
water

Article

Water Resource Carrying Capacity Based on Water Demand
Prediction in Chang-Ji Economic Circle

Ge Wang 1,2,3,4, Changlai Xiao 1,2,3,4, Zhiwei Qi 1,2,3,4, Xiujuan Liang 1,2,3,4,*, Fanao Meng 1,2,3,4 and Ying Sun 1,2,3,4

����������
�������

Citation: Wang, G.; Xiao, C.; Qi, Z.;

Liang, X.; Meng, F.; Sun, Y. Water

Resource Carrying Capacity Based on

Water Demand Prediction in Chang-Ji

Economic Circle. Water 2021, 13, 16.

https://dx.doi.org/10.3390/w13010016

Received: 5 December 2020

Accepted: 21 December 2020

Published: 24 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. This

article is an open access article distributed

under the terms and conditions of the

Creative Commons Attribution (CC BY)

license (https://creativecommons.org/

licenses/by/4.0/).

1 Key Laboratory of Groundwater Resources and Environment, Jilin University, Ministry of Education,
No 2519, Jiefang Road, Changchun 130021, China; wangge18@mails.jlu.edu.cn (G.W.); jluxcl@126.com (C.X.);
jluqzw@163.com (Z.Q.); mengfanao2014@163.com (F.M.); 17678318582@163.com (Y.S.)

2 Jilin Provincial Key Laboratory of Water Resources and Environment, Jilin University,
Changchun 130021, China

3 National-Local Joint Engineering Laboratory of In-Situ Conversion, Drilling and Exploitation Technology for
Oil Shale, Changchun 130021, China

4 College of New Energy and Environment, Jilin University, No 2519, Jiefang Road, Changchun 130021, China
* Correspondence: jlulxj@126.com

Abstract: In view of the large spatial difference in water resources, the water shortage and deteriora-
tion of water quality in the Chang-Ji Economic Circle located in northeast China, the water resource
carrying capacity (WRCC) from the perspective of time and space is evaluated. We combine the gray
correlation analysis and multiple linear regression models to quantitatively predict water supply and
demand in different planning years, which provide the basis for quantitative analysis of the WRCC.
The selection of research indicators also considers the interaction of social economy, water resources,
and water environment. Combined with the fuzzy comprehensive evaluation method, the gray corre-
lation analysis and multiple linear regression models to quantitatively and qualitatively evaluate the
WRCC under different social development plans. The developmental trends were obtained from 2017
to 2030 using four plans designed for distinct purposes. It can be seen that the utilization of water
resource is unreasonable now and maintains a poor level under a business-as-usual Plan I. Plan II
and Plan III show that resource-based water shortage is the most critical issue in this region, and poor
water quality cannot be ignored either. Compared with Plan I, the average index of WRCC in Plan
IV increased by 51.8% and over 84% of the regions maintain a good level. Strengthening sewage
treatment and properly using transit water resources are more conducive to the rapid development
of Chang-Ji Economic Circle.

Keywords: fuzzy comprehensive evaluation method; water resource carrying capacity; gray correla-
tion analysis; multiple linear regression models; water environment capacity

1. Introduction

With the development of the urbanization process, the demand for water resources
has increased significantly, but the pollution of water resources has caused serious prob-
lems. These changes pose a potential threat to water resource carrying capacity in many
regions [1]. The water resources carrying capacity (WRCC) refers to the ability of water
resources to withstand the largest population, socioeconomic, and ecological environment
requirements under the premise of maintaining sustainable development. Studies of the
WRCC can provide helpful information about how the socioeconomic system is both sup-
ported and restrained by the water resources system, such as intuitively measuring regional
development potential [2], etc. Since the 21st century, people began to pay attention to
the research of WRCC. Through continuous improvement of related influencing factors,
a relatively mature evaluation system has initially formed [3–5]. Nowadays, the research
on the WRCC has changed from a simple natural factor to a water-ecological-economic
factor [6].
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The research on the WRCC’s theory in the international context is focused more on
the relationship between carrying capacity and sustainable economic and social develop-
ment [7]. However, the research on the limitation of water resources security to the WRCC
is relatively late. According to the latest analysis of the obstacle degree for the WRCC sys-
tem in Northeast China, the agricultural water pollution index emerged as the main factor
that is restricting the steady rise of the WRCC since 2004. Following 2014, with the upsurge
of industrialization, the percentage of industrial wastewater discharge has increased signif-
icantly [8]. There are many old industrial bases in the Chang-Ji Economic Circle, and the
percentage of industrial wastewater discharge and the risk of water pollution has increased
year by year. Furthermore, the data published in the Water Resources Bulletin in the
study area over the years show that the surface water quality is bad. So, the water quality
should be included in the analysis of WRCC in the Chang-Ji economic circle. In China,
there are few studies on the water resources carrying capacity of the Chang-Ji economic
circle [9]. Moreover, most of the studies in the Chang-Ji Economic Circle are carried out in
administrative regions, and few studies take into account the constraints of water pollution
on the WRCC, which cannot directly and accurately measure the development potential of
the entire Chang-Ji Economic Circle [10,11]. Therefore, this study takes into account the
quantity and quality of water resources and combines the comprehensive carrying capac-
ity of social economic development and ecological environment and selects appropriate
methods to evaluate the WRCC of the Chang-Ji Economic Circle.

At present, there are plenty of methods to evaluate the WRCC, such as the traditional
trend analysis method [12], the principal component analysis method [13], the fuzzy
comprehensive evaluation method (FCE) [14], the multiobjective analysis method [15],
the artificial neural network method [16], and the system dynamics (SD) method [17,18].
Zhang et al. [13] applied the principal component analysis method to evaluate the temporal
scale variation tendency of the WRCC. However, there was still some uncertainty when
integrating the method WRCC index standardization, the method of principal component
determination, and the weights of contribution rates. Multiobjective analysis is influenced
by its limitations and is more suitable for smaller areas of research. The SD model can
effectively simulate and predict through negative feedback adjustment [19]. However,
this method requires a large number of parameter settings and data simulations [20],
which cannot achieve rapid evaluation. In fact, various WRCC prediction methods are
based on the further evaluation of their influencing factors. The FCE method which is
widely used by scholars can analyze the WRCC from all aspects [21,22], making the research
results more reliable. For example, Zhang et al. [23] used fuzzy set pair analysis theory to
evaluate the WRCC in Dagong Yellow River Diversion Irrigation District from 2013 to 2017.
The study qualitatively measured the water resources carrying capacity of the ecological
irrigation area, and the evaluation results can provide a scientific basis for optimal allocation
of water resources in the Dagong Yellow River diversion irrigation district. At the same
time, through the comparative analysis of some indicators, the FCE method can solve
the defects of the parameters that are difficult to grasp and easily lead to unreasonable
conclusions. Moreover, while assessing the regional WRCC, it is necessary to predict
future development trends based on the status quo. Accurate trend analysis has become
an important part of reasonable evaluation. However, most scholars use the simple linear
equations to predict related influencing factors. To make up for the shortcomings of large
errors in traditional trend analysis, this study quantitatively predicts relevant influencing
factors by the method of gray correlation analysis (GCA) combined with multiple linear
regression (MLR) models. Then, on the basis of quantitatively predicting the development
trend of social economy, water resources, and water environment evaluation indicators,
the FCE method is used to make a reliable assessment of the WRCC.
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2. Study Area and Data Sources
2.1. Study Area

The Chang-Ji Economic Circle includes the whole of Changchun City, Jilin City, Jiu-
tai District, Shuangyang District, and Yongji County, as well as parts of Nongan County,
Gongzhuling City, and Yitong County (Figure 1). The study area is located in the center of
Jilin Province, accounting for 7.96% of the total province’s area. The total population of
the region is about 648 million and the urbanization rate is 59.64%. There are many water
systems in the area, and river networks are dense, all belonging to the second Songhua
River system. The large reservoirs include Fengman Reservoir, Shitoukoumen Reservoir,
and Xinlicheng Reservoir. The total water storage capacity is as high as 134.1 × 108 m3.

Figure 1. The location of the study area and the distribution of the river system and the water bodies.

2.2. Data Sources

The study area involves Jilin City and Changchun City, and the data used include
socioeconomic data, water supply and demand data, and water environment data. The data
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sources are Jilin statistical yearbook (2010–2017), Changchun statistical yearbook (2010–2017),
Jilin water resource bulletin (2010–2017), and Changchun water resource bulletin (2010–2017).
In addition, water quota references the industry water quota standards of Jilin province
and some environmental data comes from the website of Jilin province environmental
protection bureau.

3. Establishment and Prediction of Water Demand Model

The analysis of the balance between supply and demand of water resources can
reflect the overall level of water use in a region and is an important factor affecting the
WRCC. In recent years, ecological and environmental problems have become increasingly
prominent, and ecological water demand will also become an important issue in the analysis
of the balance between water supply and demand. This study collects water supply and
demand data for the past eight years in the study area and focuses on ecological water
demand to predict the water demand in the next 13 years.

3.1. Model Related Methods

Since the study area involves 15 different administrative districts, if the forecast is
made one by one according to the different water demand industries, the amount of data
required is large and it is difficult to maintain consistency. The combination of the GCA
and MLR model can make up for this deficiency. Using the GCA method, the correlation
coefficients between the six water demands and the total water demand are calculated
respectively. The six water requirements are ecological and environmental water demand,
urban public water demand, domestic water demand, forestry, animal husbandry and
fishery water demand, farmland irrigation water demand, and industrial water demand.
One selects indicators with high correlation coefficients and establishes MLR models
of each indicator for total water demand, then obtains total water demand at different
planning levels.

3.1.1. The GCA Method

The GCA is to find the important factors that affect the target value by looking for the
correlation between various factors between random sequences. This method is mainly
to determine the correlation between the influencing factors and the target value, find the
main characteristics of the problem, and intuitively quantify the complex influencing
relationship. The main calculation method is to perform dimensionless processing on
all data, set the processed target sequence to x0, and set the factor sequence to xi (i = 1,
2, . . . , n); perform a difference between the two sequences. Calculate to find the maximum
difference and minimum difference between the two poles. Among them, the difference
sequence is expressed as:

∆0i(k) = |x0(k)− xi(k)| (1)

Find the correlation coefficient between each factor and the target value εi(k):

εi(k) =
min min|x0(k)− xi(k)|+ ρmax max|x0(k)− xi(k)|
|x0(k)− xi(k)|+ ρmax max|x0(k)− xi(k)|

(2)

Equation (1), ∆oi(k) is the absolute value of the difference between two sequences.
Equation (2), ρ for the resolution coefficient, the empirical value is 0.5; max max

|x0(k)− xi(k)| is the maximum difference between the two levels; min min|x0(k)− xi(k)|
is the minimum difference between the two levels; the greater the calculated value of εi(k),
the greater the correlation between the factor and the target value.

Finally, according to the correlation coefficient, determine the degree of correlation
between the influencing factors and the target sequence ri:

ri =
1
n
(εi(1) + εi(2) + . . . + εi(n)) (3)
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Similarly, among all influencing factors, ri with the larger value has a higher degree of
correlation with the target sequence.

3.1.2. The MLR Model

The MLR model is a predictive method that participates in the analysis of the linear
relationship between two or more independent and dependent variables. The method of
establishing MLR model is as follows:

Suppose there is a linear relationship between the dependent variable y and the
independent variable xi (i = 1, 2, . . . , n):

yi = β0 + β1x1 + β2x2 + . . . . . . + βnxn + ε (4)

In Equation (4), βi is the regression coefficient, i = 1, 2, . . . , n; generally n > 2; ε is the
random factor of error, and it follows the N(0, σ2) distribution.

Let Y =


y1
y2
...

ym

, X =


1 x11 · · · x1n
1 x21 · · · x2n
...

... · · ·
...

1 xm1 · · · xmn

, β =


β0
β1
...

βn

, ε =


ε0
ε1
...

εn

, the MLR

models in matrix form are available as follows:

Y = Xβ + ε (5)

3.2. Model Establishment and Error Analysis

Combining the water supply and demand data from 2010 to 2017, the GCA method
is used to obtain the correlation between the total water demand and the other basic
water demand. The correlations obtained are ecological and environmental water demand
(0.819), urban public water demand (0.652), domestic water demand (0.610), forestry,
animal husbandry and fishery water demand (0.670), farmland irrigation water demand
(0.709), and industrial water demand (0.744). Three indicators with a correlation degree
greater than 0.7 are selected as the main influencing factors of total water demand.

With the help of SPSS statistical analysis software, a multivariate regression matrix
with three factors of ecological environment (X1), farmland irrigation (X2) and industrial
water demand (X3) as independent variables and total water demand (Y) as dependent
variable was constructed. Solve the regression model as follows:

Y = −2.408X1 + 2.082X2 + 1.087X3 − 7.243 (6)

The MLR model is tested for errors based on each water demand and total water
demand from 2010 to 2017, as shown in Table 1. According to the analysis results, the error
values are all within 1%, which meets the prediction accuracy requirements. Therefore,
the established MLR model is suitable for the prediction of the total water demand in this
study area.

Table 1. Fitting result of actual value and predicted value of total water demand.

Ecological and Environ-
mental Water Demand

Farmland Irrigation
Water Demand

Industrial
Water Demand

Actual Total
Water Demand

Forecast Total
Water Demand

Relative
Error

2010 0.365 11.326 13.596 30.261 30.241 0.06%
2011 0.587 11.308 13.454 29.436 29.515 −0.27%
2012 0.603 11.492 13.193 29.655 29.576 0.27%
2013 0.598 11.755 12.550 29.348 29.438 −0.30%
2014 0.640 11.654 12.500 29.146 29.071 0.26%
2015 0.576 11.531 12.208 28.642 28.651 −0.03%
2016 0.637 11.601 12.444 29.014 28.907 0.37%
2017 0.591 11.834 12.528 29.393 29.592 −0.68%
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4. Establishment of a Rapid Evaluation Model

In order to achieve efficient and accurate evaluation of WRCC, the study selects the
FCE method to establish corresponding evaluation system. Measuring the size of WRCC
by setting various plans provides a basis for regional water resources development and
utilization.

4.1. Evaluation Method

First, establish the set of influencing factors of WRCC U = (u1, u2, . . . , un), and the
corresponding comment set V = (V1, V2, . . . , Vn). Second, the membership degree rij of the
comment set vj is determined by a single factor fuzzy evaluation, which means to evaluate
the single factor u, and the single factor evaluation set ri = (ri1, ri2, ri3) is obtained. Then,
the evaluation index is quantified separately, and the corresponding membership degree rij
is obtained, thus establishing the fuzzy relation matrix R with the amount of m evaluation
factors. Finally, by analyzing weights A = (α1, α2, . . . , αn) of different influencing factors,
the fuzzy operation B = A × R is used to synthesize the weight vector of the influencing
factors and the fuzzy evaluation matrix to obtain the FCE’s results.

The degree of membership usually indicates a certain degree of deviation, using two
sets of formulas to calculate the membership function. x1 and x3 are the critical values
of V1, V2, and V2, V3, respectively, and the grade of V2 is the interval midpoint value of
x2 [14], where x2 = x1+x3

2 . The first set of formulas is applicable to the case where the larger
the index Ui is, the better the system is. The second set of formulas is applicable to the
case where the smaller the index Ui is, the better the system is. The two sets of calculation
formulas are as follows:

First set of formulas:

V1(ui) =


0.5
(

1 + ui−x1
ui−x2

)
, ui ≥ x1

0.5
(

1− ui−x1
x2−x1

)
, x2 < ui < x1

0 , ui ≤ x2

(7)

V2(ui) =



0.5
(

1− ui−x1
ui−x2

)
, ui ≥ x1

0.5
(

1 + x1−ui
x1−x2

)
, x2 ≤ ui < x1

0.5
(

1 + ui−x3
x2−x3

)
, x3 < ui < x2

0.5
(

1− x3−ui
x2−ui

)
, ui ≤ x3

(8)

V3(ui) =


0, ui ≥ x2

0.5
(

1− ui−x3
x2−x3

)
, x3 < ui < x2

0.5
(

1 + x3−ui
x2−ui

)
, ui ≤ x3

(9)

Second set of formulas:

V1(ui) =


0.5
(

1 + ui−x1
ui−x2

)
, ui ≤ x1

0.5
(

1− ui−x1
x2−x1

)
, x1 < ui < x2

0 , ui ≥ x2

(10)

V2(ui) =



0.5
(

1− ui−x1
ui−x2

)
, ui ≤ x1

0.5
(

1 + x1−ui
x1−x2

)
, x1 < ui ≤ x2

0.5
(

1 + ui−x3
x2−x3

)
, x2 < ui < x3

0.5
(

1− x3−ui
x2−ui

)
, ui ≥ x3

(11)
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V3(ui) =


0, ui ≤ x2

0.5
(

1− ui−x3
x2−x3

)
, x2 < ui < x3

0.5
(

1 + x3−ui
x2−ui

)
, ui ≥ x3

(12)

The corresponding membership degree rij is calculated separately, and matrix R
corresponding to different horizontal years of each administrative region in the study area
is obtained as follows:

R =


r11
r21

r12
r22

. . . r1n

. . . r2n
...

... . . .
...

rm1 rm2 . . . rmn

 (13)

The vectorization evaluation result B is obtained from the membership matrix and the
weight, and the formula is as follows:

B = A× R = (α1α2 . . . αn)·


r11
r21

r12
r22

. . . r1n

. . . r2n
...

... . . .
...

rm1 rm2 . . . rmn

 = (b1b2 . . . bm) (14)

To facilitate the comparative evaluation, the vectorization result is quantified by
the following formula, and the corresponding comprehensive score value λ is obtained,
where k = 1, and the higher λ indicates that the regional WRCC is higher.

λ =
∑n=3

i=1 bk
i × λi

∑n=3
i=1 bk

i
(15)

4.2. Evaluation of Index Selection

The key to correctly evaluate the regional WRCC is to properly select fuzzy evaluation
indicators. To better reflect the status of regional WRCC, it is particularly important to
select regionally representative evaluation indicators. Many factors influence the WRCC.
Most studies only consider the impact of the amount of water resources, social economy,
and ecological environment on WRCC [24–26] but ignore the impact of water quality on
regional WRCC. This tends to make the calculation of the WRCC too large and fails to reflect
the real situation in the study area. In fact, due to the different degrees of water pollution,
the actual water supply and availability of water are smaller than themselves. Combined
with the actual situation of the uneven distribution of water resources and the outstanding
water quality problems in the study area, this study incorporates the water environment
capacity (WEC) into the evaluation of WRCC. We considered the factors of water resources
(including water quality and water quantity), as well as the socioeconomic and ecological
environment to calculate WRCC. This lays a foundation for truly establishing a new realm
of harmonious development of economic, social, and humanities based on the principle of
sustainable development (Figure 2).

4.2.1. Evaluation Indicators U1, U2, and U3

Based on the surface water and groundwater supply capacity, actual water supply,
and water demand in this region, the WRCC is evaluated from the perspective of the
quantity of water resources. Per capita available water resource (U1) = available water
resources/total population (m3/person); per capita water supply quantity (U2) = actual
water supply/total population (m3/person); water resource utilization rate (U3) = water
demand/available water resources (%).
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Figure 2. The research system of water resource carrying capacity (WRCC) index evaluation.

4.2.2. Evaluation Index U4

Chemical oxygen demand (COD) pollution receiving capacity (U4) = the water envi-
ronment capacity of COD at this stage/the maximum water environment capacity of COD
(%). The maximum water environment capacity of COD means the maximum pollution
capacity that the region can received.

According to the results of the Water Resources Bulletin, Class IV, V, and above Class
V water quality river sections are shown in the rivers in the study area. The quality of
regional water resources is not optimistic [27,28]. In fact, the quality of water supply
directly affects the availability of actual water supply, and the WEC can reflect the two
main capabilities of water body dilution and natural purification. Therefore, based on
the preliminary understanding of the water quality of the Chang-Ji Economic Circle,
this study uses the water environmental capacity as the water quality evaluation index in
the evaluation system. Since the flow rate of the river in the study area is stable as well as
small, the calculation method of the overall standard is used.

The WEC is calculated as follows [29]:

W = 86.4Q0(Cs − C0) + 0.001KVCs + 86.4qCs (16)

where W is the initial value for WEC of the water body, Cs is the standard water quality of
the water body, Q0 is the incoming water flow, C0 is the upstream background concentration
of the incoming water, K is the water quality degradation coefficient, Q is the side flow of
the side stream, V is the flow rate, and q is the side inflow flow.

The overall standard calculation method usually does not consider the location of
the pollution source, so the calculation results tend to be too large, which is nonconserva-
tive. Therefore, in order to conform to the reality, an uneven coefficient is introduced for
correction [29]; the method is as follows:

W ′ = αW (17)

where W′ represents the corrected WEC, and α denotes the uneven coefficient.
Because the rivers in the area belong to the small and the middle rivers [30], their flow

is small and slow, and the uneven coefficient takes an empirical value of 0.8.

4.2.3. Evaluation Index U5

The Chang-Ji Economic Circle is a gathering place for old industrial cities. The de-
velopment of its industry can reflect the social and economic conditions of the region.
So, we select evaluation index U5 to effectively reflect this. Water demand of industrial
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output value of 10,000 Yuan (U5) = industrial water demand/industrial output value
(m3/10,000 yuan). The industrial water demand and the industrial output value is ob-
tained by the GCA and MLR model.

4.2.4. Evaluation Index U6

Lou [31] and Wang [9] confirmed that the modulus of water demand can reflect the
level of regional economic development. Thus, we select the Modulus of water demand as
the evaluation index U6 that effectively reflects the ecological environment of the study
area. Modulus of water demand (U6) = total water demand/land area (10,000 m3/km2).
The total amount of water demand is obtained by the GCA and MLR model and the
land area used the government published data. The required water modulus reflects the
restriction of the ecological environment on the WRCC.

By selecting the above six indicators, it can effectively reflect the balance of supply
and demand of water resources in the region, the amount of water resources, the quality of
water resources, and the impact of socioeconomic conditions and ecological environment
on the regional WRCC.

Based on the above-mentioned evaluation indicators U1 to U6, the impact degree of
WRCC is analyzed, and its comment set V = (V1, V2, V3) is established (as shown in Table 2
below). The WRCC of V1 to V3 is gradually weakened. For this evaluation, the second set
of formulas applies to U1, U2, and U4; however, U3, U5, and U6 apply to the first set of
formulas. The weight is determined according to the influence degree of the influencing
factors on the WRCC. According to expert analysis, the corresponding weights are obtained
from empirical values, that is, A = (α1, α2, α3, α4, α5, α6) = (0.2, 0.2, 0.3, 0.1, 0.1, 0.1). Then,
according to the score value (λ1 = 0.95, λ2 = 0.5, and λ3 = 0.05), the water carrying capacity
of each area is analyzed and evaluated, and the score value directly reflects the WRCC in
the area.

Table 2. Evaluation standard of WRCC grading indicators.

Evaluating Indicators Set U
Judgment Set V

V1 V2 V3

U1 Per capita available water resources (m3/Per) >1200 1200~400 <400
U2 per capita water supply quantity (m3/Per) >1000 1000~500 <500

U3 Water resource utilization rate (%) <40 40~90 >90
U4 COD(Mn) pollution receiving capacity (%) 78 50 22

U5 Water demand of industrial output value of 10,000 Yuan (m3/104 yuan) <20 20~90 >90
U6 Modulus of water demand (m3/km2) <10 10~60 >60

Score value λ 0.95 0.5 0.05

4.3. Reasonably Evaluate Regional WRCC

The evaluation value of WRCC is statistically analyzed and divided into three levels:
an evaluation value of WRCC greater than 0.6 is an area with good WRCC (I), an area
evaluation value of water carrying capacity ranging between 0.3 and 0.6 is medium (II),
and an area evaluation value of WRCC less than 0.3 is poor (III).

4.4. The Establishment of 4 Different Plans
4.4.1. Plan I

Under the current conditions, Plan I only considers the WRCC of self-produced water,
does not increase the local water supply, or expand the capacity of water transfer outside
the region, and predicts the carrying capacity of water resources in different years.

4.4.2. Plan II

On the basis of Plan I and considering the project “Carrying Water from Songhua River
to Changchun” to increase the local water supply, we predict the water carrying capacity of
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different years. According to the government’s economic development plan of the Chang-Ji
Economic Circle, the cumulative water supply capacity of the design diversion project in
Changchun City is 3.25 × 108 m3. After the completion of the water supply project in the
central city of Jilin Province, the cumulative water intake will be 5.83 × 108 m3 in 2020.
Furthermore, the cumulative water intake will be 6.92 × 108 m3 in vision level year 2030.

4.4.3. Plan III

Based on Plan II, Plan III strengthens water governance and considers industrial,
agricultural, and domestic water conservation. By reducing water usage quotas, increasing
the reuse rate of reclaimed water and treating sewage as the most important measures.

According to the “Standards for Local Standard Water Use in Jilin Province” [32],
the plan will appropriately reduce the industrial water quota, where each administration
increases the amount of water reuse by 0.05 billion m3/per year.

4.4.4. Plan IV

Based on Plan III, Plan IV increases an appropriate amount of transit water. The inflow
water of Songhua River is 62.02 × 108 m3 [27]. The increase in water supply is 40% of the
inflow water of Songhua River, while the increase in actual water supply is 20%.

5. Results

Due to the inconsistent development speed of various regions, even within the same
city, there are differences in regional WRCC. Most of the research only stays at the holistic
research within the scope of the region, while ignoring the research of small administrative
units [22,33]. Zhou et al. [11] compared with the temporal dynamic process of index change
in the water environment carrying capacity and thought that it is urgent to carry on
spatiotemporal dynamic change analysis in the WRCC considering spatial heterogeneity
and spatial evolution. As a result, this article uses the smallest administrative unit to
analyze change trend of WRCC from both time and space perspectives.

5.1. Results of Each Program from the Perspective of Time
5.1.1. Plan I

According to the results of Plan I (Figure 3), the study area is still generally in the
middle area of WRCC (II). In 2020, the WRCC of Fengman District is the largest (0.606),
while Chaoyang District is poor (0.287). By 2030, both Lvyuan District (0.298) and Chaoyang
District (0.27) are in areas with poor WRCC (III). The comparison shows that the compre-
hensive score of WRCC in 2030 is decreasing compared with 2020, but the rate of decline is
slow. It is comprehensively reflected that under the condition of not changing the status
quo, the WRCC of the study area will continue to weaken. According to existing research,
it likely due to the uneven distribution of the regional water resources [34], which makes
the contradiction between water supply and demand increasingly prominent and the
development potential decreases [35].
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Figure 3. Cont.
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Figure 3. WRCC evaluation value of each region in different Plan. (a) Plan I (b) Plan II (c) Plan III (d) Plan IV.

5.1.2. Plan II

Under the influence of the open-source program, U1 and U2 increase in different
degrees and U3 decreases accordingly. The evaluation results have the highest degree
of membership to V2, and the WRCC in the area has been improved. There is no poor
(III) in the near and long term (see from Figure 3). In the next 13 years, the WRCC will
show a downward trend after a short period of improvement. It shows that the fewer
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water resources chiefly caused its long-term overloaded status [36] and the construction of
water diversion project will promote the improvement of WRCC. However, relying solely
on the construction of drinking water projects will not alleviate the problem of resource
constraints for a long time in the future. Thus, water conservation should be promoted
while transiting water [11].

5.1.3. Plan III

With the construction of the water diversion project and the popularization of water
saving and sewage treatment policy, the WRCC of the study area will improve greatly
compared with 2017. This plan can improve the utilization rate of water resources and
Alleviate the tight of the water supply and demand. Unlike the previous plan, the WRCC
of plan III will continue to grow in the future. It can be seen in Figure 3 that the WRCC
of the whole study area has improved significantly compared to Plan I, and the average
growth rate is 23%. In most areas of Jilin, there are areas with good (I) and medium (II)
WRCC, and the difference in WRCC of each administrative region will gradually reduce.
It shows that saving water and improving water quality are also important factors for
enhancing the WRCC [9,37].

5.1.4. Plan IV

Plan IV not only maintains the water resource utilization rate at a high level but also
greatly increases the water resource availability. So, the WRCC of the whole region has
been significantly improved compared with Plan I. Moreover, the difference in WRCC of
each administrative region has gradually decreased. The WRCC of most areas in the region
is good (I), and the WRCC in Changchun and surrounding areas has increased significantly
to a relatively high level (Figure 3 shows). As of 2030, the WRCC of the eight administrative
regions will increase by more than 50% over 2017. It shows great potential for regional
development and utilization. The shortage and uneven spatial and temporal distribution
of water resources has seriously restricted the sustainable development of regional society
and economy [38]. Plan IV is more in line with the principle of sustainable development
of society and meets the development goals of combining water quality, water quantity,
water ecology, and water environment, which can be used as a recommended plan.

5.2. Comparative Analysis of the Plan from the Perspective of Space

The predicted levels of WRCC in 2020 and 2030 at 15 observation locations in the
Chang-Ji Economic Circle were analyzed in four plans, the development potential of water
resources was evaluated (Figures 4 and 5), and the evaluation level was tested. According to
Figures 4 and 5, the WRCC at each observation location exhibited a continuously increasing
trend from Plan I to IV. These findings are consistent with the measures used in the design
of the plan, which provides a certain level of reliability and reference to the present research.

5.2.1. WRCC Spatial Distribution in 2020

Figure 4 shows that the level of WRCC in the Fengman District of Jilin City, which has
unique natural resource surrounding the Songhua River, will be good (I) during each plan
in 2020. As the administrative center of Changchun City, Chaoyang District has a relative
shortage of water resources and poor water quality. The level is predicted to improve from
III to II, and the value to increase from 0.287 to 0.579. Nanguan, Changyi, and Chuanying
District will retain the high level of II and will always have a certain development potential;
the values for the three areas will change by 0.268, 0.136, and 0.153, respectively. The rest
of the region will change from II to I and may adapt to social and economic development.
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5.2.2. WRCC Spatial Distribution in 2030

Figure 5 shows that the initial level of WRCC in Chaoyang and Lvyuan District are
both at III, and the potential of water resources exploitation is small. The WRCC level
Chaoyang changes from III to II, and it is greatly improved from III to I for Lvyuan District.
Additionally, their carrying capacity is greatly improved. Changyi and Chuanying District
will maintain the high level of II, and the value will change by 0.176 and 0.192, respectively.
The rest of the region will change from II to I, which will gradually increase the security
effect of the economy and society. The different plans to the subareas can provide a scientific
reference to rational distribution of economic development, elaborate management of water
environment as well as regional sustainable development in the future [35].

Figure 4. The level division of WRCC evaluation value in each plan (2020).
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Figure 5. The level division of WRCC evaluation value in each plan (2030).

Throughout each plan in 2020 and 2030, plan III will greatly improve the WRCC of the
whole region, with the eastern part of the study area having a significantly higher WRCC
than the western part. Some areas in Jilin have strong WRCC, and each administrative
region has a certain amount of development and utilization potential. Plan IV shows that
the WRCC of the whole district is obviously improved, compared to the Plan I. By this time,
the WRCC of the whole district will be strong, with most areas being at level I. Furthermore,
the water resources would be able to provide certain guarantees for social and economic
development.

The measures of water-saving, sewage treatment, water diversion projects, and transit
water utilization mean that WRCC is constantly changing. Based on the above-mentioned
various measures, the results of Plan IV show that over 84% of the regions have a relatively
large development potential. As regional development progresses, most regions would
develop slowly if no measures are taken (Plan I). These results further validate the intuition
and visualization of the WRCC classification and provide a basis for the government to
rationally allocate water resources [10,22].
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5.3. Limitations and Future Research Directions

This study selects the GCA, MLR, and FCE combined model to evaluate the WRCC
of the Chang-Ji Economic Circle. This combined model makes up for the shortcomings
of traditional indicator evaluation methods and achieves qualitative and quantitative
evaluation. Moreover, the coupling of the GCA and MLR model reduces the interference of
human factors and reduces the error value of the predicted evaluation index. Nevertheless,
this study still has certain limitations.

(1) Although this study has considered relevant subsystems related to the WRCC as
much as possible, such as social economy, water resources quantity, water resources
quality, water ecological environment subsystems. The research results provide favor-
able information guidance for the future development of Chang-Ji Economic Circle.
However, only the representative evaluation indicators in each subsystem are selected,
and the number of indicators selected is relatively small [39]. Future research should
be gradually improved.

(2) The coupling evaluation model selected this time is based on the index evaluation.
Although qualitative and quantitative analysis can be achieved, it is difficult to
achieve negative feedback adjustment. However, the SD model can make up for
this deficiency [34,40]. We believe that integrating the coupling assessment model
established in this research into the dynamic system of the SD model can be the focus
of future research [19].

6. Conclusions

The study established a hybrid model to analyze the WRCC of the Chang-Ji Economic
Circle. First of all, in order to make up for the shortcomings of traditional trend analysis,
the GCA and MLR coupling model can predict the changing trend of WRCC’s influencing
factors [28,41,42]. Accurate and quantitative evaluation index trend prediction can increase
the credibility of the evaluation results of the WRCC [9]. Then, using the FCE model,
the WRCC of each region is evaluated. Finally, based on the coupling results of the
hybrid model, the future WRCC of the districts and counties in the Chang-Ji Economic
Circle are compared in terms of time and space. It is worth noting that according to the
actual situation of the Chang-Ji Economic Circle, the impact of water quality on regional
WRCC is considered. The water environmental capacity is taken as a new evaluation
index and the WRCC evaluation system is proposed based on water quantity and quality,
social economy, and ecological environment. This makes up for the shortcomings of the
existing evaluation indicators and can more realistically reflect the status quo of regional
development. The presented research results allowed us to draw the following conclusions.

Four different water intake plans are considered to assess the WRCC of the study area
in 2020 and 2030. The study aims to eliminate potential problems in the societal develop-
ment of Chang-Ji Economic Circle through various plans and improve the affordability
of economic development. Considering the spatial heterogeneity and spatial evolution,
the spatial and temporal dynamic changes of WRCC are analyzed. From the perspective of
time changes, the WRCC of Plan I and Plan II remains at a medium level. Affected by the
constraints of supply and demand, the WRCC will continue to decline. The improvement
of the WRCC in Plan III was better than the abovementioned scenarios, yet the potential
development potential of the region is still hindered. Water saving measures and sewage
treatment can relieve the pressure of WRCC. In order to achieve sustainable development
of the region, Plan IV comprehensively considers the advantages of the above plans and
increases the amount of transit water to make up for the shortage of resource-based water
shortage. The WRCC of the whole region is generally good, and water resources can
support the rapid development of the social economy in Plan IV. From the perspective of
space changes, the WRCC of Plan I in Chaoyang and Lvyuan District will become a poor
level and lack the potential of water resources exploitation in the future. The improvement
thought Plan II will still not be sufficient compared with Plan III. It shows that the WRCC in
the eastern area of Chang-Ji Economic Circle is significantly higher than others. The WRCC
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of the whole district Plan IV is significantly improved in comparison with the current
conditions. Plan IV is proposed as the final recommendation through comprehensive
analysis and research. Strengthening sewage treatment and proper use of transit water
resources are more conducive to the rapid development of Chang-Ji Economic Circle.
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