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Abstract: Regional coordinated development is an important policy to promote socio-economic
development, especially in the Yangtze River Delta, Greater Bay Area and others, which is one of the
guidelines of the 14th Five-Year Plan for economic development. The relative stability of the carrying
capacity (CC) is the precondition for long-term rapid development, whereas the comprehensive
capacity of natural resources, ecological environment, social economy, population and others, defined
as integrated carrying capacity (ICC). Due to the complexity of the CC quantitative assessment,
constructing an accurate ICC predication model is the core challenge of dynamic adjustments of
socio-economic development planning. In this study, four critical issues, which focused on indicator
value estimation, optimal ICC value screening, ICC tendency prediction and study area application
in order to formulate a novel prediction framework, are investigated as follows: (1) The proposal
formulated an estimation model of indicator value in the future based on the grey model. The grade
ratio and the relative residuals of all third-class indicators are less than 0.1, which is highly accurate
for indicator value estimation. (2) The optimal ICC value screening model was proposed based on the
multi-objective decision-making theory. The optimal ICC values of Suzhou, Ningbo and Zhoushan
were 0.7002, 0.6797 and 0.5982, which were also the maximum values from 1996 to 2019. However,
the values of Nantong, Jiaxing and Shaoxing were recorded in 2018, 2001 and 1999, which were not
the maximum ICC values, and the difference ratio was more than 10%. The optimal ICC value of
these three cities were improved. (3) The ICC prediction model was constructed based on the theory
of set pair analysis and Euclidean distance. The ICC prediction result of eight cities maintained
a relative fluctuation during 2020–2030. Compared with the polynomial fitting curve predication,
there were some differences in Nantong, Shaoxing and Zhoushan over the next 5 years. This study
provided an improved approach of ICC prediction model, focusing on indicator weight, indicator
data estimation and optimal ICC value screening. The model and conclusion aim to validate the
rationality of economic planning target for government policymakers and stakeholders.

Keywords: integrated carrying capacity; prediction analysis; TOPSIS-SPA

1. Introductions

The process of urbanization and industrialization led to the over-exploitation resources,
environmental disruption, fragile ecosystem and so forth. In rapidly developing cities, the
natural resource has approached the maximum threshold, which will make a bottleneck
on long-term sustainable development. By 2030, the resource demands of water and land
for urbanization construction should increase by 2.45 times in China, and the ecosystem
over-loaded pressure by 1.42 times [1]. In the formulation process of development planning
outlines, the policymakers and stakeholders of the Chinese government have to face
increased restrictions of resource shortages, supply side relationships and environmental
pollution.
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The concept of carrying capacity (CC) originated from the limit of the growth of a
population [2]. Over the past century, especially in land, water, agriculture, transportation,
environment, population, ecology, marine and other resources [3–12], the theoretical model
and the application field of CC have been continuously extended. The Pressure-State-
Response (PSR) model is the first framework to describe the dynamic interrelation of each
ecological subsystem, and has been refined to DPSIR incorporated the ecosystem driving
force and human influence [13]. In order to support long-term sustainable development, the
government need more effective control policies to alleviate the pressure of human activities.
Thus, we constructed the Driving-Force-Pressure-State-Response-Control (DPSRC) model
to evaluate the natural resource CC of land, shoal and marine in coastal area [14]. As the
problems of natural resource depletion and environmental degradation were increasing
prominently, some scholars began to study the comprehensive status of serval subsystem,
such as city and metropolitan area [15,16], land resource [17], water resource [18], and
environment [19,20]. These studies mainly focus on the single subsystem carrying capacity
status, which cannot represent all influence factors of the whole ecosystem and cannot
been as a reference for the future development planning formulation. We defined the
integrated carrying capacity (ICC) as a comprehensive capacity of resources, environment,
ecology, economy and social in a given period, which could support long-term sustainable
development [21].

The sustainable development strategy is an important criterion for the socio-economic
development of China. In the governmental report, the ICC assessment result is a credible
reference so that the economic development goals and land resource utilization are scientif-
ically reasonable (http://www.mnr.gov.cn/dt/ywbb/201905/t20190523_2413001.html, ac-
cessed on 25 February 2022; http://www.xinhuanet.com/politics/leaders/2019-08/31/c_
1124945382.htm; accessed on 25 February 2022). At present, the ICC research includes two
parts of status evaluation and tendency predication, and the predication method mainly fo-
cuses on mean squared error decision [17], grey system (GM) and autoregressive integrated
moving average [22], set pair analysis (SPA) [23,24], system dynamic model [25–27], gray
correlation analysis and multiple linear regression [9] and technique for order preference by
similarity to an ideal solution (TOPSIS) [28]. However, there are some imperfections in the
existing methods. First, the weighted of each indicator should integrate qualitative method
and quantitative method, which can really refer the rank of indicator importance. Second,
from the existed studies, the ICC predication mainly depends on the linear and nonlinear
relationship of ICC status evaluation results, which cannot reveal the dynamic changing
process of resource, economy, environment, society and human activity; on the other hand,
the ICC predication is based on each subsystem, which reflects a responsible systemic
process. We developed a dynamic ICC prediction model based on the SPA model [23],
but the resulting accuracy relies on all indicators’ pre-estimated data and optimal ICC
reference value. Third, only a small amount of indicator data can be found in government
development planning in the future, but most of them should be pre-estimated.

In view of the existing shortcomings, we proposed an improved approach to the ICC
prediction model based on the pre-estimated indicator data and optimal ICC reference value
screening. Combining subjective analysis and objective calculation, the indicator weight
calculation method was improved, which reduced the difference in indicator function
positioning. The indicator data in the future were estimated by using the GM model, based
on the grade ratio of the indicator data and least-squares principle. Following the optimal
ICC reference value based on the closeness coefficient between the evaluation result and
the optimal value, the ICC was predicted by using the TOPSIS-SPA model. Taking eight
coastal cities in the Yangtze River Delta as the research object, the ICC changing tendency
during 2020–2030 was predicated. The methodology flowchart is shown in Figure 1.

http://www.mnr.gov.cn/dt/ywbb/201905/t20190523_2413001.html
http://www.xinhuanet.com/politics/leaders/2019-08/31/c_1124945382.htm
http://www.xinhuanet.com/politics/leaders/2019-08/31/c_1124945382.htm
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Figure 1. Flow chart of the proposed methodology in this study.

This improved approach is an effective method to evaluate and predicate ICC, which
is based on the historic ICC status and indicator’s data trend. The predication result of
ICC is an important reference for socio-economic development planning and maintaining
long-term sustainable development targets. Based on the ICC predication result, the gov-
ernment policymakers and stakeholders can adjust economic development target, financial
investment, environmental protection, to keep the balance between social development
and ecological health for a long time.

2. Indicator and Data

In our previous studies, we have proposed an indicator system of ICC based on
DPSRC framework, and been improved based on the data availability and application vali-
dation [14,21,23]. After a summary analysis, we constructed the relationship between the
first-class indicator and the DPSRC framework, especially in the dynamic changing process
with socio-economic development (Figure 2). This framework is divided into five subsys-
tems of natural resources (D), ecological environment (P), socio-economic development
(S), population (R) and developing investment (C). The natural resource subsystem supply
farmland, construction land, water, fishery, vegetation coverage to support socio-economic
development and human life demand. Based on the labor workforce from the population
subsystem, the natural resources are converted into socio-economic benefit. However, the
over-utilization of natural resources generates some ecological environment pollution of
industrial wastewater, SO2 and solid waste discharge, so that the ICC tends to decrease.
Through the new technical support and the economic investment, the pollution problem is
resolved, and the ICC is gradual recovered. In the whole system, the total amount of natural
resource, the scale of economic development, the health of ecological environment and
human activities are controlled by the government developing investment. The relatively
balance between economic development scale and ICC status is dynamically regulated
based on the infrastructure condition, science technology and financial investment.
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Figure 2. Basic framework of DPSRC.

Based on this framework, the index system was constructed by using some repre-
sentative indicator, and shown in Table 1. The indicator screening principle included
comparability, data availability and quantification. In the subsystem of natural resources,
we chose farmland area, construction area, water, vegetation coverage ratio and fishery
resource, which were same resource to support social development in eight cities. The
industrial wastewater discharge, industrial SO2 emissions and solid waste discharge were
the most common ecological environment problems. The gross domestic product (GDP)
is the most common indicator used to reflect the socio-economic scale. We chose GDP,
growth rate of GDP, total output of agricultural, total output of fishery and Engel coefficient
as evaluation indicators for the socio-economic subsystem. In population subsystem, we
chose the total population and the labor density as the primary indicator. In developing
investment subsystems, four indicators of education, science and technological, actual
utilized foreign investment, public budget expenditure were chosen as financial policies
to adjust the balance between economic development and ecological health, and three
further indicators of volume of port cargo handled, medical level and density of highway
formed the basis of socio-economic development. Based on the suitability validation of
each third-class indicator in our previous studies [14,21,23], the screened index system was
proposed, including 27 third-class indicators in five dimensions.

Table 1. The index system of ICC in this study.

First-Class Indicator Second-Class Indicator Third-Class Indicator

natural resource (D)

land resource
farmland area per capita

construction area per capita

marine resource fishery resource

water resource land water area

vegetation resource vegetation coverage ratio
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Table 1. Cont.

First-Class Indicator Second-Class Indicator Third-Class Indicator

ecological environment (P)

environmental pollution

industrial wastewater discharge

industrial SO2 emission

solid waste discharge

energy consumption energy consumption per unit
GDP

socio-economic (S)

economic level

GDP

growth rate of GDP

total output of agricultural

total output of fishery

people’s living condition GDP per capita

Engel coefficient

population (R)

population total population

population density

labor force density

proportion of labor employment

proportion of S and T personnel

proportion of agriculture, forestry,
husbandry and fishery personnel

developing investment (C)

science and technology

proportion of education
investment

proportion of S and T investment

financial investment
actual utilized foreign investment

public budget expenditure

infrastructure condition
volume of port cargo handled

medical development level

density of highway

The Yangtze River Delta is located in eastern China (Figure 3), composed of four
provinces. In 2018, the integrated development of the Yangtze River Delta had been
upgraded to a national strategy and proposed at the first China International Import
Expo. On the background of the most high-speed economic development, the difference of
each city’s ICC was gradually widened, due to the exchange of natural resources. In this
study, we took eight coastal cities as research objects, namely, Nantong, Suzhou, Shanghai,
Jiaxing, Hangzhou, Shaoxing, Ningbo and Zhoushan. Most of the indicators’ data during
1996–2019 was obtained from the Statistical Yearbook of eight cities [29–36], Government
Statistical Bulletin, Marine Bulletin [37] and historical data. Moreover, these data were also
obtained from official government reports and statistics bureau (https://data.stats.gov.cn/;
accessed on 25 February 2022). Meanwhile, the indicator’s value of vegetation coverage and
land water were directly extracted from remote sensing imagery (http://www.gscloud.cn;
accessed on 25 February 2022). Based on the correlation analysis and linear tendency, the
data error and the extreme value correction were carried out.

https://data.stats.gov.cn/
http://www.gscloud.cn
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Figure 3. Thematic map of the study area.

3. Methodology

Based on the proposed methodology flowchart (Figure 1), there are three critical
algorithm models in ICC predication, including the indicator’s weight, indicator’s data
pre-estimation and ICC predication. Moreover, the data preprocessing and ICC calculation
are based on our previous studies.

3.1. Indicator Weight

The indicator weight represents the importance ranking of each evaluation element in
the research object. We proposed a weight calculation method based on the entropy method
(EM). However, the weight depended very much on the difference in each indicator’s data;
thus, the result showed some shortcomings. The farther the indicator data from the optimal
value of all objects, the smaller their weight result. Due to the developing speed difference
of eight cities, even if the indicator data are greater, the weight result cannot reflect the
actual importance rank of evaluation indicator. Meanwhile, the subjective calculation
method of weight is based on the researcher’s experience to judge the sequence of each
indicator, which describes a relatively justifiable sequence, the same as public conventional
judgement.

Combining subjective and objective methods, the improved weight calculation formu-
lation was defined as follows:

w =
wAHP × wEM

m
∑

i=1
wAHP × wEM

(1)

where w was the indicator weight calculation result, wAHP was the indicator weight by
using Analytic Hierarchy Process (AHP) model and wEM was the indicator weight by using
the EM model.

3.2. Indicator Data Pre-Estimation

The Grey System theory was developed by Deng [38]. Based on the accumulation
sequence of original data, the grey development coefficient and the grey control parameter
were calculated by using a differential equation, to construct the exponential equation and
predict data changing tendency. This model has been applied in prediction of movement
speed, traffic flow, water consumption and COVID-19 condition [24,39–44]. In the time
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series analysis, the basic grey model was the first order and one variable equation, which
was referred to as GM(1, 1).

The ICC reflected a comprehensive capacity of natural ecosystem to support socio-
economic development. From 1996 to 2019, each set of indicator data was a relatively
independent nonlinear sequence by time series. The modeling process of indicator data
predication in the next 10 years was as follows:

(1) Total number of prediction data

Suppose X = (x(1), x(2), · · · , x(t)) as a sequence of one indicator’s data. The grade
ratio was defined as follows:

λ(j) =
x(j− 1)

x(j)
, (j = 2, 3, · · · , t) (2)

where λ(j) was the grade ratio of indicator data sequence.
Thus, the grade ratio set based on the third-class indicator was defined as follows:

λ =


λ1(2) λ1(3) · · · λ1(t)
λ2(2) λ2(3) · · · λ2(t)

...
... · · ·

...
λm(2) λm(3) · · · λm(t)

 (3)

where m was the total number of indicators. Only each λ(j) belonged to [e
−2
t+1 , e

2
t+1 ], the

indicator data could be satisfied with the GM model requirement.
Taking 2019 as the base year, the ratio of eight cities were calculated. Adding indicator

data one by one year, until to 1996, all ratios were calculated and checked. While these did
not match the requirement, the total amount of prediction data was obtained.

(2) Indicator data pre-estimation

Suppose X0 = (x0(1), x0(2), · · · , x0(n)) as a sequence set of one indicator evaluation
data, and X1 = (x1(1), x1(2), · · · , x1(n)) was the accumulation result of data sequence.
Then, the formulation of X1 was defined as follows:

x1(k) =
k

∑
i=1

x0(i), (k = 1, 2, · · · , n) (4)

where n is the total number of evaluation data.
Then, (Equation (4)) defines the difference equation of GM(1, 1).

x0(k) + az1(k) = b, (k = 1, 2, · · · n) (5)

where a was the grey development coefficient, b was the grey control parameter and z1(k)
was the element neighbor value of generation sequence x1(k). Using the mean weight, the
formulation of z1(k) was defined as follows:

z1(k) =
x1(k− 1) + x1(k)

2
, (k = 2, 3, · · · , n) (6)

where z1(1) = x1(1).
Based on the least square estimation, a and b were defined as follows:

µ =

[
a
b

]
=
(

BT B
)−1

BTY (7)



Sustainability 2022, 14, 4051 8 of 22

B =


−z1(2) 1
−z1(3) 1

...
...

−z1(n) 1

 (8)

Y =


x0(2)
x0(3)

...
x0(n)

 (9)

Suppose
∧
x0(k) as the time response sequence and

∧
x1(k) referred to the accumulated

response sequence. At time k, which was current year or future, the formulation was
defined as follows:

∧
x1(k) =

(
∧
x0(1)− b

a

)
× e−a×(k−1) +

b
a

, (k = 2, 3, · · · , n) (10)

According (Equation (6)), the indicator estimation restored data was calculated as
follows:

∧
x0(k) =

∧
x1(k)−

∧
x1(k− 1), (k = 2, 3, · · · , n) (11)

where
∧
x0(1) =

∧
x1(1) = x(1). In Equation (10), if k is less than total number of prediction

data, the result
∧
x0(k) was used to assess model accuracy. On contrary, the result was used

to estimate indicator data of the next few years.

(3) Accuracy assessment

The relative residual ε(k) and deviation ρ(k) of grade ratio were to assess the accuracy
of estimation model. The formulations were defined as follows:

ε(k) =
x0(k)−

∧
x0(k)

x0(k)
, (k = 1, 2, · · · , n) (12)

where x0(k) was the indicator original data and
∧
x0(k) was the indicator estimation result

based on GM(1, 1).

ρ(k) = 1− 1− 0.5× a
1 + 0.5× a

× λ(k), (k = 1, 2, · · · , n) (13)

where a was from (Equation (7)) and λ(k) from (Equation (2)).
In this study, the accuracy of indication estimation result was a high level only if all

absolute values of ε(k) or ρ(k) were less than 0.1, and the accuracy was an ordinary level
when all coefficients are less than 0.2. Moreover, the accuracy did not satisfy with the
indicator data estimation requirement of GM model, so that it could not be used to estimate
the ICC in the future year.

3.3. ICC Prediction Based on TOPSIS-SPA

Based on the evaluation indicator system, the ICC was composed of each third-class
indicator’s CC. The component of the ecosystem was inter-connected and affect each other.
In previous studies, we proposed a prediction analysis model to estimate ICC value, which
focused on analyzing the most possible growth tendency based on the data changing
ratio [23]. The processes were described as follows:

(1) Association degree



Sustainability 2022, 14, 4051 9 of 22

The association degree was defined as set A and B, and the formulation was defined
as follows:

µ =
S
N

+
P
N

+
F
N

= a + bi + cj (14)

where µ referred the association degree, and a + b + c = 1, a, b, c > 0. The coefficient of
a = S/N, b = F/N and c = P/N referred to sameness, discrepancy and contrary. The
association degree rank of ICC was defined as µk, and the formulation was as follows:

µk = ak + bki + ck j (15)

where µ =


µ1
µ2
...

µn

, Q =


d11 d12 · · · d1n
d21 d22 · · · d2n

...
... · · ·

...
dm1 dm2 · · · dmn

, R =


e11 e12 · · · e1n
e21 e22 · · · e2n
...

... · · ·
...

em1 em2 · · · emn

,

dij =
xij
d0

, eij = e0
xij

, xij was the indicator value, n was the total number of indicators
and m was the total number of evaluation data. Both d0 and e0 were constants. The param-
eter eij was calculated based on the reciprocal model. In this study, the association degree µ
was divided into three ranks, which referred to high carrying capacity, middle carrying
capacity and low carrying capacity.

Using the weight of each indicator, the formulation of the association degree was
proposed as follows:

µ′ = Q×ω + R×ω× j (16)

Thus, the sameness degree was calculated by a = Q×ω, and the contrary degree was
calculated from c = R×ω.

(2) Optimal ICC reference value screening

TOPSIS was an effective method to screen the optimal solution in multi-indicator
decision-making. Based on the distance rank between each alternative and all options, the
optimal one was chosen [45–47]. In previous studies, the ICC prediction was based on
the last year’s data as a reference value [23], but it was not the best suitable reference and
could not present the socio-economic development potential. The key problem of precise
predication ICC was to choose the best optimal reference value.

Based on the indicator weight from (Equation (3)), the normalized evaluation data
matrix was constructed as follows:

Y =


y11 y12 · · · y1n
y21 y22 · · · y2n

...
... · · · · · ·

ym1 ym2 · · · ymn

 =


x11·ω1 x12·ω1 · · · xm1·ω1
x21·ω2 x22·ω2 · · · xm2·ω2

...
... · · ·

...
xm1·ωn xm2·ωn · · · xmn·ωn

 (17)

where xij was the normalized indicator value.
Definition of the positive Y+ and negative Y− optimal solutions were as follows:

yi
+ =

{
max

(
yij
)∣∣i = 1, 2, · · · , m

}
=
{

yi1
+, yi2

+, · · · , yin
+
}

(18)

y− =
{

min
(
yij
)∣∣i = 1, 2, · · · , m

}
=
{

yi1
−, yi2

−, · · · , yim
−} (19)

Dj
+ =

√
m

∑
i=1

(
yi

+ − yij
)2 (20)

Dj
− =

√
m

∑
i=1

(
yi
− − yij

)2 (21)

where D+ was the Euclidean distance from yij to the positive optimal solution and D− was
to the negative optimal solution.
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The closeness between the ICC result and the optimal solution was as follows:

Tj =
Dj

+

Dj
+ + Dj

− (22)

where T was the closeness parameter, with a range of [0, 1]. The larger the closeness, the
closer the ICC to the optimal solution. In this study, the closeness was used to screen the
optimal ICC reference value and predict ICC in the next step.

(3) ICC prediction

The association degree is calculated by using (Equation (16)) based on the indicator
estimation data from Section 3.2. According to the Euclidean distance theory, the identical-
discrepancy-contrary (IDC) was calculated as follows:

ρk =

√
(ak − a′)2 + (bk − b′)2 + (ck − c′)2, (k = 1, 2, 3) (23)

where ρk was the IDC distance of each prediction year, ak, bk and ck were association
degrees of the evaluation year, and a′, b′ and c′ were association degrees of the prediction
year.

According to the nearest recognition principle of the IDC theory, the formulation of
the ICC prediction was defined as follows:

Cp =

3
∑

k=1

Cg
ρk

3
∑

k=1

1
ρk

(24)

where Cg was the group value of ICC evaluation result and Cp was the ICC predication
result.

4. Results and Discussion

ICC is a complex capacity of natural resources and human activities. As the target of
the 14th Five-Year Plan and long-term sustainable development, the current assessment
and the trend predication of eight coastal cities’ ICC is a reliable reference for development
planning. Considering the difference in evaluation models, the index system and the
calculation method, the result analysis is based on the data in this paper.

The Yangtze River Delta is an important area of socio-economic development in
China. Based on the comparative analysis of total population, the gross domestic product
(GDP), farmland area per capita and energy consumption per unit GPD during 1996–2019
(Figure 4), the conclusion are as follows. (1) The total population of eight cities grew rapidly.
Due to the economic development center absorbing migration, the population of Shanghai
has reached 24.28 million people. Due to the rapid utilization of land resources and the
total population increasing, the farmland area per capita was decreasing. The top three
cities were Suzhou, Shanghai and Hangzhou. (2) Driven by the national development
planning and science technology support, the GPD of eight cities grew rapidly, with
Nantong increasing from 72.06 billion Yuan to 897.2 billion Yuan and Zhoushan increasing
from 12.2 billion Yuan to 125.0 billion Yuan. The average GDP ratio increased by 7–11 times,
which was attributed to the National Planning of Regional Integrated Development in the
Yangtze River Delta. (3) Because of the extensive development in the early stage, energy
consumption per unit GPD increased quickly, thereby causing a frequent occurrence of the
ecological and environmental problems. The average of energy consumption per unit GPD
was 0.81 in 2000, and has decreased to 0.35. The health of the ecosystem was a prerequisite
for socio-economic development.
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Figure 4. Comprehensive analysis of total population, gross domestic product (GDP), farmland area
per capita and energy consumption per unit GPD in the Yangtze River Delta.

All third-class indicator data from eight cities during 1996–2019 were normalized
based on the fuzzy quantification model [23]. In this study, we calculated the weight during
1996–2019 by using AHP and EM, respectively, and the final weight is the average of each
year’s result (Figure 5). The largest weight indicator discovered using the EM method is
the public budget expenditure (0.1146), but the largest one is found by using AHP method
is construction area per capita (0.0692). In order to eliminate the shortcomings of subjective
and objective calculation method, the indicator weight is calculated based. Table A1 in
Appendix A shows the normalized indicator value of eight cities in 2019 and the final
indicator’s weight.

Figure 5. Scatter diagram of the indicator weight of the ICC index system. Note: Data were calculated
by AHP, EM and improved method. They are from Table A2 in Appendix A.
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Based on the improved weight calculation method, the difference in each indicator
is significantly revealed. The weight of fishery resources based on AHP is 0.0692 and the
rank is 17, but it is 0.0577 based on the EM method and a rank of 5. This indicator is very
important for current coastal city development. With the improved method in this study,
the weight is 0.0573 and the rank is 1. The weight of industrial wastewater discharge based
on AHP is 0.0296 and the rank is 16, and it is 0.0446 based on the EM method and a rank of
10. These two weights cannot reflect the importance of the ecological environment. Based
on the improved method, the weight is updated to 0.0486 and the rank to 6.

4.1. ICC Evaluation Results Analysis

After the data normalization and weight calculation of third-class indicators, the ICC
values of eight cities were calculated by using the state-space model [21]. Overall, the ICC of
Shanghai is higher than other cities, with the highest value of 0.8154 in 2005. However, the
ICC changing tendency of Shanghai was a fluctuating process during 1996–2019 (Figure 6),
showing a downward tendency as a whole, which is due to the imbalance between natural
ecological CC and socio-economic development.

Figure 6. Scatter diagram of ICC evaluation result of eight cities during 1996–2019. Note: Data were
calculated by the space-state model. They are from Table A3 in Appendix A.

Based on the ICC changing tendency analysis of eight cities, Suzhou and Ningbo
shows a relatively stable increasing tendency, and the largest value is 0.6758 and 0.6797
in 2018, respectively, in a same year. However, Nantong and Zhoushan presents a large
volatility change. The ICC of Nantong increased 0.0603 from 2008 to 2010, but decreased
0.061 from 2012 to 2015. The ICC of Zhoushan increased to 0.0777 from 2006 to 2008,
but decreased to 0.0716 from 1996 to 1998. The volatility change of ICC is caused by the
imbalance between the demand of the socio-economic development and natural ecological
CC, presenting the idea that humans are actively policy adjusting. The ICC of Jiaxing,
Hangzhou and Shaoxing presented a very small change in volatility, which was decided by
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a comprehensive factor of the socio-economic development model, geographic location,
species and quantity of natural resources, and so forth.

4.2. Indicator Data Estimation Result Analysis

Based on the grade ratio and validity requirement of the indicator evaluation data, the
total number of prediction data is 10 years, from 2010 to 2019, which was satisfied with all
indicators in the eight cities. Table A4 in Appendix A presents the grade ratio of indicator
data in Nantong. From the proposed GM(1, 1) model, the grey development coefficient
and grey control parameter of each indicator are as shown in Table A5 in Appendix A.

Based on the indicator data of Nantong during 2010–2019, the indicator estimation
result from 2011 to 2019 is calculated by using the coefficient of the GM model. The average
of the relative residual and deviation grade ratio of 27 indicators are calculated by using
original data and estimated result. Figure 7 presents how all of the relative residual values
are less than 0.1, but some values of the deviation grade ratio are more than 0.2. The
indicator deviation grade ratio of industrial SO2 emission, energy consumption per unit
GPD, proportion of S and T personnel, actual utilized foreign investment and public budget
expenditure are less than the requirement of the GM model. Although the values of these
indicators are determined by the scale of socio-economic development, the relative residual
of these indicators are satisfied with the model requirement. Thus, the accuracy of grey
development coefficient and grey control parameter is suitable for indicator data estimation
in the future year.

Figure 7. The radar diagram of average relative residual and deviation grade ratio of each indicator.

4.3. ICC Predication
4.3.1. Association Degree Calculation

In order to reflect the rank of ICC status and reduce calculation complexity, the
association degree between ICC and indicator data was divided to three ranks in this study,
which reflects high carrying capacity, middle carrying capacity and low carrying capacity.
The association degree set is denoted as µ = [µ1 µ2 µ3].
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Taking 1996 as the base year, the growth ratios of each third-class indicator data
of eight cities were calculated during 1996–2019. To rescale the association degree into
the interval of [0, 1], the coefficient of d0 and e0 are assigned as 0.5 and 0.2; however, no
influence was found on the SPA calculation result. The association degree coefficient of
eight cities is shown in Table 2.

Table 2. The association degree coefficient of evaluation years in this study.

City
µ1 µ2 µ3

a b c a b c a b c

Nantong 0.5251 0.2835 0.1914 0.5152 0.2901 0.1947 0.5302 0.2801 0.1897
Suzhou 0.5257 0.2832 0.1912 0.5195 0.2869 0.1936 0.5237 0.2839 0.1924

Shanghai 0.5103 0.2929 0.1967 0.5106 0.2929 0.1966 0.5095 0.2937 0.1968
Jiaxing 0.5252 0.2831 0.1917 0.5167 0.2891 0.1943 0.5310 0.2798 0.1892

Hangzhou 0.5208 0.2863 0.1929 0.5125 0.2918 0.1957 0.5225 0.2853 0.1922
Shaoxing 0.5244 0.2841 0.1915 0.5160 0.2896 0.1943 0.5208 0.2859 0.1933
Ningbo 0.5290 0.2810 0.1899 0.5213 0.2863 0.1924 0.5216 0.2851 0.1933

Zhoushan 0.5280 0.2815 0.1905 0.5172 0.2887 0.1942 0.5339 0.2777 0.1884

Based on the third-class indicator prediction result of the eight cities from 2020 to 2030,
the association degree of prediction years was calculated. Table 3 shows the association
degree equation of eight cities in 2020.

Table 3. The association degree equation of eight cities in 2020.

City Association-Degree City Association-Degree

Nantong µ2020 = 0.5204 + 0.2865i + 0.1931j Hangzhou µ2020 = 0.5119 + 0.2918i + 0.1963j
Suzhou µ2020 = 0.5217 + 0.2846i + 0.1936j Shaoxing µ2020 = 0.5019 + 0.2975i + 0.2006j

Shanghai µ2020 = 0.5038 + 0.2966i + 0.1996j Ningbo µ2020 = 0.5075 + 0.2946i + 0.1979j
Jiaxing µ2020 = 0.5080 + 0.2945i + 0.1976j Zhoushan µ2020 = 0.5163 + 0.2887i + 0.1950j

4.3.2. Ideal ICC Value Screening

The closeness presents an order of coordination, that is, a collaborative relationship
about each sub-system of ICC. Based on the normalized value and weight of the third-
class indicator, the closeness parameter of eight cities were calculated. Figure 8 shows the
closeness results of eight cities during 1996–2019. Overall, the closeness of Shanghai was
higher than that of the other cities, but Zhoushan was the lowest one. This was due to the
strong power of the socio-economic development scale and natural resource utilization
in Shanghai, however, a downward tendency in volatility was found after 2008. On the
contrary, the closeness of Zhoushan was lower than others because of the relative scarcity
of the land resource area. With the land and marine coordinate exploitation, especially in
fisher resource, the closeness of Zhoushan was slowly increased, and the largest value was
0.3329 in 2008.

Based on the maximum and minimum of each city’s closeness, the difference extent
of Zhoushan and Nantong was smaller, which meant the coordination of ICC sub-system
was keeping well in the socio-economic development progress. The difference in Suzhou,
Shaoxing and Ningbo was up to 0.103, which was larger than the other cities. In social
development, unscientific planning will certainly lead to a persistent coordination change
in the ICC sub-system.
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Comparing the ICC value with the closeness parameter, the following conclusions
are as follows: First, the maximum of closeness value of Suzhou, Ningbo and Zhoushan
appeared in 2010, 2018 and 2008, respectively, and the maximum of ICC value of these three
cities also appeared in the same year. The ICC can reflect the summarize of each sub-system
CC, and the coordination of the sub-system is the best state. Thus, the maximum ICC value
is the optimal reference in Suzhou, Ningbo and Zhoushan.

1 
 

 

Figure 8. Scatter diagram of closeness parameter of eight cities during 1996–2019. Note: Data were
calculated by space-state model and TOPSIS model. They are from Tables A3 and A5 in Appendix A.

Second, the ICC difference ratio between maximum value and optimal reference value
in Shanghai was −0.17%, and the ratios in Nantong, Jiaxing, Hangzhou and Shaoxing
were −14.90%, 23.51%, −1.20% and 39.60%, respectively. The year interval between the
maximum value and optimal value of Shanghai was 4 years during 2001–2005, and a same
interval in Hangzhou during 1999–2004. This interval is a relatively short period, and the
ICC difference is relatively small, so that the maximum ICC can be the optimal reference
value in Shanghai and Hangzhou. However, the ratio of other cities is more than 10%, and
the interval is a long period. Thus, the optimal ICC reference result is the average between
the maximum value and the optimal value in Nantong, Jiaxing and Shaoxing. Table 4
shows the optimal ICC value of eight cities for ICC prediction.

Table 4. The optimal ICC reference value of eight cities.

Nantong Suzhou Shanghai Jiaxing Hangzhou Shaoxing Ningbo Zhoushan

Ideal ICC value 0.5080 0.6575 0.7721 0.4320 0.5160 0.4477 0.6435 0.5919

4.3.3. ICC Prediction

Based on the association degree of evaluation years and prediction years, the IDC
distance of each prediction year was calculated. Table 5 shows the three categories of
IDC distance of Nantong during 2020–2030. With the increase in the prediction time,
the association degree between current state and future decreases quickly, and a similar
tendency is observed in all three categories of ICC, which reflects high CC, middle CC and
low CC.
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Table 5. The IDC distance of Nantong from 2020 to 2030.

ρ1 ρ2 ρ3

2020 0.0059 0.0065 0.0122
2021 0.0069 0.0192 0.0014
2022 0.0220 0.0342 0.0158
2023 0.0397 0.0518 0.0335
2024 0.0601 0.0722 0.0539
2025 0.0834 0.0955 0.0773
2026 0.1099 0.1219 0.1038
2027 0.1397 0.1516 0.1336
2028 0.1730 0.1849 0.1670
2029 0.2102 0.2220 0.2042
2030 0.2514 0.2632 0.2454

Considering the optimal ICC reference value of eight cities (Table 4), the ICC prediction
values were calculated. Table 6 shows the ICC predication result of eight cities during 2020–
2030. On comparing with the ICC evaluation value, the following conclusions are as follows:
First, the ICC prediction result of eight cities maintain a relatively small fluctuation during
2020–2030, which mainly relate to the indicator estimation result based on GM model.
Second, a noticeable change of the prediction result is observed during 2020–2024 in eight
cites; however, it is relatively smooth for a long time. Third, only the ICC prediction result
of Shanghai and Ningbo is similar to the polynomial fitting curve based on the ICC result
during 1996–2019; however, there is a large difference in the polynomial curve of other
cities during 2020–2030. We will actively adjust the balance between the socio-economic
development scale and the natural CC to keep a long-time sustainable development, so that
the ICC tendency is relatively stable in a specific period. Thus, this improved prediction
model is suitable for regional ICC prediction in the future, especially for a short period
of 5–10 years, which can support the formulation of regional development strategies and
validate the rationality of established goals.

Table 6. The ICC prediction result of eight cities during 2020–2030.

ICC′ Nantong Suzhou Shanghai Jiaxing Hangzhou Shaoxing Ningbo Zhoushan

2020 0.5026 0.6700 0.7715 0.4297 0.5131 0.4942 0.6522 0.5912
2021 0.5300 0.6611 0.7708 0.4286 0.5106 0.4964 0.6559 0.6174
2022 0.5141 0.6613 0.7688 0.4408 0.5204 0.4852 0.6499 0.6006
2023 0.5118 0.6618 0.7694 0.4366 0.5188 0.4887 0.6419 0.5982
2024 0.5110 0.6620 0.7696 0.4345 0.5180 0.4899 0.6442 0.5974
2025 0.5105 0.6621 0.7697 0.4337 0.5176 0.4904 0.6452 0.5970
2026 0.5103 0.6622 0.7698 0.4333 0.5174 0.4907 0.6457 0.5967
2027 0.5101 0.6622 0.7698 0.4331 0.5173 0.4909 0.6461 0.5965
2028 0.5100 0.6622 0.7699 0.4329 0.5172 0.4910 0.6463 0.5964
2029 0.5099 0.6622 0.7699 0.4328 0.5171 0.4911 0.6465 0.5963
2030 0.5098 0.6623 0.7699 0.4327 0.5171 0.4911 0.6466 0.5963

5. Conclusions

It is an effective way to carry out the dynamic evaluation and prediction analysis of
ICC, to solve the problem of regional coordinated development and ecological civilization
health. From the indicator date estimation based on GM theory and the optimal ICC
reference value screening based on TOPSIS theory, an improved approach of ICC prediction
model by using SPA is proposed, which is validated by using the data of eight coastal cities
during 1996–2019 in the Yangtze River Delta. The main conclusions are as follows.

(1). We improved the calculation method of indicator weight based on the compressive
AHP and EM models. The important indicator of fishery resource, proportion of S
and T personnel, growth rate of GPD, actual utilized foreign investment and volume
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of port cargo handled are used to evaluate the ICC value of eight cities. The weight of
fishery resource based on AHP is 0.0692 and the rank is 17, but it is 0.0577 based on
EM and a rank of 5. With the improved method, the weight is 0.0573 and the rank
is 1. On the contrary, the weight based on traditional relatively important indicator,
such as construction area per capita, density of highway and population density, has
been reduced. These new key indicators are consistent with the national development
strategies, such as land and marine coordination, sound ecological environment,
technology powers and foreign trade.

(2). The ICC result of eight cities presented a tendency of first increasing, and then de-
creasing or tending to be relatively stable during 1996–2019. An upward tendency
of ICC was noticed in Nantong and Suzhou, and the largest value was 0.5819 and
0.7002, respectively, which appeared in the same year 2010. With socio-economic
development, the potential of the natural ecosystem was gradually excavated, es-
pecially in fishery resource, proportion of S and T investment and volume of port
cargo handled. The largest ICC value of Shanghai and Hangzhou was 0.8154 and
0.6070, appeared in 2005 and 2003, respectively. Because of the earlier socio-economic
development, the potential of natural ecosystem reached its limitation more quickly,
we should thus discover more new resources and technology to support sustainable
development. The ICC values of Jiaxing and Shaoxing were lower than others, and
the largest value appeared earlier than 2005. The regional integrated and coordinated
development was the best way to solve this bottleneck problem. Although the largest
ICC of Zhoushan was 0.5982, lower than Shanghai or Hangzhou, and appeared in
2008, the range of the extent of change was relatively stable. This was due to the land
resource area limitation, and the land and marine coordinate exploitation solved this
insufficiency.

(3). Compared with the traditional ICC prediction method, we improved the workflow
by including indicator data estimation based on GM model, optimal ICC reference
value screening based on TOPSIS and ICC prediction based on SPA. The average
relative residuals of 27 indicators are all less than 0.1, which keep the accuracy of grey
development coefficient and grey control parameter, so that the indicator estimation
value during 2020–2030 can present the indicator changing tendency. The optimal
ICC reference value, used in the SPA model, is the key to predict the ICC value. The
maximum or last year’s ICC value is chosen, but it cannot reflect the natural ICC state.
The closeness parameter is a suitable refence to screen the optimal value based on the
TOPSIS model. The ICC prediction results of eight cities maintain a relatively small
fluctuation during 2020–2030, and a high accuracy is observed for a short period of
5–10 years.

The ICC presents the comprehensive carrying capacity of each natural sub-system,
which is a dynamic combination and influence each other. The simply mathematical
method cannot reflect the internal relationship of the natural ecosystem. We proposed
an improved approach to the ICC predication model by including the indicator weight,
indicator data estimation and optimal ICC reference value screening. This can support the
formulation of regional development strategies and validate the rationality of established
development goals for government policymakers and stakeholders.
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Appendix A

Table A1. The indicator’s normalized value in 2019 and the final indicator’s weight.

Third-Class Indicator Nantong Suzhou Shanghai Jiaxing Hangzhou Shaoxing Ningbo Zhoushan Weight

farmland area per capita 0.93122 0.15797 0.06878 0.98621 0.22499 0.89249 0.64361 0.13770 0.03308
construction area per capita 0.99938 0.99176 0.08735 0.99308 0.99349 0.91265 0.99993 0.99124 0.01543
fishery resource 0.44648 0.02497 0.15723 0.02384 0.02580 0.01307 0.66629 0.98693 0.05729
land water area 0.68133 0.82886 0.09059 0.99228 0.85630 0.85397 0.90941 0.99008 0.02156
vegetation coverage ratio 0.28654 0.57542 0.81468 0.52698 0.77484 0.71346 0.71762 0.85004 0.02989
industrial wastewater
discharge 0.32850 0.99582 0.99800 0.55807 0.62287 0.86892 0.41343 0.00418 0.04859

industrial SO2 emission 0.73275 0.96283 0.92881 0.42350 0.38410 0.59790 0.99573 0.07119 0.03925
solid waste discharge 0.11985 0.99124 0.79397 0.13830 0.20441 0.05389 0.42786 0.00876 0.04612
energy consumption per unit
GDP 0.75003 0.56495 0.99379 0.99902 0.30387 0.69613 0.95363 0.51482 0.01750
total population 0.24393 0.20580 0.99362 0.10276 0.41927 0.08988 0.16158 0.00638 0.03156
population density 0.19184 0.13909 0.93468 0.26588 0.08360 0.06532 0.08493 0.14108 0.02703
proportion of labor
employment 0.52812 0.33777 0.63638 0.15318 0.16760 0.01012 0.36362 0.34307 0.04118

proportion of S and T
personnel 0.06033 0.93967 0.94291 0.27894 0.84008 0.24499 0.99151 0.14090 0.05079

proportion of agriculture,
forestry, husbandry and
fishery personnel

0.99070 0.12724 0.11886 0.71482 0.83695 0.88114 0.22854 0.98204 0.02869

GDP 0.13976 0.53601 0.99657 0.05168 0.37251 0.05971 0.23986 0.00343 0.03757
growth rate of GDP 0.00961 0.00961 0.03806 0.08427 0.03806 0.12952 0.03806 0.96194 0.05225
total output of agricultural 0.99705 0.49545 0.96426 0.31059 0.98072 0.71747 0.84352 0.00295 0.03390
total output of fishery 0.99350 0.56384 0.14178 0.04406 0.11201 0.06522 0.93944 0.95594 0.03951
GDP per capita 0.05886 0.61719 0.15841 0.04231 0.08771 0.04992 0.94114 0.00350 0.04100
Engel coefficient 0.33821 0.07298 0.17634 0.06062 0.08593 0.23328 0.12830 0.82366 0.03800
proportion of education
investment 0.03070 0.15767 0.79510 0.07508 0.00044 0.08587 0.47213 0.91413 0.04323

proportion of S and T
investment 0.57809 0.69296 0.87679 0.79142 0.87553 0.91739 0.95379 0.30704 0.02403

actual utilized foreign
investment 0.05676 0.14515 0.99820 0.11719 0.24604 0.01660 0.13046 0.00180 0.04998

public budget expenditure 0.03735 0.17241 0.99583 0.01929 0.14488 0.01633 0.11984 0.00417 0.04283
volume of port cargo handled 0.39882 0.96775 0.99862 0.05359 0.00824 0.00138 0.93045 0.86625 0.04929
medical development level 0.22280 0.47332 0.99558 0.08877 0.62087 0.08882 0.19648 0.00442 0.03681
density of highway 0.20815 0.89655 0.55676 0.67907 0.79185 0.95997 0.92064 0.98547 0.02359

http://tjj.nantong.gov.cn/ntstj/tjnj/tjnj.html
http://tjj.suzhou.gov.cn/sztjj/tjnj/nav_list.shtml
http://tjj.suzhou.gov.cn/sztjj/tjnj/nav_list.shtml
http://tjj.sh.gov.cn/tjnj/index.html
http://tjj.jiaxing.gov.cn/col/col1512382/index.html
http://www.hangzhou.gov.cn/col/col805867/index.html
http://tjj.sx.gov.cn/col/col1229362048/index.html
http://tjj.sx.gov.cn/col/col1229362048/index.html
http://tjj.ningbo.gov.cn/col/col1229041012/index.html
http://zstj.zhoushan.gov.cn/col/col1228955843/index.html
http://zstj.zhoushan.gov.cn/col/col1228955843/index.html
http://tj.jiangsu.gov.cn/col/col4009/index.html
http://tjj.zj.gov.cn/col/col1525563/index.html
http://tjj.zj.gov.cn/col/col1525563/index.html
https://navi.cnki.net/knavi/yearbooks/YZGHT/detail
https://navi.cnki.net/knavi/yearbooks/YZGHT/detail
https://data.stats.gov.cn/
http://www.gscloud.cn
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Table A2. The indicator weight of AHP, EM and improved method in this study.

Third-Class Indicator AHP EM Improved Method

farmland area per capita 0.05213 0.01722 0.03308
construction area per capita 0.06916 0.00605 0.01543
fishery resource 0.02696 0.05765 0.05729
land water area 0.06285 0.00931 0.02156
vegetation coverage ratio 0.04686 0.01731 0.02989
industrial wastewater discharge 0.02958 0.04457 0.04859
industrial SO2 emission 0.03102 0.03434 0.03925
solid waste discharge 0.01913 0.06543 0.04612
energy consumption per unit GDP 0.06009 0.00790 0.01750
total population 0.02159 0.03967 0.03156
population density 0.02041 0.03594 0.02703
proportion of labor employment 0.02079 0.05374 0.04118
proportion of S and T personnel 0.02659 0.05182 0.05079
proportion of agriculture, forestry, husbandry and fishery personnel 0.06354 0.01225 0.02869
GDP 0.01787 0.05704 0.03757
growth rate of GDP 0.03508 0.04041 0.05225
total output of agricultural 0.03761 0.02446 0.03390
total output of fishery 0.04514 0.02375 0.03951
GDP per capita 0.04579 0.02429 0.04100
Engel coefficient 0.04305 0.02395 0.03800
proportion of education investment 0.04576 0.02563 0.04323
proportion of S and T investment 0.05035 0.01295 0.02403
actual utilized foreign investment 0.01772 0.07652 0.04998
public budget expenditure 0.01014 0.11459 0.04283
volume of port cargo handled 0.02309 0.05793 0.04929
medical development level 0.01833 0.05450 0.03681
density of highway 0.05938 0.01078 0.02359

Table A3. The ICC result of eight cities in the Yangtze coastal area during 1996–2019.

Year Nantong Suzhou Shanghai Jiaxing Hangzhou Shaoxing Ningbo Zhoushan

1996 0.4929 0.5324 0.7941 0.4610 0.5213 0.4875 0.5613 0.5243
1997 0.4926 0.4876 0.7612 0.3911 0.4661 0.4607 0.5213 0.5873
1998 0.4943 0.5679 0.8076 0.4765 0.5602 0.5342 0.5352 0.5791
1999 0.5532 0.5929 0.8000 0.4368 0.5434 0.5704 0.6489 0.5156
2000 0.5390 0.5909 0.7855 0.4644 0.6044 0.5342 0.6329 0.5565
2001 0.5441 0.5797 0.8140 0.4379 0.5344 0.5504 0.5941 0.5135
2002 0.5038 0.6121 0.7998 0.4568 0.5274 0.4659 0.6039 0.5112
2003 0.5043 0.6319 0.7873 0.5342 0.6100 0.5106 0.6431 0.5619
2004 0.5383 0.6249 0.7829 0.5464 0.6089 0.5027 0.6345 0.5828
2005 0.5185 0.6039 0.8154 0.4790 0.5441 0.4893 0.5945 0.5634
2006 0.5719 0.6139 0.7794 0.5251 0.5935 0.5344 0.5865 0.5204
2007 0.5332 0.6452 0.7965 0.4517 0.5307 0.4329 0.5467 0.5870
2008 0.5215 0.6627 0.7539 0.4247 0.5782 0.4624 0.6202 0.5982
2009 0.5473 0.6693 0.7583 0.4336 0.5517 0.5321 0.6566 0.5896
2010 0.5819 0.7002 0.7889 0.4728 0.5863 0.5160 0.6539 0.5413
2011 0.5574 0.6852 0.7728 0.3946 0.5032 0.4556 0.6209 0.5554
2012 0.5715 0.6842 0.7985 0.4008 0.5118 0.4024 0.6380 0.5584
2013 0.5678 0.6571 0.7656 0.4458 0.5131 0.4242 0.6288 0.5241
2014 0.5434 0.6293 0.7360 0.4224 0.4597 0.4086 0.6393 0.5582
2015 0.5105 0.6665 0.7619 0.4117 0.4769 0.4466 0.6562 0.5407
2016 0.5589 0.6532 0.7363 0.4265 0.5539 0.4359 0.6426 0.5881
2017 0.5151 0.6526 0.7481 0.4365 0.4994 0.4464 0.6362 0.5518
2018 0.5064 0.6758 0.7899 0.4424 0.5118 0.4680 0.6797 0.5397
2019 0.5097 0.6148 0.7303 0.4216 0.4885 0.4869 0.6073 0.5856
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Table A4. The grade ratio of indicator value in Nantong during 2010–2019.

Third-Class Indicator Nantong Suzhou Shanghai Jiaxing Hangzhou Shaoxing Ningbo Zhoushan

farmland area per capita 0.03401 0.01301 0.02011 0.04763 −0.04733 0.03816 0.00774 0.00896
construction area per capita 0.02250 0.02083 0.01567 0.02914 0.02892 0.02239 0.01484 0.01617
fishery resource −0.03838 −0.04000 −0.03273 −0.02279 −0.01714 −0.02041 0.01100 0.02776
land water area 0.01973 0.03637 0.03737 0.04343 0.04909 0.05427 0.01857 0.01926
vegetation coverage ratio 0.03302 0.03040 0.03075 0.02792 0.02006 0.03160 0.00859 0.00860
industrial wastewater discharge 0.03798 −0.09709 0.10378 0.12099 −0.05842 0.02754 0.04703 0.15035
industrial SO2 emission 0.01211 −0.00755 0.08293 0.15189 0.10651 0.10507 0.18928 0.13627
solid waste discharge −0.12338 −0.22159 0.01218 −0.03496 −0.20501 −0.07496 −0.13067 −0.01496
energy consumption per unit
GDP 0.19281 0.23172 0.13018 0.20951 0.19040 0.21849 0.21901 0.24052
total population 0.00004 −0.00218 −0.00003 −0.00133 −0.00108 0.00150 0.00053 0.00324
population density 0.00035 −0.00174 −0.00069 −0.00174 −0.00069 0.00140 0.00035 0.00348
proportion of labor employment −0.02366 0.00975 0.01414 0.01041 0.01762 0.00830 0.00929 0.00662
proportion of S and T personnel −0.26201 −0.22743 −0.23955 −0.20461 −0.07606 −0.09832 −0.16294 −0.17458
proportion of agriculture, forestry,
husbandry and fishery personnel 0.07645 0.08409 0.06813 0.06620 0.06257 0.05809 0.04745 0.05373

GDP −0.22537 −0.30095 −0.23448 −0.24766 −0.21162 −0.24736 −0.21441 −0.21601
growth rate of GDP 0.13559 −0.03679 0.07678 0.05331 0.15761 −0.00980 0.14629 0.19391
total output of agricultural −0.23959 −0.10431 −0.17562 −0.13719 −0.11231 −0.09520 −0.06577 −0.09797
total output of fishery −0.13867 −0.11660 −0.17873 −0.14825 −0.11675 −0.12929 −0.11622 −0.12605
GDP per capita −0.32839 −0.29386 −0.23966 −0.25350 −0.21793 −0.25373 −0.22047 −0.24570
Engel coefficient 0.05614 0.01638 0.07135 0.04158 0.18628 0.04519 0.03463 0.05233
proportion of education
investment 0.05491 −0.01228 0.01937 −0.05780 0.06876 0.01621 0.07765 0.10541

proportion of S and T investment −0.05581 0.00667 −0.05987 −0.01265 −0.01971 0.02835 0.05445 −0.10957
actual utilized foreign investment −0.06374 −0.08814 −0.05358 −0.07344 −0.05109 −0.03161 −0.06698 −0.05031
public budget expenditure −0.30021 −0.30703 −0.30485 −0.17980 −0.23469 −0.26326 −0.09598 −0.18461
volume of port cargo handled −0.18052 −0.22894 −0.14236 −0.18215 −0.14814 −0.07144 −0.09459 −0.11390
medical development level −0.11922 −0.17345 −0.15084 −0.11961 −0.12337 −0.08884 −0.15362 −0.14802
density of highway −0.14564 −0.02827 −0.01721 −0.01457 −0.01561 −0.01905 −0.01957 −0.02798

Table A5. The indicator data estimation result of Nantong during 2020–2030.

Third-Class Indicator 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

farmland area per
capita 0.054 0.054 0.053 0.053 0.053 0.052 0.052 0.051 0.051 0.051 0.050
construction area per
capita 0.109 0.108 0.107 0.105 0.104 0.103 0.102 0.101 0.100 0.099 0.098
fishery resource 84.513 84.507 84.502 84.497 84.491 84.486 84.480 84.475 84.469 84.464 84.458
land water area 1.349 1.325 1.301 1.278 1.255 1.233 1.211 1.189 1.168 1.147 1.127
vegetation coverage
ratio 0.564 0.557 0.551 0.544 0.538 0.531 0.525 0.519 0.512 0.506 0.500
industrial wastewater
discharge 13,249.550 12,937.000 12,631.822 12,333.844 12,042.894 11,758.808 11,481.424 11,210.583 10,946.131 10,687.917 10,435.794

industrial SO2
emission 4.178 3.934 3.705 3.489 3.285 3.094 2.913 2.743 2.583 2.433 2.291

solid waste discharge 625.863 651.581 678.356 706.231 735.252 765.465 796.920 829.667 863.760 899.254 936.207
energy consumption
per unit GDP 0.203 0.181 0.162 0.144 0.129 0.115 0.103 0.091 0.082 0.073 0.065
total population 763.127 762.835 762.542 762.250 761.958 761.666 761.374 761.082 760.791 760.499 760.208
population density 953.539 953.202 952.864 952.526 952.189 951.851 951.514 951.177 950.840 950.503 950.166
proportion of labor
employment 0.588 0.585 0.582 0.579 0.576 0.573 0.570 0.567 0.564 0.562 0.559

proportion of S and T
personnel 0.005 0.005 0.005 0.006 0.006 0.006 0.007 0.007 0.008 0.008 0.009

proportion of
agriculture, forestry,
husbandry and fishery
personnel

0.073 0.071 0.069 0.067 0.065 0.063 0.061 0.059 0.057 0.056 0.054

GDP 10,295.662 11,359.923 12,534.196 13,829.854 15,259.443 16,836.810 18,577.228 20,497.553 22,616.381 24,954.233 27,533.748
growth rate of GDP 0.074 0.070 0.066 0.062 0.059 0.056 0.053 0.050 0.047 0.045 0.043
total output of
agricultural 360.298 378.763 398.174 418.580 440.031 462.582 486.289 511.210 537.409 564.951 593.904

total output of fishery 214.476 228.622 243.702 259.777 276.912 295.177 314.647 335.401 357.524 381.106 406,244
GDP per capita 146,472.536 162,461.896 180,196.701 199,867.487 221,685.592 245,885.424 272,726.978 302,498.634 335,520.248 372,146.596 412,771.181
Engel coefficient 0.257 0.249 0.240 0.232 0.224 0.217 0.210 0.203 0.196 0.189 0.183
proportion of
education investment 0.181 0.178 0.174 0.170 0.167 0.163 0.160 0.156 0.153 0.150 0.147

proportion of S and T
investment 0.034 0.034 0.034 0.034 0.034 0.035 0.035 0.035 0.035 0.035 0.035

actual utilized foreign
investment 28,682 29,685 30,722 31,796 32,907 34,058 35,248 36,480 37,755 39,075 40,440

public budget
expenditure 1079.624 1182.779 1295.790 1419.598 1555.236 1703.834 1866.629 2044.979 2240.370 2454.430 2688.943

volume of port cargo
handled 30,961.101 33,084.979 35,354.551 37,779.812 40,371.442 43,140.853 46,100.240 49,262.637 52,641.968 56,253.116 60,111.982

medical development
level 49,763.256 52,837.393 56,101.435 59,567.115 63,246.888 67,153.979 71,302.432 75,707.157 80,383.985 85,349.725 90,622.225

density of highway 2.415 2.439 2.464 2.489 2.514 2.539 2.564 2.590 2.616 2.643 2.669
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Table A6. The closeness parameter of eight cities during 1996–2019.

Year Nantong Suzhou Shanghai Jiaxing Hangzhou Shaoxing Ningbo Zhoushan

1996 0.3845 0.3569 0.5129 0.3423 0.3280 0.3373 0.4237 0.2911
1997 0.3715 0.3798 0.4879 0.3229 0.3468 0.3137 0.3928 0.3246
1998 0.3671 0.3838 0.5168 0.3697 0.4017 0.3645 0.3982 0.3192
1999 0.4007 0.3843 0.5132 0.3655 0.4095 0.3654 0.4161 0.2846
2000 0.4033 0.3801 0.5107 0.2965 0.3890 0.3908 0.4075 0.3057
2001 0.4168 0.3965 0.5280 0.3418 0.3473 0.3502 0.3857 0.2909
2002 0.3761 0.3954 0.5088 0.3419 0.3339 0.3324 0.3764 0.2853
2003 0.3752 0.3797 0.5001 0.3461 0.3879 0.3556 0.3795 0.3161
2004 0.4017 0.3993 0.4883 0.3600 0.3883 0.3672 0.3902 0.3242
2005 0.4072 0.3946 0.5067 0.3427 0.3538 0.3347 0.3550 0.3210
2006 0.3711 0.3863 0.5077 0.3743 0.3853 0.3669 0.3715 0.2953
2007 0.3827 0.3832 0.5132 0.3491 0.3489 0.3238 0.3761 0.3265
2008 0.3803 0.4432 0.4802 0.3471 0.3742 0.3568 0.3847 0.3329
2009 0.3855 0.4448 0.4746 0.3728 0.3566 0.4159 0.3904 0.3314
2010 0.4181 0.4600 0.4970 0.3667 0.4037 0.3640 0.4080 0.3042
2011 0.3697 0.4484 0.4834 0.3432 0.4075 0.3460 0.3918 0.3082
2012 0.4129 0.4335 0.4989 0.3474 0.3954 0.3838 0.4347 0.3100
2013 0.4181 0.4600 0.4970 0.3667 0.4037 0.3640 0.4080 0.3042
2014 0.3520 0.4233 0.4616 0.3723 0.4053 0.4168 0.4310 0.3067
2015 0.3927 0.4277 0.4727 0.3533 0.3802 0.4033 0.4565 0.2971
2016 0.3638 0.4278 0.4630 0.3662 0.3705 0.4059 0.4221 0.3262
2017 0.4046 0.4233 0.4763 0.3743 0.3782 0.4166 0.4481 0.3099
2018 0.4229 0.4504 0.4935 0.3873 0.3678 0.3797 0.4587 0.3004
2019 0.3861 0.4047 0.4600 0.3707 0.3374 0.3299 0.3906 0.3289
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