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Abstract: Water shortage, water pollution, shrinking water area and water mobility are the main
contents of the water resources crisis, which are widespread in the social and economic development
of Jilin Province. In this paper, a three-stage hybrid model integrating evaluation, prediction and
regulation is constructed by combining the load-balance method and the system dynamics method.
Using this model, the current states of water resources carrying capacity (WRCC) in 2017 and the
trend of water demand/available from 2018 to 2030 were obtained. Using the orthogonal test method,
the optimal combination program of agricultural and industrial water efficiency regulation and water
resources allocation was selected. The results show that the pressure of the human-water resources
system in Changchun, Liaoyuan and Baicheng is greater than the support, and the other six cities are
not overloaded. The water demand in Jilin Province and its nine cities will increase from 2018 to
2030, if the current socio-economic development pattern is maintained. Therefore, we change the
water quantity carrying capacity index by controlling agriculture, industrial water efficiency and
trans-regional water transfer. Compared with 2015, among the optimal program obtained, the change
range of the water use per 10,000 RMB of agricultural output is (=5%, 25%), and the water use per
10,000 RMB of industrial added value is (—45%, —35%), and the maximum water transfer is 1.5 billion
m? per year in 2030. This study analyzes the development pattern of WRCC in the process of water
conservancy modernization in Jilin Province and provides reference for other provinces to make the
similar plan.

Keywords: water resources carrying capacity; load-balance; system dynamics model; water resources
allocation; Jilin province

1. Introduction

As a precious natural resource, water plays an important role for the survival and development
of human society. As the population grows, the demand for water resources is increasing, and
water resources problems such as water shortage and water pollution are becoming more and more
prominent [1-3]. There are two human causes of water resources problems. First, there is too much
water for living and production, but less water for ecological environment, resulting in the failure
of basic ecological flow and water area of rivers and lakes. Secondly, the amount of pollutants
discharged from the socio-economic system exceeds environmental capacity. Therefore, the total
volume of natural water resources consisting of non-renewable water resources and renewable water
resources is calculated, which is used to solve the problem of water shortage [4-6]. In addition, water
quality models are often used to simulate the diffusion process of pollutants in the water environment
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to calculate environmental capacity, thereby solving the problem of water pollution [7-9]. For the
sustainable development of human-water resources system (HWRS), the rational allocation of water
resources is essential [10,11].

Jilin Province benefited from abundant natural resources and a good industrial base. Before
the 1990s, it had been China’s most important industrial base for a long time, and its economic
development level was at the forefront of the country. However, due to the contradiction of system
and structure, the economy of Jilin has shown a severe decline since the end of the last century.
In recent years, with the implementation of the strategy of revitalizing Northeast China, the demand
for water resources in Jilin has been increasing, and the regional water resource load balance has
gradually shifted. Considering the water resources crisis and water conservancy modernization plan
of Jilin Province, this study analyzes the water resources carrying capacity (WRCC) of Jilin Province.
Through orthogonal experiments, a regulation plan in Jilin Province was obtained, and comprehensive
suggestions for improving WRCC in Jilin Province were put forward.

The remainder of this article is arranged as follows: the second section presents the literature
review; the third section includes the study area and data sources; the fourth section presents the
three-stage hybrid model; the fifth section presents the results; the sixth section presents the discussion,
and the last section presents the conclusions.

2. Literature Review

The term “carrying capacity” is derived from ecology, which is used to measure the largest
organisms that a specific region can support for some period of time without obvious adverse effect
on the local environment [12]. After that, the application field of carrying capacity continued to
expand, and the ecological carrying capacity [13], environmental carrying capacity [14], land carrying
capacity [15], and mineral resources carrying capacity [16] appeared one after the other. WRCC is
an extension of the concept of carrying capacity in the field of water resources, which focuses on the
interaction between the human system and the water resources system. Since the introduction of the
concept of WRCC, a lot of fruitful research results have been published. However, it is difficult to find
a well recognized definition of WRCC. (i) WRCC is the largest external activity that water resources
can carry out [17], which only exists in theory, without relevant quantitative study. (ii) WRCC is a
threshold, such as the largest amount of local water resources [18], the largest economic scale and the
population that can be supported by local water resources [19,20]. At present, economic and population
scales are often used as indicators of WRCC. Obviously, forces always appear in pairs in physics, so the
carrying capacity can be divided into support ability and pressure ability. By comparing their values,
the carrying states of the water resources can be diagnosed. Wang et al. judged that Tianjin s water
resources system was overloaded by comparing the WRCC with the actual population [21].

A complete and reasonable index system is essential for studying the WRCC [22,23]. At present,
water environment, water resources, and social-economy that are closely related to the HWRS are
usually included in the index system, and then three criteria layer layers are obtained [24-26]: (i) The
water resources standard layer mainly reflects the ability of the local water resources subsystem to
supply water to the socio-economic subsystem. (ii) The water environment standard layer is closely
related to the water environment capacity. (iii) The socio-economic standard layer mainly contains
elements in human production and living activities. In general, due to the concept of traditional WRCC,
the indicators in the above-mentioned criterion layer are mostly related to water quantity and water
quality, but the interaction in the HWRS is far more than them. Water intake and sewage discharge
activities are generated by the socio-economic subsystem, causing damage and interference to the
space of water ecological and hydrological processes of the water resources-environment subsystem,
and thus generating pressure. In addition, the water resources-environment subsystem generates
support through water supply and consumption of pollutants. It can be seen that in order to maintain
the sustainable development of the HWRS, it is necessary to obtain multi-element support of water
resources, such as quantity, quality, space, and flow.



Water 2020, 12, 426 30f18

The study of WRCC, which includes evaluation, prediction and regulation, is based on evaluation,
using prediction as a starting point, and achieving the goal through regulation. The focus of the
evaluation is to quantify the carrying capacity of a specific region [27]. Predictive research usually
sets different development scenarios for the HWRS, and then predicts the WRCC of each scenario [28].
The research on regulation refers to planning, such as water environment protection planning and
water resources development planning, and then the target of WRCC is set. The positive and negative
feedback effects in the HWRS are used to regulate the activities of social and economic, and finally,
the carrying capacity is in line with the expected target [29]. In general, whether it is evaluation,
prediction or regulation, the results of WRCC research can provide reference for regional socio-economic
development and water resources protection, but the scope is limited. The WRCC of 36 major Chinese
cities has been evaluated [26,30]. These research results can reflect the past or current water resources
carrying states. In order to study the WRCC of a specific region in the future, evaluation studies can be
combined with predictive research. For example, Yang et al. predicted the WRCC of Xi’an in 2020 [31].
Usually, the prediction research needs to set up multiple scenarios and obtain the prediction results of
WRCC and then get the regulation programs. These regulation programs are mostly derived from the
parameter settings in the prediction scenario, which has the best simulation result. If the regulation is
carried out according to these programs, there will often be an excess of support ability, resulting in
high economic costs of regulation and low feasibility. In addition, the research on the development of
HWRS shows that the carrying condition of water resources in a specific region is different in different
historical stages and narrowing the evaluation of the carrying capacity in the long-term span is a key
problem to be solved. Therefore, a three-stage hybrid model was established to study the WRCC in
Jilin Province.

3. Study Area and Date Sources

3.1. Study Area

Jilin Province is located at longitude 121°38’-131°19” E and latitude 40°50’—46°19” N. It covers an
area of 187,400 km?, including eight prefecture-level cities and one autonomous prefecture, as shown
in Figure 1. Jilin Province is an important industrial base and commodity grain base in China. With the
strategy of revitalizing the northeast old industrial base and the modernization of water conservancy,
socio-economic development has brought a lot of pressure on the water resources [32]. There are
19 major rivers in Jilin Province, which belong to five water systems [33]. These rivers transport a
lot of water resources for Jilin Province. However, the volume of water resources per capita in Jilin
Province is insufficient. As shown in the “Jilin Provincial Water Resources Bulletin (2017)”, the regional
volume of water resources per capita is only 1451.5 m3, which is a water-stressed area [34]. In addition,
approximately 1.12 billion tons of wastewater was discharged into water bodies in 2017. Therefore,
surface water pollution has caused deterioration of the water environment. The shortage of water
resources and pollution of the water environment have severely restricted the sustainable development
of society and economy in Jilin [35].

The east of Jilin is rich in rainfall and rich in water resources, which is the birthplace of many
rivers. The central part of Jilin is an important commodity grain production base in China, consuming
a lot of water resources. The grasslands in the west of Jilin are vast, with large wetlands and abundant
groundwater and transit water, but the excessive exploitation of groundwater extraction has caused
wetland degradation and ground subsidence [36]. The spatial and temporal distribution of water
resources in Jilin Province is uneven [37]. Thus, the water resource problems in Jilin Province are
produced by both social and natural factors, which pose an urgent problem for the government
and researchers.
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Figure 1. Location of Jilin Province.
3.2. Date Sources

The major datasets used in this study include water demand, water available, water conservation,
population and economic. Table 1 presents all the data used in the study and their sources. In addition,
the water area data in this paper are from the Resource Environment Cloud Platform of the Chinese
Academy of Sciences and the Earthdata database.

Table 1. Data used in the study and their sources.

Data Type Source
1 Water demand the Statistical Yearbook of Jilin Province (2006-2018)
2 Water available Jilin Province long-term water supply and demand planning report

. Statistical Bulletin of National Economic and Social Development of
3 Water conservation . .
Jilin Province,
. Environmental Quality Bulletin of Jilin Province, Water Resources
4 Water environment . . .
Bulletin of Jilin Province

5 Reservoir Yearbook of Jilin Water Resources Province
6 Population and Economic the Statistical Yearbook of Jilin Province (2006-2018)

4. Three-Stage Hybrid Model

Based on the existing research status, this paper establishes a three-stage hybrid model integrating
evaluation, prediction and regulation. It is used to analyze the WRCC in Jilin Province, and to find
out the factors affecting the HWRS, in order to improve the carrying capacity of the water resources.
The overall research process of this paper is shown in Figure 2.
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Figure 2. Framework of this work.

4.1.1. Evaluation System for the WRCC

2030

50f18

According to the system theory, the HWRS can be divided into the carrying body and the carrying
object, which generate support and pressure, respectively. Between them, the carrying body is the water
resources-environmental subsystem and the carrying object is the socio-economic subsystem. When
the level of socio-economic activity does not exceed the threshold, the water resources-environmental
subsystem can be sustainable. On the contrary, it will be damaged. It can be concluded that the accurate
evaluation of the WRCC requires not only the calculation of support ability but also the calculation of
pressure ability. Eventually, an evaluation system (Table 2) composed of eight indicators for the WRCC
in Jilin Province was established [38].
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Table 2. The index system for water WRCC.

Factors Variables Symbol Indexes Name Attributes

PAq Water demand (billion m3) Pressuring ability

Wat tit
ater quantity SA; Water available (billion m3) Supporting ability

Discharge volume of

Water quality PA, pollutants (tons) Pressuring ability
Water environment capacity . -

SAp (tons) Supporting ability

Water space PA3 Area of actual water (km22) Pressuri.ng abi.li.ty

SA3 Area of natural water (km*®) Supporting ability

PAy Reservoir capacity (billion m?) Pressuring ability

Water flow SAy Runoff (billion m3) Supporting ability

4.1.2. Evaluation Model of WRCC

As we all know, the various behaviors in the socio-economic subsystem are from human beings.
Therefore, this paper uses the total population to quantitatively evaluate the WRCC. The calculation
formula of carrying capacity is as follows [21]:

P, = i 1)
_ PA;
CCli = o @)

where P, represents the carrying capacity at time t, including water quantity carrying capacity, water
quality carrying capacity and comprehensive carrying capacity, where the comprehensive carrying
capacity is equal to the minimum of the former two. P; is the actual population of a region at
time t. CCI is the carrying capacity index of four factors. PA, SA are pressure ability and support
ability, respectively.

If the water quantity carrying capacity is bigger than the water quality carrying capacity, the
limiting factor of the WRCC is water quality, which belongs to the water quality dominant area;
otherwise, it belongs to the water quantity dominant area.

4.1.3. Evaluation Criterion of WRCC

According to the research results of the project and the opinions of relevant experts, a set of
evaluation criteria was established to analyze the water resources carrying state. (i) If CCI > 1.2,
the carrying state is heavily overload; (ii) if 1.2 > CCI > 1.0, the carrying state is overload; (iii) if 1.0 >
CCI > 0.9, the carrying state is critical; (iv) if 0.9 > CClI, the carrying state is safety load.

4.2. Prediction of WRCC

The system dynamics method was used to establish an SD model of WRCC, considering water
resources, water environment and socio-economic. It simulates the development trend of HWRS in
Jilin Province from the supply/demand of water resources, and carries out multi-scenario prediction of
WRCC. The boundary of the model is the administrative boundary of Jilin Province, the time scale is
2005-2030, and the time step is 1 year. In addition, with reference to the administrative boundaries of 9
cities in Jilin Province, nine sub-models were established.

4.2.1. Flow Diagram of SD Model

The flow chart of the main variables in the sub-model is drawn (Figure 3).
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Figure 3. The flow diagram of main variables in the sub-model of WRCC: (a) total population, (b)
water demand, (c) water available.

4.2.2. Equation of SD Model

In the SD model, mathematical equations are applied to quantify the water resources cycle.

The indicators “available water quantity” and “water demand quantity” are calculated by Equations
(3) and (4), respectively:

WA = WA;, + WA 3)

WD = WD}y, + WDas + WDy, + WD,z + WDoze @)

where WA represents the volume of water available. WA, represents the volume of water available
at time t;. WA, represents the newly added volume of water from time #; to time ¢. WD represents
regional water demand. WDy, WDy, WDy, WDy represent industrial water demand, agricultural
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water demand, ecological water demand, and other water demand, respectively. It should be mentioned
that this study refers to the “Long-term Water Supply and Demand Planning of Jilin Province”, and the
time ¢1 is set in 2010.

4.2.3. Scenario of HWRS

Three scenarios were set up for the development trend of the HWRS, and the WRCC under
different scenarios was predicted separately.

Scenario I: The economic development goals, irrigation construction projects, and water transfer
projects planned by Jilin Province were implemented as scheduled. These contents are derived
from plans such as the “13th Five-Year Plan for National Economic and Social Development” and
the “Water Conservancy Modernization Plan”. In addition, groundwater is mined at maximum
exploitable volume.

Scenario II: The volume of groundwater exploitation is the same as in 2017 during 2018-2030.
It should be mentioned that if the groundwater exploitation in 2017 exceeds the maximum exploitable
volume, the groundwater extraction will be maintained at maximum exploitable volume during the
forecast period.

Scenario III: According to the “Water Conservancy Modernization Plan”, the proportion of
groundwater in the total water supply in Jilin Province fell to 18.8% in 2030, and the total groundwater
supply decreased to less than 3.5 billion m>. Therefore, in this paper, the groundwater exploitation in
Changchun, Jilin, Siping, Liaoyuan, Tonghua, Baishan, Songyuan, Baicheng and Yanbian were adjusted
to 60%, 60%, 70%, 80%, 60%, 50%, 70%, 70% and 50% of the maximum exploitable volume, respectively.

4.3. Regulation of WRCC

Two types of regulation were designed. The first is intra-regional regulation, that is, the regulation
of the development trend of indicators in the sub-model; the second is cross-regional regulation, that is,
the allocation of water resources between regions. When we design the regulation programs, we will
focus on intra-regional regulation, supplemented by cross-regional regulation.

The HWRS is a complex system. The regulation of WRCC usually involves multiple variables and
there are multiple adjustments to the variables, resulting in a large number of regulatory programs.
The orthogonal test method is based on the probability theory, mathematical statistics and practical
experience. Using the standardized orthogonal table to arrange the test plan, one can quickly
find the optimization plan, which is often used to design multi-factor and multi-level optimization
experiments [39,40]. In order to simplify the design of the scheme, the orthogonal test design method
was applied to regulate the WRCC in Jilin Province.

5. Results

5.1. Analysis of The WRCC in 2017

Using the model described in the paper, the support ability, pressure ability and WRCC of Jilin
was calculated. The WRCC of Jilin Province and its nine cities are described in Tables 3 and 4 and
shown in Figure 4. It should be mentioned that the variables in the second line of Tables 3 and 4 are the
acronyms of the names of Jilin Province. For example, “CC” is the acronym of Changchun City.
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Table 3. The carrying capacity index (CCI) of Jilin.

Prefecture-Level City and Autonomous Prefecture

CCI Province
CcC JL SP LY TH BS SY BC YB
quantity 0.76 0.78 0.64 0.65 1.05 0.66 1.16 0.84 0.85 0.71
quality 0.91 1.01 0.93 0.93 0.94 0.67 0.91 0.96 0.89 0.87
domain 0.81 0.68 0.86 0.72 0.61 0.64 0.94 0.87 0.83 0.82
flow 0.45 0.43 0.95 1.47 0.20 0.95 0.08 0.76 1.54 0.06
Comprehensive 0.91 1.01 0.93 0.93 1.05 0.67 1.16 0.96 0.89 0.87

Table 4. The water resources carrying capacity (WRCC) of Jilin 10,000 people.

Prefecture-Level City and Autonomous Prefecture

WRCC Province
CcC JL SP LY TH BS SY BC YB
Current 2616 749 415 320 118 217 120 275 191 210
quantity 3496 965 645 492 112 329 103 330 224 295
quality 2855 739 448 345 125 322 131 287 215 242
Comprehensive 2855 739 448 345 112 322 103 287 215 242

Quantity

CCI
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Figure 4. Carrying state of water resources.

(1) The WRCC is 28.13 million people in Jilin Province, bigger than the current population in 2017,
and its comprehensive carrying capacity index (CCI) is 0.93, which is in a critical carrying state. Among
the nine cities, Changchun, Liaoyuan and Baishan have smaller comprehensive carrying capacity than
the current population, and their HWRS is in an overload state. Baishan’s comprehensive CCI (1.16) is
the largest of all cities, followed by Liaoyuan and Changchun. The comprehensive CCI of Baishan is
equal to its water quantity CCI, which is significantly bigger than its water quality CCI, indicating
that the limiting factor of WRCC of Baishan is water quantity, which belongs to the water quantity
dominant area. Baishan belongs to Changbai Mountain and has abundant water resources. However,
the reservoir capacity of reservoirs is insufficient. As shown in Table 3, its water flow CCI is 0.08.
Therefore, new reservoirs can be built to increase water storage to alleviate the water shortage crisis.
Liaoyuan is a water quantity dominated area and needs to increase the use of surface water. The water
demand and the volume of pollutants discharged in Changchun are the largest among all cities, and its
water quantity CCI and water quality CCI are 0.78 and 1.01, respectively, which are the water quality
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dominant areas. As a provincial capital city, Changchun is the economic and cultural center of Jilin
Province. Changchun is supposed to play a greater role in leading the industry, vigorously develop
advanced manufacturing industries, and transfer some low-end industries. Furthermore, Changchun
also needs to implement the principle of total pollutant control, increase investment in environmental
protection. The comprehensive CCI of Jilin, Siping and Songyuan is higher than 0.9, and its HWRS
is at a critical state, and it is necessary to adhere to the red line of water resources development and
utilization. Jilin city, located in the middle of Jilin province, is the transition zone between the eastern
mountain area and the western plain area. It has good water resources development conditions,
making its water available rank first among all cities. However, similarly to Changchun, Jilin has
developed industries and emits a large amount of pollutants every year. The water environment
pollution crisis still exists. There is a huge shortage of water resources in Siping and Songyuan. In order
to meet the water demand in the two cities, groundwater has to be used in large quantities, causing
groundwater to fall and forming a groundwater level funnel. The Central City Songhua River Water
Supply Project and the Hadashan Water Conservancy Project were constructed to alleviate the water
crisis in Changchun, Siping, Liaoyuan and Songyuan. The comprehensive CCI of Tonghua, Baicheng
and Yanbian are all below 0.9, and the HWRS is in a safe carrying state. The water quantity CCI of
these three cities is higher than the water quality CCI and they belong to the water quality dominant
areas. Therefore, while developing the economy in the future, they should always pay attention to
environmental protection.

(2) The water quantity carrying state of Jilin Province is generally good. Except for the fact that
Baishan and Liaoyuan are in an overload state, the remaining cities are in a safe carrying state. Among
them, the reasons for the overload of Baishan and Liaoyuan are different. The main reason for the
Baishan overload is the lack of water conservancy engineering facilities. The main reason for the
Liaoyuan overload is the shortage of water resources. The water quality carrying state of Jilin Province
is expected to gradually deteriorate from the periphery to the center. For example, the water quality
CCI of Changchun and Jilin ranks first and third among all the cities. The water space carrying states
of all cities are in good condition. Except for the fact that Baishan is in a critical state, the other eight
cities are safely loaded. It can be concluded that each city has enough space to accommodate water
resources. In terms of water mobility, the water flow carrying states of Baicheng and Siping are heavily
overloaded, and the remaining seven cities are not. Baicheng is located in the western part of Jilin
Province. The water resources are extremely scarce. A large amount of water needs to be stored to
meet the demand for water. As a result, the area of wetlands and lakes in the territory is shrinking.
As an ecological barrier zone in the west, Baicheng needs to improve its water use efficiency on the
one hand and increase its water transfer from other regions on the other hand. The project to transfer
water resources of Nenjiang into Baicheng was built to increase the volume of water available, and
alleviate the crisis of ecological water shortage.

5.2. Future Simulation of the WRCC

5.2.1. Model Validation

Taking Jilin Province and Changchun City as examples, this model was used to estimate the
values of major variables such as population, GDP, industrial water, and water demand in 2005-2017.
The relative errors of these variables are shown in Table 5. The relative errors of the main variables
in Jilin Province and Changchun City are small, and the maximum value is 2.44%. The SD model
established in this study performed well and can be used for further analysis.
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Table 5. Relative errors of the main variables between simulated data and historic data.

Jilin Province Changchun City

Year

Population GDP Irx:tit:y D‘;V;\Tr: d Population GDP II‘IS;SSY D‘:::; d
2005 0 0 0.48% —1.45% 0 0 0.43% 0.58%
2006 0 0 0.05% 0.17% 0 0 1.25% 0.51%
2007 0 0 -0.10% 0.04% 0 0 0.80% 0
2008 0 0 0 0 0 0 0.40% 0.05%
2009 0 0 0 0 0 0 0.84% 0.10%
2010 0 0 0 0 0 0 —0.28% 0.12%
2011 0 0 0 0 0 0 0.28% 0.09%
2012 0 0 0 0 0 0 0.24% 0.08%
2013 0 0 0 0 0 0 0.48% 0.08%
2014 0 0 0 0 0 0 2.44% 0.04%
2015 0 0 2.41% 1.29% 0 0 0.28% -0.13%
2016 0 0 0.47% 0.14% 0 0 0.35% 0.07%
2017 0 0 0.06% 0.03% 0 0 0.51% 0.16%

5.2.2. Provincial Simulation

Table 6 shows the simulation results of water demand/available in Jilin Province. As shown in
Table 6, with the continuous development of the economy, the total water demand in Jilin Province
increased year by year, but the growth rate slowed down. We predict that water demand in Jilin
Province will reach 15.35 billion m® in 2020 and 17.05 billion m® in 2030. With the advancement of
agricultural modernization and water conservancy modernization, Jilin Province will expand the
area of agricultural planting, which will focus on expanding its rice planting area and its agricultural
water consumption will also increase. We predict that it will exceed 11.5 billion m? in 2030. The total
volume of industrial water is closely related to the total industrial added value and industrial water
efficiency. It will increase slightly with the revitalization of industrial bases. We predict that it will
reach 2.42 billion m? in 2020 and 2.85 billion m? in 2030. The living standards of the people are
constantly improving. We assume that the per capita domestic water demand in urban areas and the per
capita domestic water demand in rural areas will reach 160 L/capita*day and 95 L/capita*day in 2030,
respectively. We predict that the total domestic water demand will reach 2.19 billion m3. The water
resources in the east are abundant, and the volume of ecological water is small. The ecological water
demand will increase in the west, which will ensure the sustainable development of the ecosystem.
We predict that it will reach 480 million m? in 2030.

Table 6. Simulation results of water demand/available in J