2.29,7.5,11) (5.58,7.5,10.04) (5.58,7.5,7.24)

95% (2.29,4.95,11) (5.58,4.95,10.04) (5.58,4.95,7.24)

3.5. Model Solution

LINGO software (Lindo Systems, Chicago, 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. So LINGO is chosen to solve the model.

4. Results Analysis

4.1. Analysis of the Total Water Guarantee Rate of Different Schemes

4.1.1. Analysis of Six Schemes When the Luanhe River Is the Only External Water Source

Figure 3 shows the occurrence probability for the six schemes, and the trend of the total water use
guarantee rate in Tianjin, when the STNWTP water is not used, and when surface water and Luanhe
river water are combined with different design frequencies. As can be seen from the Figure 3, with the
increase of the total water supply from surface water and Luanhe river water (7.24→16.87 × 108 m3),
the guarantee rate of water use of Tianjin gradually increased (53.32%→73.07%), and the occurrence
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probability of the corresponding scheme presented a downward trend (90.25%→37.5%). Therefore,
without the use of STNWTP water, Tianjin has a large water supply deficit. Relying only on local water
sources and Luanhe river water is not sufficient for meeting the overall demand for water. At the
same time, the risk to water supplies is high and the stability of the urban water supply system cannot
be guaranteed.Water 2019, 11, x FOR PEER REVIEW 10 of 21 
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4.1.2. Analysis of Nine Schemes When the STNWTP Is the only External Water Source

To analyze the water supply situation of Tianjin in the absence of Luanhe river water, a comparison
was made with the scheme in Figure 3. Nine schemes for surface water and STNWTP water under
different design frequency combinations were set up for the case when the Luanhe river water was
excluded, as shown in Figure 4. It can be seen from the figure that, the overall guarantee rate of water use
for Tianjin is low. As the surface water and STNWTP water supply is increased (9.53→20.37 × 108 m3),
the guarantee rate of water use gradually increases (59.78%→82.95%). However, when compared with
Figure 3, it can be seen that the minimum and maximum guarantee rates of water use in Figure 4 have
been increased, while the occurrence probability of nine schemes has been reduced. By combining
the results from Figures 3 and 4, it can be concluded that the water shortages in the aforementioned
schemes is caused by insufficient water supplies, which are associated with resource-based water
shortages. Water shortages can be alleviated and eliminated by increasing water supply sources.
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4.1.3. Analysis of Eighteen Schemes When both Luanhe River Water and STNWTP Water Are Used

According to the analysis of the results shown in Figures 3 and 4, there will always be a water
shortage in Tianjin when there is only a single external water supply. Therefore, it is necessary to use
both Luanhe river water and STNWTP water to increase the amount of water available from external
diversions for Tianjin. This will reduce the risk to water supplies and improve the guarantee rate of
water use. Figure 5 shows the occurrence probability for eighteen schemes and the variation trend
of the overall water use guarantee rate in Tianjin when Luanhe river water and STNWTP water are
used simultaneously; different design frequency combinations of surface water, Luanhe river water,
and STNWTP water are shown. As can be seen from Figure 5, with the increase in the total water
supply of surface water, Luanhe river water, and STNWTP water (14.48→27.87 × 108 m3), the water
guarantee rate of Tianjin gradually increased (73.75%→100%), while the occurrence probability of
corresponding schemes showed a downward trend (85.74%→18.75%). This was consistent with the
change trends shown in Figures 3 and 4. However, unlike the cases depicted in Figures 3 and 4, in
the case of using Luanhe river water and STNWTP water at the same time, the water guarantee rate
of all schemes maintained a relatively high level (stable 90% fluctuation), while the minimum and
maximum guarantee rates of water use also increased significantly; the minimum water guarantee rate
increased to 73.75%, and the maximum water supply guarantee rate increased to 100%.

In summary, with the increase in the types of external water sources, the total water supply in
Tianjin increased significantly; the original water shortage has significantly improved, the overall
water use guarantee rate shows an upward trend, and can ultimately meet the needs of the users in
various urban districts. At the same time, the combination change of different design frequencies of
multi-source water leads to uncertainty in water supply, and the fluctuation in water supply greatly
affects the water guarantee rate for Tianjin. Therefore, a stable supply of external water sources is of
great significance to the urban water supply system of Tianjin.
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4.1.4. Occurrence Probability of Water Supply under Different Water Use Guarantee Rate Targets

1. When the water guarantee rate for Tianjin is more than 70%, one of the schemes shown in
Figure 3 is satisfied, and the occurrence probability is 37.5%. In Figure 4, it can be seen than six schemes
are satisfied, the probability of occurrence is 47.5%, the maximum guaranteed rate of water use is
82.95%, and the probability of occurrence is 25%. In Figure 5, it can be seen that all the schemes are
satisfied, the occurrence probability is 85.74%, the maximum water guarantee rate is 100%, and the
occurrence probability is 28.13%.

2. When the water guarantee rate for Tianjin is more than 80%, no solution is satisfied in Figure 3.
In Figure 4, two schemes are satisfied, and the probability of occurrence is 37.5%. In Figure 5, seventeen
schemes are satisfied, and the probability of occurrence is 67.69%.

3. When the water guarantee rate for Tianjin is more than 90%, there are no schemes that are
satisfied in Figures 3 and 4. In Figure 5, nine schemes are satisfied, and the probability of occurrence of
the schemes is 35.63%.

4. When the water guarantee rate for Tianjin is 100%, only two schemes in Figure 5 are satisfied.
Of these, the highest probability is 28.13%.

In summary, from Figures 3–5, the number of schemes that can meet the requirements gradually
increases, the occurrence probability of the corresponding schemes with the minimum guaranteed rate
of water use shows an upward trend, and the maximum guaranteed rate of water use continuously
increases to 100%. This shows that the addition of new water sources, that is, creating a multi-source
combined water supply, can effectively improve the guarantee rate of water use, ensure the stability of
water supply, and reduce the risk to water supplies. In addition, from a comparison of Figures 3 and 4,
it can be seen that the number of water supply schemes in Figure 4 that can satisfy all requirements is
higher than that in Figure 3; the corresponding schemes in Figure 4 also have a higher probability of
occurrence. Therefore, it can be deduced that the water supply stability of the STNWTP water is better
than that of the Luanhe river water, and that the STNWTP is an indispensable water supply source
for Tianjin.
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4.1.5. The Cost of Water Supply

In a water supply system, the cost of the water supply is an important component. The different
water prices of water sources will directly affect the final cost of the water supply. In the above scheme,
only the water prices of external water sources (Luanhe river water 0.91 CNY/m3, STNWTP water
2.16 CNY/m3) were included in the calculation of the cost of water supply. Only these prices were
used, because the purpose was to evaluate the impact of different external water sources on the cost of
water supply.

Figures 4 and 5 are taken as examples: the minimum water guarantee rate schemes are compared
when the water guarantee rate of Tianjin is more than 70%. The scheme in Figure 4 is: (surface water
95% + STNWTP water 50%), the guaranteed rate of water use is 70.39%, and the cost of water supply is
23.76 × 108 CNY. The scheme in Figure 5 is: (surface water 95% + Luanhe river water 95% + STNWTP
water 95%), the guaranteed rate of water use is 73.75%, and the cost of water supply is 20.14 × 108 CNY.
It can be seen that when the guaranteed rate of water use is similar, the water supply cost of the scheme
that uses more STNWTP water is higher. On the one hand, the large-scale use of STNWTP water
can reduce the risk to water supplies in Tianjin and ensure the stability of water supply system. On
the other hand, the high water price of STNWTP water also makes the cost of water supply increase
sharply. Therefore, rational allocation of the use of STNWTP water is needed to effectively control the
cost of water supply, and to obtain the best economic benefits.

4.2. Analysis of Water Supply to Divisions and Users

To analyze the influence of the variation in the water supplied from the STNWTP on the guaranteed
rate of water use in Tianjin, the high-flow years of local water sources and abundant Luanhe river
water in Tianjin were selected for analysis. Three schemes in different design frequencies were used
in the analysis, design frequency: (surface water 50% + Luanhe river water 75%), (surface water
50% + Luanhe river water 75% + STNWTP water 95%) and (surface water 50% + Luanhe river water
75% + STNWTP water 75%). Based on the water allocation for the three schemes, the variation in water
use guarantee rate for different divisions and users in Tianjin were analyzed in order to explore the
influence of the variation in STNWTP water supplies on the water supply of users in different divisions.

4.2.1. Analysis of the Overall Water Guarantee Rate for Tianjin

It can be seen from Figure 6 that the overall water guarantee rate for Tianjin clearly increases with
the increase in the amount of water that can be supplied by the STNWTP, and that the guarantee rate
rises to 100%. Water shortages mainly occur in the agricultural sector. The allocation results show that
the reason for this water shortage is that the agricultural water demand in the suburban areas is large,
and the local water source cannot meet this demand. Therefore, with the increase in water supply from
the STNWTP, the water guarantee rate for the agricultural users gradually increases. As shown in
Figure 6a–c, when the water supply from the STNWTP is sufficient, all water requirements can be met.
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Figure 6. The guarantee rate of water use in Tianjin for: (a) (surface water 50% + Luanhe river water
75%); (b) (surface water 50% + Luanhe river water 75% + STNWTP water 95%); (c) (surface water 50%
+ Luanhe river water 75% + STNWTP water 75%).

4.2.2. Analysis of Water Supply Guarantee Rate in Suburban Areas

Figure 7 shows the variation in users’ water guarantee rate for different schemes in the suburban
areas (Jixian, Baodi, Wuqing, Ninghe, and Jinghai). For the scheme that uses Luanhe river water
as the only external source (surface water 50% + Luanhe river water 75%, (Figure 7a), the water
guarantee rate for the four water users in the suburban areas is generally low, the difference is clear,
and there are obvious imbalances in distribution. In the case of the scheme with low amounts of
STNWTP water (surface water 50% + Luanhe river water 75%+ STNWTP water 95%, (Figure 7b),
the water assurance rate for Wuqing and Ninghe has been significantly improved, and the water
distribution between different water users is more equitable. However, the water supply situation
in Baodi remained unchanged. The analysis of the results of water distribution show that the water
shortages in Baodi mainly occurred in the agricultural sector. The effect of the water distribution rules
involving insufficient external water was that the water guarantee rate in the Baodi area did not change.
Thus, the conclusion is that the water shortages in the suburban areas in the aforementioned schemes
were caused by insufficient water supplies, which can be solved by increasing water supplies. This
conclusion is verified in Figure 7c. For the scheme with the highest amount of STNWTP water (surface
water 50% + Luanhe river water 75% + STNWTP water 75%), all the water use guarantee rates in the
suburban areas are 100%.
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Figure 7. The guarantee rate of water use in suburban areas for: (a) (surface water 50% + Luanhe river
water 75%); (b) (surface water 50% + Luanhe river water 75% + STNWTP water 95%); (c) (surface
water 50% + Luanhe river water 75% + STNWTP water 75%). All coordinates in the figure are the same
and shown in Example.
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4.2.3. Distribution of Water Supply in Suburban Areas

The distribution of water supply to various water sources was obtained from the statistics of the
water distribution results for users in suburban areas, as shown in Figure 8. As can be seen from the
figure, surface water and groundwater in the three schemes are the main source of water supply. The
proportion of water from the STNWTP increases gradually as the amount of water from the STNWTP
increases, while the water shortages gradually decrease to zero. It can be seen in Figures 7 and 8
that: (a) groundwater and STNWTP water are the main sources for the domestic and industrial
sectors; (b) surface water is the main supply for agricultural water use; and (c) reclaimed water is
the main supply for ecological and industrial water requirements. The Luanhe river water changed
from supplying water for domestic and industrial water use to supplying water for industrial and
agricultural water requirements as the amount of STNWTP water used increased.
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Figure 8. Distribution of water supply in suburban areas for: (a) (surface water 50% + Luanhe river
water 75%); (b) (surface water 50% + Luanhe river water 75% + STNWTP water 95%); (c) (surface
water 50% + Luanhe river water 75% + STNWTP water 75%).

4.2.4. Analysis of Water Supply Guarantee Rates in the Zhongxinchengqu and Binhaixinqu Areas

Figure 9 shows the variation in users’ water guarantee rates for different schemes in the
Zhongxinchengqu and Binhaixinqu areas (Zhongxincheng, Beibu, Xibu, Nanbu, Binhaibei, and
Binhainan). As can be seen from the figure, as the amount of STNWTP water in the scheme is increased,
the water guarantee rate of the four types of water users within the six zones presents an upward
trend, until they all of reach 100%. As can be seen in Figure 9a, the shortage of diversion water caused
by the lack of STNWTP water leads to serious water shortages in many zones, especially in the water
demand from industry and agriculture in Zhongxinchengqu, Xibu, and Binhainan. In the scheme with
low amounts of STNWTP water (surface water 50% + Luanhe river water 75% + STNWTP water 95%,
(Figure 9b), the water guarantee rate for each region has been significantly improved. Except for a
small amount of water shortages for agricultural users in some regions, the water requirements of
users can be met. In the scheme with the highest amount of STNWTP water (surface water 50% +

Luanhe river water 75% + STNWTP water 75%, (Figure 9c), the water demand requirements of all
users within the zones are 100% satisfied.
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Figure 9. Guarantee rate of water use in the Zhongxinchengqu and Binhaixinqu areas for: (a) (surface
water 50% + Luanhe river water 75%); (b) (surface water 50% + Luanhe river water 75% + STNWTP
water 95%); (c) (surface water 50% + Luanhe river water 75% + STNWTP water 75%). All coordinates
in the figure are the same and shown in Example.
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4.2.5. Distribution of Water Supply in the Zhongxinchengqu and Binhaixinqu Areas

Figure 10 shows the water supply distribution for various water sources in the Zhongxinchengqu
and Binhaixinqu areas. As the amount of STNWTP water in the three schemes is changed, the
distribution of water supply in these areas and the main source of the water supply have changed
significantly. In Figure 9a, the highest proportion of water supply in these areas is from Luanhe
river water, while in Figure 10b,c, the main water supply is from the STNWTP, and the proportion
of STNWTP increases. According to the analysis presented in Figure 9, STNWTP water plays an
extremely important role in the water supply system of the Zhongxinchengqu and Binhaixinqu areas.
In addition, water in these areas is essentially provided by external diversion water, and thus the areas
are highly dependent on external diversion water.

Water 2019, 11, x FOR PEER REVIEW 18 of 21 

4.2.5. Distribution of Water Supply in the Zhongxinchengqu and Binhaixinqu Areas 

Figure 10 shows the water supply distribution for various water sources in the 
Zhongxinchengqu and Binhaixinqu areas. As the amount of STNWTP water in the three schemes is 
changed, the distribution of water supply in these areas and the main source of the water supply 
have changed significantly. In Figure 9a, the highest proportion of water supply in these areas is from 
Luanhe river water, while in Figure 10b,c, the main water supply is from the STNWTP, and the 
proportion of STNWTP increases. According to the analysis presented in Figure 9, STNWTP water 
plays an extremely important role in the water supply system of the Zhongxinchengqu and 
Binhaixinqu areas. In addition, water in these areas is essentially provided by external diversion 
water, and thus the areas are highly dependent on external diversion water. 

 
Figure 10. Distribution of water supply in Zhongxinchengqu and Binhaixinqu areas for: (a) (surface 
water 50% + Luanhe river water 75%); (b) (surface water 50% + Luanhe river water 75% + STNWTP 
water 95%); (c) (surface water 50% + Luanhe river water 75% + STNWTP water 75%). 

In conclusion, water from the STNWTP is one of the most important external water sources for 
Tianjin, and plays a crucial role in the water supply system of Tianjin. The change in the amount of 
STNWTP water supplied has a direct impact on the overall water use guarantee rate of Tianjin. By 
comparing Figures 7 and 9, it can be seen that (a) local water sources (surface water and groundwater) 
provide a relatively large contribution in the suburban areas, and thus the change in water supply 
from the STNWTP has little influence on the suburban areas; and (b) the water supply in the 
Zhongxinchengqu and Binhaixinqu areas mainly depends on external water sources (Luanhe river 
water and STNWTP water). In addition, STNWTP water accounts for a large proportion of the supply 
to domestic and industrial users. A change in the amount of water from the STNWTP will have a 
large impact on the water guarantee rate for the Zhongxinchengqu and Binhaixinqu areas, and will 
change the water supply distribution and the main source of water for the different water users. 
Therefore, it is of great significance for the socio-economic development of Tianjin’s to: ensure the 
stability of water supply from the STNWTP, effectively control the fluctuations in water guarantee 
rate in Tianjin, and maintain the stable operation of the water supply system. 

Figure 10. Distribution of water supply in Zhongxinchengqu and Binhaixinqu areas for: (a) (surface
water 50% + Luanhe river water 75%); (b) (surface water 50% + Luanhe river water 75% + STNWTP
water 95%); (c) (surface water 50% + Luanhe river water 75% + STNWTP water 75%).

In conclusion, water from the STNWTP is one of the most important external water sources
for Tianjin, and plays a crucial role in the water supply system of Tianjin. The change in the
amount of STNWTP water supplied has a direct impact on the overall water use guarantee rate of
Tianjin. By comparing Figures 7 and 9, it can be seen that (a) local water sources (surface water and
groundwater) provide a relatively large contribution in the suburban areas, and thus the change in
water supply from the STNWTP has little influence on the suburban areas; and (b) the water supply in
the Zhongxinchengqu and Binhaixinqu areas mainly depends on external water sources (Luanhe river
water and STNWTP water). In addition, STNWTP water accounts for a large proportion of the supply
to domestic and industrial users. A change in the amount of water from the STNWTP will have a large
impact on the water guarantee rate for the Zhongxinchengqu and Binhaixinqu areas, and will change
the water supply distribution and the main source of water for the different water users. Therefore, it
is of great significance for the socio-economic development of Tianjin’s to: ensure the stability of water
supply from the STNWTP, effectively control the fluctuations in water guarantee rate in Tianjin, and
maintain the stable operation of the water supply system.
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5. Conclusions

The purpose of this investigation was to analyze a regional water supply system that possessed
a high degree of complexity. Tianjin was selected for the analysis. The major research design of the
paper is using the concept of independent events in probability theory, the investigation combines
the encounter probability of different frequencies of multiple water sources with a refined water
resources allocation model, it is the major innovation point of the paper. Multiple water sources with
different design frequency combinations were set for simulation, and the analysis results can draw the
following conclusions.

1. The research analyzes the quantitative relationships between the uncertainties in the multi-source
water supplies and the regional water guarantee rate. With the increase in the types of external
water sources, the total amount of water supply in Tianjin increases significantly, the guaranteed
rate of water use also shows an upward trend. However, the encounter probability of different
combinations of design frequencies of multiple water sources gradually decreases.

2. The research reveals the difference of water supply stability of various sources in Tianjin, and the
influence of water price of different sources on water supply cost. For different requirements of
water guarantee rate, the number of satisfied schemes when using both Luanhe river water and
STNWTP water is obviously higher than when a single external source is used. The occurrence
probability of the schemes meeting the lowest water guarantee rate clearly improved, and
indicates that the water supply stability provided by the STNWTP is higher than that provided
by Luanhe river water. However, at the same time, the large dependence on STNWTP water
substantially increases the water supply costs.

3. The research describes quantitatively the distribution of water supplies from multiple water
sources to different users in different regions, and describes the influence of the change in water
supply sources on the main body of water supply for regional water users. Without diversions
from the STNWTP water or Luanhe river water, there were serious water shortages for the
four water user sectors in Tianjin, especially the industrial, agricultural, and ecological users.
The dependence of suburban areas on external water transfers is relatively low, while changes
in water quantity from external water sources has a great impact on the water supply to the
Zhongxinchengqu and Binhaixinqu areas, and will change the distribution and main source of
water supply for different water users.
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