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Water resources play a key role in development. The research on water

resources carrying capacity (WRCC) is helpful to judge the development

status and provide suggestions for regional policy-making. In this study, the

System Dynamics (SD) model and the Technique for Order Preference by

Similarity to an Ideal Solution (TOPSIS) method are combined to calculate

the change of WRCC of the Hangbu River basin from 2015 to 2035 under four

development scenarios. The results show that WRCC of each scenario

decreases first and then increases. The scenario that prioritizes water

resources is the best for the Hangbu River Basin, under which the WRCC

will increase to 0.631 in 2035, achieving a good level. This is different from other

WRCC studies. Through analysis, the research method and the development

level and focus of the study area may be the reasons for this difference. In

addition, some suggestions were provided such as focusing on improving the

efficiency of irrigation water use and looking at the long-term development of

the region.

KEYWORDS

WRCC, SD model, TOPSIS method, different scenarios, regional development

1 Introduction

As an irreplaceable and strategic basic resource, water resources play a vital role in

social development. The supporting degree of the river basin’s economic and social scale is

an important aspect of water resources research, and also a key factor restricting the

sustainable development of the basin (Zuo et al., 2021). In 2014, the Chinese government

put forward new water management policies with water conservation as the priority in

response to the increasingly serious water shortage (Wang and Guo, 2021). The evaluation

of WRCC is an essential key step in regional water control. WRCC is a concept with

natural and social attributes (Feng et al., 2008), but its connotation and meaning are not
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clear (Hartmann et al., 2014). Hui and Jiang, (2001) believes that

WRCC is the maximum support capacity that water resources in

a certain region can provide to the social and economic

development of the region under the influence of the dual

mode of “natural and artificial”, based on the foreseeable level

of technology, economy, resources; and social development,

based on the principle of sustainable development, and

through reasonable optimization allocation. Xia and Zhu,

(2002) defined WRCC as ‘At a certain stage of water

resources development and utilization, the available water to

meet ecological water demand can maintain the largest socio-

economic scale of the limited development goals of population,

resources, and environment in the region’; Song et al, (2011)

believed that WRCC is the largest environmental supporting

capacity that human activities do not harm to the regional water

environment at a certain stage of social and economic

development; Ren et al, (2016) defined WRCC as the largest

industrial, agricultural, population and urban scale that the

number of water resources in a specific area can carry without

damaging the society and ecosystem. In this study, WRCC is

defined as the maximum development potential of the region

that can be tapped by available water resources under the

sustainable development of social technology and residents’

living standards.

At present, there are many studies on the evaluation methods

of WRCC. For example, Cao et al, (2020) used the principal

component analysis method to evaluate the natural support of

water resources in Fuyang; Wu and Jin, (2011) decomposed the

weight structure of the evaluation index and established a

projection pursuit model which uses the variable weight to

evaluate the regional WRCC. Gong and Jin, (2009) adopted

the fuzzy comprehensive evaluation method and found that

Lanzhou meets difficulties in substandard water quality rather

than the lack of water sources in terms of water resources. Peng

and Deng, (2020) proposed the DOESBR conceptual model and

evaluated WRCC in karst areas using combined weight

assignment. Qi et al., 2021 analyzed the impact of climate

change on agricultural WRCC in high-latitude basins by using

a multivariate statistical analysis method. Liu et al., 2022a

considered the interaction between people, water, and the city,

pooled long-term data into a Human–Water–City evaluation

index system consisting of 13 representative indicators, and used

Principal component analysis to study the current and future

WRCC inWuhan. Hu et al., 2022 combine water supply-demand

analysis and the S-shaped curve threshold analysis to calculate

WRCC in Inner Mongolia. Other widely used methods include

the artificial neural network Yu et al., 2020, the logistic

attribution model Bai et al, (2019), and set pair analysis Wan

et al, (2006).

WRCC of the basin is affected by many factors, and there is a

coupling relationship between these factors. Although the above

method can qualitatively evaluate the past WRCC of a specific

region, it fails to comprehensively and systematically analyze and

predict WRCC of the basin quantitatively. The SD model is a

system simulation method proposed by Professor Forrester in

1958 (Niu and Sun, 2019), as a method suitable for describing

complex systems and analyzing their dynamic behavior, SD can

be used to deal with nonlinear, multi-feedback, and multi-level

complex system problems (Forrester, 1997). The SD model can

transform the interaction between different elements in a

complex system into a series of interrelated data streams, and

realize system simulation through dynamic feedback (Zhang

et al., 2014; Zomorodian et al., 2018). For example, Sun and

Yang, (2019) quantitatively evaluated WRCC of Xiong’an New

Area by using the SD model, and proposed that the local

government should control the expansion of secondary

industry; Sun et al, (2017) used the SD model to simulate the

status quo of water resources supply and demand in China over

the past 15 years and found that the fundamental way to bridge

the gap between water supply and demand is to improve water

supply.

With only numerical values and no qualitative evaluation, the

current state of water resources cannot be known. Since the SD

model lacks a comprehensive qualitative evaluation, some

scholars combine the SD model with other evaluation

methods, such as combining the SD model with an improved

fuzzy comprehensive evaluation method (Wang et al., 2021) or

combining the SD model with the analytic hierarchy process

(Yang et al., 2019). This kind of coupling method can

systematically solve the problems of quantitative analysis and

qualitative evaluation of regional WRCC. TOPSIS was originally

proposed by Hwang and Yoon (1981) to help select the best

alternative with a finite number of criteria (Tzeng and Huang,

2011). As a well-known classical MCDA/MCDM method,

TOPSIS has received much interest from researchers and

practitioners and has been widely used in water research

(Behzadian et al., 2012). In this study, TOPSIS is used for

qualitative analysis.

Therefore, an analysis and evaluation method combining the

SD model and TOPSIS method is proposed in this paper. The SD

model is firstly used to calculate relevant data on basin water

resources, then the TOPSIS method is applied to calculateWRCC

in the Hangbu River basin.

2 Materials and methods

2.1 Study area

The Hangbu River Basin is located in the west of Chaohu

Lake Basin, with a drainage area of 4,246 km2, as shown in

Figure 1. The administrative areas involved in the Hangbu River

Basin include Jin’an District, Lu’an City, Shucheng county and

Huoshan County of Lu’an City, Feixi County, Lujiang County of

Hefei city, and Yuexi County of Anqing city. Among them, the

Hangbu River Basin in Huoshan and Yuexi Counties covers an
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area of 217.59 km2, accounting for only about 5.13% of the

Hangbu River Basin. This region is located in the upstream

mountainous area, with few water users, and has little impact on

the analysis of water resources in the Hangbu River Basin, so the

two areas are excluded in this study. The Hangbu River Basin

belongs to the subtropical humid monsoon climate zone in the

north, with four distinct seasons and wet and warm climates. The

multi-year annual precipitation of the basin is about 1,000 mm

on average, the multi-year average relative humidity is 81%, the

annual average evaporation is 1,397 mm, and the evaporation

increases from southwest to northeast. The precipitation during

the crop growth period is 780–850 mm. Also, the local place is

featured by the sound rainfall and heat conditions, which can

generally meet the needs of various thermophilic crops. The

Hangbu River irrigation area in the basin is an important base for

national grain crop production. In recent years, with the growth

of population, the rapid development of the economy, and the

increasing water consumption in irrigation areas, problems, such

as periodic shortage of water resources and water environmental

pollution have gradually emerged in the basin. The evaluation of

WRCC of the Hangbu River basin will help alleviate the resource

and environmental problems in the basin at this stage and ensure

the sustainable development of the Hangbu River Basin.

2.2 Data

All data in this study are annual data. Water resources data

are mainly from Lu’an water resources bulletin (2015–2020)

(http://slj.luan.gov.cn/index.html) and Hefei Water Resources

Bulletin (2015–2020) (http://sswj.hefei.gov.cn/), and socio-

economic data are mainly from Lu’an national economic and

social development statistical bulletin (2015–2020) (https://www.

luan.gov.cn/), Hefei National Economic and social development

statistical bulletin (2015–2020) (https://www.hefei.gov.cn/) and

Anhui national economic and social development statistical

bulletin (2015–2020) (https://www.ah.gov.cn/). The Rest of the

data comes from Comprehensive Planning of the Hangbu River

Basin (2019–2035).

2.3 System dynamics model

The SD model provides feedback on the structure and

behavior of complex systems by building simulation models

(Zhang et al., 2010). The SD model is often composed of a

large number of nonlinear differential equations, which are

solved by computer simulation. The core of the model is the

state equation, which is used to describe the dynamic changes of

the system (Wei et al., 2012). It can be expressed as follows,

X i( + Δ) � X i() + f(X i,Ri,Ai, Ci)Δ (1)

where X i() is the value of the i-th state variable of the system at

time ;  is annual;Ri means the rate change vector;Ai refers to

the auxiliary vector; Ci is the parameter; f() is a vector-valued

function; Δ is the time step.

To build up an SD model, the variables that have a certain

impact on the regional WRCC and have a large amount of data

are selected. Then a flow chart (as shown in Figure 2) is drawn by

Vensim software (version: Vensim DSS), including the domestic

FIGURE 1
Geographical location of the Hangbu river basin.
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water demand subsystem, industrial water demand subsystem,

agricultural water demand subsystem, ecological water demand

subsystem, and one water supply subsystem. Arrows are used to

indicate the logical relationship between variables. Each variable

is determined by all variables that point to it. All variables

determined by time will change with the change of time, and

the change of these variables will cause a change in the whole

system. At each time node, each variable in the system has a

unique value.

There are three kinds of variables in the flow chart: level

variable, rate variable, and common variable The level variable is

surrounded by a black border, which has its stock; Below the long

black arrow is the rate variable, which is often determined by

other common variables, and the rate variable determines the

change rate of the level variable it points to. Some variables with

complex numerical changes and little time correlation are

represented by level variables, while others are represented by

common variables. There will be some variables in the flow chart

many times. Only one of these variables is displayed in black font,

and the rest are displayed in gray font, which is called the shadow

variable.

A formula or a data table is adopted to express the numerical

relationship between variables. For example, the domestic water

consumption of urban residents is equal to the urban population

multiplied by the domestic water consumption quota of urban

residents. The domestic water consumption of urban residents is

calculated according to this formula. Table 1 demonstrates the

relationship between water consumption of 10000 yuan

industrial added value and time. Vensim software will fit the

numerical relationship between the two according to this table

and calculate the water consumption of 10000 yuan industrial

added value in the subsequent time according to this table.

2.4 Error test

The role of the system dynamics model in the simulation of

WRCC in the Hangbu River Basin is determined by whether the

model can truthfully reflect the economic and social development

of the Hangbu River Basin. Through parameter calibration, the

calculation results can better reflect the status quo of the basin.

Based on the research of Xu et al, (2020), the error degree of the

FIGURE 2
Flow chart of the SD model.

TABLE 1 Data table between water consumption of 10000 yuan industrial added value and time.

Time 2015 2016 2017 2018 2019 2020

water consumption of 10000 yuan industrial added value 168.6 156.4 138.0 132.0 102.2 95.13
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model is expressed by the absolute relative error (ARE) between

the real data and the simulated data. The ARE calculation

formula is shown as,

ARE �
∣∣∣∣∣∣∣∣∣ Z′

t

Z′
t − Zt

∣∣∣∣∣∣∣∣∣ (2)

where Z′
t is the simulated value of data in year t; Zt means the

true value of data in year t.

If ARE does not exceed 10%, the model is considered to be in

line with the status quo and can be used for the simulation of

future situations.

The values of each variable in 2015 are input in the SD model

of the Hangbu River Basin, the simulated value of each variable

from 2016 to 2020 is iteratively calculated, the ARE between the

simulated value and the true value is calculated, and then the

numerical relationship between each variable and the initial value

in 2015 is adjusted to recalculate until the ARE value meets the

requirements.

Based on 6 years of actual data from 2015 to 2020, five

variables, including resident population, urbanization rate,

total GDP, crop sown area, and total water demand, are

selected to verify the reliability of the model parameters. The

ARE calculation results are shown in Table 3. It can be seen from

Table 2 that the ARE of the five variables is less than 10%. It can

be seen that the SDmodel can reflect the actual situation well and

is highly reliable.

TABLE 2 Comparison of simulated and real values.

Time index 2015 2016 2017 2018 2019 2020

GDP (RMB 100 million) Simulated value 550.71 627.07 711.19 803.48 904.37 1014.28

True value 561.70 617.94 705.94 738.77 953.65 1007.85

ARE (%) 1.96 1.48 0.74 8.76 5.17 0.64

Resident population (10000 persons) Simulated value 198.23 199.81 201.17 202.30 203.21 203.89

True value 198.23 199.61 200.23 202.94 203.97 203.76

ARE (%) 0.00 0.10 0.47 0.32 0.37 0.06

Total water demand (100 million m3) Simulated value 8.78 8.79 8.80 8.81 8.83 8.86

True value 9.21 9.36 9.74 9.76 9.75 9.59

ARE (%) 4.66 6.11 9.68 9.70 9.39 7.64

Urbanization rate (%) Simulated value 25.80 27.74 29.67 31.61 33.54 35.48

True value 25.84 27.62 29.71 31.51 33.62 35.42

ARE (%) 0.14 0.43 0.12 0.32 0.22 0.18

Irrigation water demand (100 million m3) Simulated value 6.99 6.92 6.85 6.79 6.73 6.68

True value 7.05 7.18 7.09 6.99 6.88 6.87

ARE (%) 0.79 3.61 3.37 2.88 2.13 2.75

TABLE 3 Evaluating index of WRCC.

Index Positive/
Reverse

Reasons

Natural support Water supply per capita Positive The higher the value, the more abundant the water resources in the region

The ratio of water supply to demand

Social technology
level

Water consumption per
10000 yuan GDP

Reverse The lower the value, the higher the water use efficiency

Effective utilization coefficient of
irrigation water

Positive The higher the value, the higher the water use efficiency

Wastewater utilization rate

Social living
standard

GDP per capita Reverse The paper defines WRCC as regional development potential, and the higher these two
values, the lower the development potential and the lower WRCC.Urbanization rate

Water consumption rate of ecological
environment

Positive The higher the value, the better the ecological protection and the better the regional
development potential
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2.5 Index system

2.5.1 Establishment of index system
The evaluation index system of WRCC is the standard and

basis for the comprehensive evaluation and research on the

coordinated development of regional water resources, society,

ecological environment, and economy (Cao et al., 2019). The

main body of WRCC system is the water resources subsystem,

while the target is the socio-economic and ecological

environment subsystem supported by water (SONG et al.,

2018). In developing WRCC evaluation index system, the

principles of scientificity, completeness, a combination of

dynamic and static, qualitative and quantitative,

comparability, and feasibility need to be taken into

consideration (Wang et al., 2004). Due to the limited

amount of data available from the data source, this study

selects 8 evaluation indexes that have a great influence on

WRCC of the Hangbu River Basin from three aspects: natural

support capacity, social technology level, and social living

standard, and constructs the evaluation index system of

WRCC. The natural supporting capacity reflects the

supporting effect of the natural conditions of regional water

resources on social development, including the per capita

water supply and the ratio of water supply to demand; The

socio-techno level reflects the social utilization efficiency of

water resources, including water consumption per 10000 yuan

GDP, irrigation water utilization coefficient and wastewater

utilization rate; Social living standards reflect the degree of

social demand for water resources, including GDP per capita,

urbanization rate, and eco-environmental water use rate.

These eight indicators are also frequently used in the

evaluation of WRCC. For example, Peng and Deng (Gong

and Jin, 2009) take into consideration the per capita GDP,

water consumption per 10000 yuan GDP, per capita water

consumption, and ecological environment water consumption

rate when evaluating WRCC of Guiyang; Zhang et al, (2021)

included the per capita GDP, urbanization rate, water

consumption per 10000 yuan of GDP, and agricultural

irrigation water consumption rate in their study when

evaluating WRCC in Nanjing, Wang et al, (2022) took into

consideration the utilization rate of renewable water resources,

the balance rate of water resources supply and demand, and

the urbanization rate.

The impact of these eight indexes on WRCC can also be

divided into positive and adverse effects. See Table 3 for details.

2.5.2 Normalization and standardization of index
data

Since there are two kinds of indexes in the system, the

subsequent data processing will be cumbersome without

normalization. Therefore, the selected evaluation indexes

should be normalized before the basin WRCC is evaluated

(Wang et al., 2017). In the evaluation index system, the

indicators that have a positive effect on WRCC are

normalized by the following formula as follows,

Yij � ij − (i min
−mod(i min

,′
i)) (3)

where ij represents the j-th sample data of the i-th index; i min

denotes the smallest item of all sample data of index i; ′
i is i min

the order of magnitude; Yij represents the j-th sample data of the

i-th index after normalization.

The normalization formula of indicators that have a reverse

effect on WRCC is shown as,

Y ij � 1/ij (4)
After normalization, the index data are standardized to eliminate

the influence of each index dimension on the evaluation system.

The standardized formula is as follows,

X ij � Y ij�������∑n
j�1Y2

ij

√ (5)

where X ij represents the j-th sample data of the ith index after

standardization; n means the number of samples.

2.5.3 Index weight
As different indicators have different impacts on WRCC of

the basin, the weight of each evaluation index should be given. To

avoid subjective preference in evaluating the weight of each

index, this paper integrates subjective and objective weighting

methods to calculate the weight of each index.

2.5.3.1 Analytic hierarchy process

The analytic hierarchy process (AHP) is a subjective

weighting method. Qualitative and quantitative levels are

integrated to determine the index weight. AHP is often used

to solve multi-dimensional decision-making problems. The

calculation steps of the analytic hierarchy process are

illustrated in detail in the literature (Du et al., 2022).

To obtain a reasonable objective weight for each indicator,

the researchers in this study consulted the opinions of 9 experts,

including 5 experts engaged in the research of water resources

optimization and dispatching and 4 experts engaged in the

research of urban flood control and drainage. Based on their

scores on the importance of each indicator, nine groups of

subjective weights were obtained by using AHP software. The

nine groups of subjective weights passed the consistency test. In

this paper, the average value of the nine groups of weights is taken

as the subjective weight of the evaluation index of WRCC of the

Hangbu River Basin.

2.5.3.2 Entropy weight method

The entropy weight method is an objective weighting method

for information entropy. The information entropy and weight of

the indicator are calculated according to the relative change

degree of each value of the indicator. The greater the relative
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change of the indicator value, the greater the weight of the

indicator. The weight of the entropy weight method is

calculated in the steps as follows:

(1) Calculate the proportion of the j-th sample value of the ith

index:

P ij � X ij∑n
j�1X ij

(6)

(2) Calculate the entropy of the ith index:

Ci � − 1
ln n

∑n
j�1
Pij lnP ij (7)

(3) Calculate the different degrees of the ith index:

di � 1 − Ci (8)

(4) Calculate the weight of the ith index:

W i � di∑m
i�1di

(9)

Where m is the number of indexes.

According to the water resources data of the Hangbu River

Basin from 2015 to 2035 obtained from system dynamics

simulation, the entropy weight method is used to calculate the

objective weights of each evaluation index based on the SDmodel

simulation data.

The paper takes the average value of subjective weight and

objective weight as the combined weight of evaluation indicators.

This method has not been thoroughly studied, but it is widely

used Liu et al, (2022b); Li et al, (2022) and easy to operate,

especially when we do not know which is more important,

subjective or objective weights.

The weight values of each index can be seen in Table 4.

It can be seen from Table 4 that the ratio of water supply to

demand and GDP per capita have a great impact onWRCC of the

Hangbu River Basin. This is consistent with the rapid economic

development of the Hangbu River Basin in recent years; At the

social and technological levels, the effective utilization coefficient

of irrigation water has a greater weight, which is also in line with

the actual positioning of the Hangbu River Basin as a national

important food production base.

2.6 TOPSIS method

TOPSIS method, namely, “technique for order preference by

similarity to an ideal solution”, can be adopted to rank the

scenarios according to the Euclidean distance between each

sample value and the ideal value. The basic principle is to

establish the optimal (worst) scenario of the sample object,

that is, the positive (negative) ideal point, determine the

distance between the sample object and the positive (negative)

ideal point, and obtain the proximity of the sample object to the

ideal point (Wang et al., 2008; Wang et al., 2012; Sun et al., 2018).

The calculation steps are as follows:

(1) Establish the index data as a matrix X � (X ij)(m×n).
(2) Establish weight vector W � (W1, W2, . . . , Wm)T .
(3) CalculateD+

j andD
−
j , which represents the distance between

the sample data and the positive/negative ideal solutions.

Both of them are calculated based on the formulas as follows:

D+
j �

����������������∑m

i�1W i(X ij − X+
i )2

√
(10)

D−
j �

����������������∑m

i�1W i(X ij − X−
i )2

√
(11)

Where X+
i is the positive ideal solution of the sample, X−

i is

the negative ideal solution of the sample.

(4) Calculate Cj, which represents WRCC. The calculation

formula is as follows:

Cj �
D−

j

D+
j +D−

j

(12)

TABLE 4 Weight of each index.

Index Subjective weight Objective weight Combined weight

Natural support Water supply per capita 0.012 0.049 0.030

The ratio of water supply to demand 0.458 0.041 0.249

Social technology level Water consumption per 10000 yuan GDP 0.037 0.207 0.122

Effective utilization coefficient of irrigation water 0.124 0.174 0.149

Wastewater utilization rate 0.019 0.083 0.051

Social living standard GDP per capita 0.193 0.243 0.218

Urbanization rate 0.143 0.053 0.098

Water consumption rate of ecological environment 0.014 0.149 0.082
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The object Cj ∈ [0, 1], the closer Cj is to 1, the better the

calculation results; Otherwise, the situation will be worse.

2.7 WRCC classification

Different WRCC values correspond to different carrying

capacity states. According to Yang et al, (2019), WRCC values

are classified as shown in Table 5.

2.8 Scenario design

By adjusting the model parameters, the SD model can

simulate the data of water resources under different regional

development scenarios. For example, when looking for the

optimal development plan for Mu Us Sandy Land, Liu et al.,

2022b adjusted the main parameters such as industrial growth

rate, water consumption per unit output value, irrigation water

quota, and domestic water quota in the SD model, and simulated

six development scenarios. Yang et al., 2015 designed four

development plans by adjusting water resource constraints

and population migration to simulate WRCC of Tieling.

It is difficult for most cities to have both economic

development and water resources protection. Referring to the

plan of the economy and water resources in the Comprehensive

Planning of the Hangbu River Basin (2019–2035), four scenarios

are designed, and the water resources data of the Hangbu River

basin under various scenarios are simulated by the SDmodel, and

then the TOPSIS method is used to calculate WRCC.

Scenario 1: the scenario of continuing the original

development trend. The industrial structure and

development plan of the Hangbu River basin will not be

significantly adjusted during the forecast period. Under the

simulation scenario, the urbanization rate, each growth rate,

and all kinds of water quotas remain unchanged or change

according to the historical trend.

Scenario 2: the scenario of giving priority to economics.

According to Anhui national economic and social

development statistical bulletin in the past 5 years and the

research of (Gu et al., 2021). The growth rate of the industry

is increased to 200% of the original trend, the growth rate of crop

sown area is increased to 200% of the original trend, and the

TABLE 5 Classification of WRCC.

WRCC value 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0

WRCC status weak poor normal good excellent

FIGURE 3
Simulation results of three variables.
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growth rate of urbanization is increased to 120% of the original

trend. Other conditions are kept constant or changed according

to historical trends.

Scenario 3: the scenario of prioritizing water resources. Based

on the research of (Liu et al., 2011), combined with the actual

water consumption of cities in the Hangbu River Basin, the

reduction rate of a net quota of irrigation water is increased to

180% of the original trend, and the growth rate of domestic water

quota is reduced to 50% of the original trend. The water

consumption reduction rate of 10000 yuan industrial added

value is increased to 120% of the original trend. The water

quota for forestry, animal husbandry, fishery, and livestock

are decreased to 80% of the original trend, the growth rate of

ecological water is increased to 120% of the original trend, the

utilization coefficient of irrigation water is increased to 120% of

the original trend, and the utilization rate of wastewater goes up

to 140% of the original trend. Other conditions remain

unchanged or change according to historical trends.

Scenario 4: the comprehensive development scenario. Based

on the research of (Wang et al., 2017), the economic development

and water use of the basin are integrated. The growth rate of the

industry is increased to 150% of the original trend, the growth

rate of crop sown area is increased to 150% of the original trend,

the growth rate of urbanization rate is increased to 110% of the

original trend, the reduction rate of net water quota for irrigation

is increased to 130% of the original trend, and the growth rate of

domestic water quota is reduced to 80% of the original trend. The

water consumption reduction rate of 10000 yuan industrial

added value is increased to 110% of the original trend, the

growth rate of ecological water is increased to 110% of the

original trend, the irrigation water utilization coefficient is

increased to 110% of the original trend, and the wastewater

utilization rate is increased to 120% of the original trend. Other

conditions remain unchanged or change according to historical

trends.

3 Results and discussion

3.1 Results of each scenario

After SD model simulation and TOPSIS method calculation,

the water resource data andWRCC of each scenario are shown in

Figures 3, 4.

Under scenario 1, the total water demand in the Hangbu

River Basin changes slightly, reaching a maximum value of

897 million m3 in 2032, and then decreasing slightly. The

total water demand in 2035 reaches 893 million m3. The

ratio of water supply to demand continues to decline, from

1.000 in 2015 to 0.934 in 2035, and the shortage of water

resources becomes more and more obvious. With the

development of water technology in the basin, the water

use efficiency has been improved, and the annual decline

rate of water resources supply and demand has gradually

decreased, from an average annual decline of 0.0037 from

2015 to 2020 to an average annual decline of 0.0010 from

2031 to 2035. In terms of economic development, the GDP per

capita of the basin will reach 215700 yuan in 2035. WRCC

generally decreases first and then increases. It was 0.445 in

2015, drops below 0.400 in 2018, that is 0.382, falls to the

lowest point of 0.325 in 2024, and then gradually recovers. It

will return to 0.412 in 2032, and WRCC in 2035 will

reach 0.464.

Under scenario 2, the water shortage in the Hangbu River

Basin is more severe, and the total water demand continues to

increase, reaching 1.011 billion m3 by 2035. The ratio of water

supply to demand continues to decline, from 1.000 in 2015 to

0.837 in 2035. In terms of economic development, the GDP per

capita of the basin will reach 273000 yuan in 2035. The general

change trend of WRCC is consistent with that in scenario 1. It is

0.445 in 2015, falls below 0.400 in 2017, that is 0.392, drops to the

lowest point of 0.262 in 2025, and then gradually rises. It will

recover to above 0.300 in 2029, which is 0.301, and rise to

0.406 in 2035.

Under scenario 3, the total water demand will continue to

decrease in 2027 and will drop to 743 million m3 in 2035. The

ratio of water supply to demand continues to increase, from

1.000 in 2015 to 1.117 in 2035, and the growth rate increases

from an average annual growth rate of 0.0043 in 2015–2020 to

an average annual growth rate of 0.0064 in 2031–2035. In

terms of economic development, the GDP per capita of the

basin will reach 215700 yuan in 2035. WRCC shows an upward

trend. WRCC is 0.445 in 2015, falls to the lowest point of

0.407 in 2020, and then gradually rises. It will rebound to

FIGURE 4
WRCC in four scenarios.
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0.445 in 2024, reaching WRCC level in 2015, increase above

0.600 to 0.606 in 2033, and reach 0.633 in 2035.

Under scenario 4, the total water demand of the Hangbu

River Basin changes slightly, reaching the maximum value of

895 million m3 in 2028, and then decreases slightly. The total

water demand will be 886 million m3 in 2035. The ratio of water

supply to demand decreases firstly and then increases, which

drops to the minimum value of 0.946 in 2033, then rebounds

slightly, and reaches 0.948 in 2035. In terms of economic

development, the GDP per capita of the basin will reach

244300 yuan in 2035. The overall trend of WRCC is

consistent with that of scenario 1. It is 0.445 in 2015, falls

below 0.400 in 2018, that is 0.385, falls to the lowest point of

0.338 in 2023, and then gradually recovers. It will rise above

0.400 in 2030, which is 0.413 andWRCCwill reach 0.504 in 2035.

3.2 Comparison of results

Under scenario 1, the ratio of water supply to demand in

the Hangbu River Basin is slightly worse than that in scenario

4, better than that in scenario 2, and worse than that in

scenario 3. In 2035, 6.6% of the water demand will not be

met, and the basin will face a water shortage for a long time,

and the water shortage is difficult to solve. In terms of

economic development, the GDP per capita of the Hangbu

River Basin in 2035 under this scenario is the same as scenario

3, lower than scenario 2 and scenario 4. From the perspective

of WRCC, it will be lower than 0.400 for 14 years during the

study period. During this period, WRCC is in a poor state. The

overall level of WRCC is higher than that under scenario 2 and

worse than that under scenario 3 and scenario 4.

Under scenario 2, the Hangbu River Basin has the lowest

ratio of water supply to demand of the four scenarios. In 2035,

16.3% of the water demand will not be met, and the water

resource gap is huge, suggesting that the shortage of water

resources in this scenario will be an increasingly serious long-

term problem under this scenario. In terms of economic

development, the GDP per capita in 2035 under this

scenario is the highest among the four scenarios, 11.75%

higher than that under scenario 4 and 26.56% higher than

that under scenarios 1 and 3. However, it should be noted that

the GDP per capita in 2035 under scenarios 1 and 3 is RMB

215700, reaching US $34000 according to the exchange rate in

April 2022, which approximates the level of moderately

developed countries. Based on this, compared with the

shortage of water resources, the economic advantage of this

scenario is relatively weak and from the comparison of WRCC,

it can be seen that the Hangbu River WRCC under this

scenario is the worst among the four scenarios.

Under scenario 3, the ratio of water supply to demand in

the Hangbu River Basin is the highest among the four

scenarios. The ratio of water supply to demand will reach

1.117 in 2035, while that of the other three scenarios is less

than 1.000, indicating that water resources are abundant in the

near-term development process of the basin under this

scenario. In terms of economic development, the GDP per

capita of the Hangbu River Basin in 2035 under this scenario is

the same as scenario 1, which is lower than scenario 2 and

scenario 4. As for WRCC, it will always be higher than

0.400 during the study period and will exceed 0.600 from

2033, reaching a sound state and further providing strong

support for the sustainable development of subsequent basins.

Furthermore, the overall WRCC under this scenario is

optimum.

Under scenario 4, the ratio of water supply to demand in the

Hangbu River Basin is better than in scenario 1 and scenario 2,

and worse than in scenario 3. In 2005, 5.2% of the water demand

will not be met. However, it should be noted that the ratio of

water supply to demand in this scenario will rise from 2033 to

2035, indicating that the basin will face water shortage during

development in this scenario, but the problem may be improved

or can be solved. In terms of economy, under this scenario, the

GDP per capita of the Hangbu River Basin in 2035 is higher than

scenario 1 and scenario 3 and worse than scenario 2. From the

perspective of WRCC, it will be lower than 0.400 for 12 years

during the study period, which is in a poor state. The overall level

of WRCC outperforms that under scenario 1 and scenario 2 and

is worse than that under scenario 3.

3.3 Water resources and development
policy

In September 2020, China put forward the policies of “carbon

peaking” and “carbon neutrality”. It means that China will strive

to reach the peak of carbon emissions by 2030 and achieve

relatively zero carbon emissions by 2060. The “double carbon”

policy requires all regions to improve science and technology,

readjust the industrial structure and energy structure, and reduce

their dependence on resources and the environment.

Compared with Western China and North China, the

Hangbu River Basin has abundant water resources. The

simulation reveals that such a relatively water-rich region will

face a long-term water shortage if the current trajectory

continues. Then, the local water shortage problem will be

more serious in the future. Therefore, the “double carbon”

policy is correct and will effectively improve sustainable

development in all regions of China.

From a national perspective, the economy of the Hangbu

River Basin is underdeveloped, and agriculture still dominates in

the basin. Compared with the industry and service industry,

agriculture consumes a huge amount of water under the same

value of production, and the irrigation water use coefficient in the

basin is about 0.535 in 2020, lower than the national average of

0.55. Therefore, the Hangbu River Basin is highly dependent on
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water resources. If the development plan of giving priority to

water resources is not adopted, the basin will inevitably be posed

with a water shortage. At that time, there will be a shortage of

water resources, and the use of highly polluting resources, such as

coal, will be restricted due to the “double carbon” policy. It is far

from enough to rely on new energy to support the development

of the basin. Therefore, in the context of the “double carbon”

policy, the Hangbu River Basin must adopt a development plan

that prioritizes water resources.

3.4 Implications from the case study

Based on the analysis of this study, the scenario of giving

priority to water resources is the best development plan

suitable for the Hangbu River Basin. Previous studies on

WRCC have considered comprehensive development as the

best option, such as research on WRCC in Xi’an by (Niu and

Sun, 2019) and research on WRCC of Xiong’an New Area by

(Yu et al., 2020). After analysis, there are two main reasons for

the difference. The first reason is the different evaluation

standards and methods for WRCC, and the second reason

lies in different regional development priorities. Xi’an and

Xiong’an New Area are large cities that have been built or are

being planned. The secondary and tertiary industries are

relatively developed, and the primary industry accounts for

a relatively low proportion. When comprehensive

development plans are adopted for these cities, the regional

water resources carrying capacity is optimized instead. As an

important grain production area, the Hangbu River Basin has

a large area of arable land and a high proportion of agricultural

water. According to the national regulation that the red line of

1.8 billion mu of arable land should be preserved, the area of

arable land cannot be reduced at will, so the water

consumption for agriculture cannot be reduced

significantly. Only by adopting the development plan of

giving priority to water resources can we ensure that there

will always be sufficient water resources for regional

development.

Therefore, the following suggestions are put forward to the

relevant urban governments in the Hangbu River Basin:

1) The water used for irrigation should be improved. At present,

the efficiency of irrigation water used in the basin is low, and

the waste of irrigation water is huge. Some measures can be

taken, such as lining the irrigation canal and increasing the

drip irrigation area of crops, to improve the effective

utilization coefficient of irrigation water.

2) Economic development should not be taken as a priority. If

the local places continue to be economy-oriented, regional

resources will be consumed more rapidly. It is not worthwhile

pursuing limited economic growth by consuming more water

resources, because it will further hinder regional

development.

4 Conclusion

According to the characteristics of water resources and

water use in the Hangbu River Basin, the influencing factors of

WRCC in the Hangbu River Basin are selected, the system

dynamics model of the Hangbu River Basin is built, four

scenarios of continuing the original development trend,

economic priority, water resources priority and

comprehensive development are designed, the changes of

various data related to water resources in the Hangbu River

Basin from 2015 to 2035 is simulated, and eight indexes that

can reflect the carrying capacity of the Hangbu River Basin are

selected. The changing trend of WRCC of each development

scenario is calculated and compared based on the good and

bad solution distance method. According to the results, the

following conclusions are drawn:

1) With a reasonable flow chart design and parameter

calibration, the system dynamics model can effectively

simulate the change of water resources in the basin.

2) For the Hangbu River Basin, the development scenario of

giving priority to water resources is the best.

If the scenario of continuing the original trend is adopted, the

Hangbu River Basin will face a water shortage for a long time, and

the water shortage is difficult to solve. If the economic priority

development scenario is adopted, the economic situation of the

basin will be greatly improved. At the same time, the basin will be

very short of water, and the water shortage will become more and

more serious. If the comprehensive development plan is adopted,

the economic situation of the basin will be improved and the

water resource shortage will also appear, but the water resource

shortage under the plan may be improved or can be solved. The

scenario of giving priority to water resources has significantly

improved WRCC of the Hangbu River Basin, and abundant

water resources can provide strong support for the sustainable

development of the basin.

3) As a country with relatively scarce water resources per capita,

China urgently needs to adjust its development mode. In this

context, the ‘double carbon’ policy is appropriate.
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