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Abstract. The Great Bay Area around Hangzhou Bay is the intersection of multiple national
strategies the coastal open zone, the Yangtze River Economic Belt, the Yangtze River Delta urban
agglomeration and the Belt and Road Initiative. Ecological carrying capacity is the maximum capacity
of an ecosystem to bear human activities on the premise of maintaining its normal operation, which
can provide a reference for judging the degree of regional sustainable development and future
planning and construction. In this study, the evaluation index system of ecological carrying capacity
was constructed based on the PSR model. The spatio-temporal evolution of ecological carrying
capacity in the Great Bay Area around Hangzhou from 2006 to 2019 was analyzed using the TOPSIS
model, exponential smoothing method and GIS spatial analysis method. The results show that the
pressure is carrying capacity generally decreases, and it is predicted to decrease from 2020 to 2022.
the state bearing capacity tends to be ideal, and the development prospect is good; response bearing
capacity and comprehensive bearing capacity are highly overlapped, reaching the minimum and
maximum in 2012 and 2016, respectively; the ecological carrying capacity of cities in the northwest
of Hangzhou and Shanghai is in good condition. After the unified planning, the ecological carrying
capacity of Jiaxing and other cities has been significantly improved, and the ecological carrying
capacity of cities in the bay area is more inclined to balanced development. Combined with the
correlation analysis, it is concluded that the proportion of fixed assets investment in the construction
of landscaping public facilities in GDP is the key factor restricting the comprehensive carrying
capacity. The research results are of great significance to formulating policies for sustainable socio-
economic development in the Bay Area.

Keywords: Ecological Carrying Capacity; Hangzhou Greater Bay Area; PSR Model; TOPSIS Model;
GIS.

1. Introduction

With the rapid development of the economy in today's society, especially the acceleration of
industrialization, ecological problems such as resource shortage, ecological degradation and
environmental pollution emerge endlessly. The pressure on resources and the environment brought
by economic and social development in some regions has exceeded the maximum external load that
the ecosystem can bear, resulting in further deterioration of resources and the environment. The
Greater Bay Area around Hangzhou Bay is an important bay area economic circle under planning.
How to balance the relationship between development and ecological carrying capacity is an
important issue in its future construction.

Ecological carrying capacity is one of the important indicators to measure the sustainable
development of the economy and society [1]. In the eighteenth century, the British scholar
T.R.Malthus put forward the population theory Pierre F. Verhulst used the population growth logistic
mathematical equation to lay the foundation for the ecological carrying capacity [2-3]. In 1921, Park
and Burgess introduced the concept of carrying capacity into ecology for the first time to characterize
the maximum number of a biological individuals under a specific environmental condition[4]. The
current ecological carrying capacity can be defined as the threshold that the ecosystem can withstand
the impact of human activities on it under the premise of maintaining its own dynamic balance. From
a systematic point of view, ecosystems include resource systems and environmental systems[5]. The
development of environmental problems has led to a gradual increase in human attention to the
carrying capacity, and related research has become increasingly rich. The carrying capacity-related
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research has gradually combined the resource carrying capacity and environmental carrying capacity
and developed into a more comprehensive evaluation of ecological carrying capacity [6].

The evaluation methods of ecological carrying capacity include analytic hierarchy process, fuzzy
analysis, comprehensive evaluation method, system dynamics model and so on [7]. In recent years,
the Evaluation of ecological carrying capacity in China and abroad mainly focuses on three aspects.
(1) In space, it is refined from a national scale to a regional or watershed scale. For example, Yue et
al. [8] used the state space method to estimate and compare the two urban agglomerations in Liaoning
Province; Yue Dongxia et al. [9] calculated the ecological carrying capacity by taking Shule River
Basin and the counties under its jurisdiction as different scales and taking the ecological water
demand of the basin as the mainline. (2) In terms of time, from the static analysis of a single year to
the dynamic analysis and future prediction with period, for example, Cai Fei et al. [10]calculated the
ecological footprint, ecological carrying capacity and ecological deficit of Xi 'a City from 2010 to
2018 based on the ecological footprint theory; in addition to the current situation evaluation, Peng et
al. [11]used the grey model to predict the development trend of ecological footprint in the
urbanization process of the Yangtze River urban accumulation from 2018 to 2022. (3) In terms of
application, some scholars have carried out ecological security evaluation research in combination
with ecological carrying capacity. For example, Wang et al. [ 12]pointed out that the carrying capacity
in the study area is not enough to support the ecosystem capacity. That is, the ecosystem is in an
unsafe state, and the sustainability of economic development cannot be guaranteed.

The bay area is the core urban agglomeration of global economic development and technological
innovation. China's gulf area around Hangzhou has a large manufacturing cluster and industrial base,
supported by the national ' Belt and Road ' strategy, and plans to be built into a world-class modern
gulf area in the future. For the bay area still under planning, the Evaluation of its ecological carrying
capacity, on the one hand, meets the inherent requirements of ecological civilization construction, on
the other hand, is also conducive to the overall planning, comprehensive coordination and macro-
management of the sustainable development of the regional economy. Therefore, based on the
existing research, this paper selects the relevant data from 2006 to 2019, constructs the ecological
carrying capacity index system based on the PSR model, and uses the TOPSIS model, exponential
smoothing method and GIS spatial analysis method to analyze the temporal and spatial evolution of
the ecological carrying capacity of the Hangzhou Bay Area from 2006 to 2019, in order to provide
the theoretical basis for the planning and construction and sustainable development of the Bay Area.

2. Overview of the Study Area
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Figure 1. Location map of Hangzhou Greater Bay Area
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The Great Bay Area around Hangzhou Bay is in Zhejiang Province, including Shanghai, Hangzhou,
Jiaxing, Huzhou, Shaoxing, Ningbo and Zhoushan. It is mainly subtropical monsoon climate, located
in the south of the Yangtze River Delta and the entrance of the Qiantang River, and is the only estuary
bay in China. In 2019, the overall area of the Bay Area was about 35174 square kilometers, accounting
for less than 0.4 per cent of the country 's land area, but GDP exceeded 8 per cent of the country 's
gross domestic product to 8115.8 billion yuan. The Great Bay Area around Hangzhou is a strategically
important place for China to promote modernization [13]. Although it is still in planning and
construction, it provides good conditions for the rapid development of the economy and society with
its unique port, industrial advantages and policy, ecology and talent environment. At the same time,
it inevitably poses greater challenges to its ecological carrying capacity.

3. Research Methods and Data Sources

3.1 Data Sources and Index System Establishment

Table 1. Evaluation Index System of Ecological Carrying Capacity of Hangzhou Greater Bay Area

Index
Aim System
Indicators Unit The nature of Weights
indicators
Population density Persons /km2 - 0.0930
Natural population growth rate %0 - 0.0470
GDP per capita RMB 10,000 + 0.0683
/person
Pressure Industrial SO, emission intensity
of 10000 Yuan GDP Ton } 0.0404
The yield of industrial solid waste | Ten thousand i 0.0663
of 10000 Yuan GDP tons )
Discharge of industrial Ten thousand
- 0.1326
wastewater tons
Mean temperature °C - 0.0652
Precipitation Millimeter + 0.0714
Ecological Water resources per capita Cubic metre + 0.0772
Carrying State The proportion of tertiary industry
Capacity in GDP % + 0.0836
Road area per capita Square metre + 0.0402
Effective irrigated area "l;lhousand + 0.0387
ectares
Sewage treatment rate % + 0.0335
The green coverage rate of built- o n 0.0222
up area
The proportion of investment in
Response fixed assets qurban lands'capl.ng % + 0.0576
public facilities construction in
GDP
Public park area per capita Square metre + 0.0249
The comprehensive utilization 0
rate of industrial solid waste & " 0.0380

The PSR (Pressure-State-Response) model is a framework system proposed by the Organization
for Economic Cooperation and Development (OECD) and the United Nations Environment
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Programme (UNWP) to evaluate the state of the ecological environment [14], reflecting the
interaction between human beings and the environment, as well as the interaction between the natural
environment, society and economy, which is now commonly used to evaluate social risks, ecological
security, pollution risks, land use and carrying capacity [15]. The PSR model includes three types of
indicators, namely, pressure indicator, state indicator and response indicator. Among them, pressure
indicators represent the negative impact of human production and living activities on the natural
environment, such as resource consumption, pollution emissions; state indicators represent the actual
situation of the current natural environment and economic society, such as climate state, per capita
social resources and natural resources; response indicators represent the positive measures made by
human beings after they realize that their own activities lead to the decline of ecological carrying
capacity, such as sewage treatment and greening construction. Indicators are divided into positive and
negative indicators, which have a positive or negative impact on the environment as the value of the
indicator rises or falls.

Using the PSR model, taking the seven cities in the bay area as the evaluation target layer, taking
the pressure, state and response as the three system layers, and selecting 17 indicators from the aspects
of environment, economy, society and resources, the ecological carrying capacity evaluation index
system of the Great Bay Area around Hangzhou Bay was constructed. There are six pressure layer
indexes, six state layer indexes and five response layer indexes, as shown in Table 1. The required
original data comes from the relevant public data of each statistical yearbook from 2006 to 2019, such
as ' China City Statistical Yearbook' [16], 'China Urban Construction Statistical Yearbook' [17],
'Shanghai Statistical Yearbook' [18], and 'Hangzhou Statistical Yearbook' [19]. The regional
administrative boundary vector map comes from the Resource and Environmental Science and Data
Center of the Chinese Academy of Sciences [20].

3.2 Entropy Weight Method

The entropy weight method is a usual objective weighting method, which depends on the
variability of data itself and can eliminate the influence of human factors [21]. The smaller the
variation degree of the index is, the less the information reflected is, and the corresponding weight
should be lower [22]. Therefore, the entropy weight method needs to standardize the data, then
calculate the information entropy of each index, and finally determine its weight. Since the entropy
weighting method is relatively mature, the specific process is no longer overstated, and the weight of
each index is specified in table 1.

3.3 Construction of TOPSIS Evaluation Model

Due to the different dimensions of each index, the original index needs to be normalized first:

a
a. = pq
pq 1
1/ a=1%q ()

In (1), p=1,2, ....m, m is the total number of evaluation years; q=I1, 2, ...,n, n is the total
number of evaluation indexes; a,, is the original value of No. q index in No.p year. ay, is the

rq
normalized value of No. g index in No. p year.
The obtained results are multiplied by the weights W, obtained by the entropy weight method to

construct a standardized weighting matrix Z:
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According to the normalized weighted evaluation matrix to determine the positive and negative
ideal solution, so that Z* is a positive ideal solution, Z~ a negative ideal solution, then:

7+ =12, n} = (z},2, 28} = (2]) G)
<qsn
2 min o) [i = 12, ) = 2,23 = (23) @

The Euclidean distance method is used to calculate the distance between the normative weighting
index of each year and their respective positive ideal solution D, and the distance to the negative
ideal solution Dy

D+_\/Zq 1(Zq qu)z (5)

-=J2$ﬂq;%@2 ©)

In formula (2) ~ (6), Z,4 is the normalized weighted value of No. q indictor in the No. p year;

1@;‘%(2 ) TEIIP (Zpq) are the maxium and minium values of the No. q indictor in all years; Z; ,
zg are the positive ideal solution and negative ideal solution of No. g indictor respectively.
Then the closeness T, between the actual ecological carrying capacity and the ideal optimal
carrying capacity can be obtained:
Dp
= _ (7
P plr+p;

In Equation (7), the value range of closeness T, is (0, 1). If it approaches 1, the ecological
carrying capacity of this year is ideal; if close to 0, the ecological carrying capacity is poor.

3.4 Time Series Prediction

The exponential smoothing method is a time series prediction method proposed by American
mathematician Brown. It can only rely on its existing historical data to predict future data with a short
or medium time span[23]. The predicted value obtained by the exponential smoothing method is the
result of weighting the data of all years[24]. The farther the time distance is, the smaller the influence
on the predicted value is, and the smaller the weight is [25]. In this study, the exponential smoothing
method was used to predict the ecological carrying capacity of the bay area from 2020 to 2022.

4. Research Results

4.1 Comprehensive Analysis of Ecological Pressure-State-Response in the Great Bay Area
Around Hangzhou Bay

The variation trends of pressure-state-response of the ecosystem around Hangzhou Bay with time
are shown in Figs. 2 — 4. From 2006 to 2019, the population density and per capita GDP increased
year by year, which was close to 1000 people / km2 and 140,000 yuan in 2019, respectively,
indicating that the regional resident population density is increasing, and people's living standards
continue to improve. Industrial SO2 emission intensity per ten thousand yuan GDP and industrial
solid waste production per ten thousand yuan GDP showed a decreasing trend year by year, indicating
that the two pollution levels caused by regional economic activities decreased year by year. The
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natural growth rate of the population and the discharge of industrial wastewater showed a fluctuating
rise and fall, respectively. Among them, the population density and its natural growth rate in 2012
had a relatively obvious increase. The reason may be that a new round of small fertility peaks was
formed due to the cyclical fluctuation of age structure, and the number of second children in line with
the policy increased. Overall, the pressure on the ecological environment in the bay area tends to
decrease.
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Figure 2. Changes of ecosystem pressure index of Hangzhou Greater Bay Area

For the state level indicators, the proportion of tertiary industry in GDP continues to rise and has
exceeded 55 % in 2019, indicating that the economic and social production structure of the Greater
Bay Area around Hangzhou Bay has been continuously optimized. Other indexes fluctuated greatly
in each year: the average temperature fluctuated between 17 °C and 18 °C, and the region was
generally warm; precipitation is greater than 1000mm, indicating that the region is relatively humid;
per capita, water resources are also fluctuating, the highest is more than 1700 m3, the lowest is less
than 1000 m3, generally lower than the national average, indicating that the regional per capita water
resources are relatively scarce. Per capita road area and effective irrigation area showed relatively
small fluctuations in the rise and fall, reflecting the development of urban road infrastructure in the
region increased. Still, the degree of agricultural water conservancy decreased. Overall, the ecosystem
state of the bay area showed a benign development trend.
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Figure 3. Changes of ecosystem state indicators of Hangzhou Greater Bay Area
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In the response layer indicators, the sewage treatment rate, the greening coverage rate of built-up
areas and the per capita public green space area all showed an overall increase trend except for a
slight decline in individual years, indicating that the living environment of urban residents was
improved. Urban landscape public facilities construction investment in fixed assets accounted for the
proportion of GDP fluctuations between0.1 % -0.2 %, may be affected by the annual government
decision-making; The comprehensive utilization rate of industrial solid waste continued to decline
after 2014 but resumed growth in 2018, indicating that people's awareness of comprehensive
utilization of industrial solid waste has improved in recent years. In general, human responses to the
bay area ecosystem have been effective.

(G
u

Public park area per capita(m?®)
K \

Year Year

Figure 4. Changes of ecosystem response indexes of Hangzhou Greater Bay Area

4.2 Time Evolution Analysis of Ecological Carrying Capacity in the Great Bay Area Around
Hangzhou Bay

|—=— Comprehensive carrying capacity
—e— Pressure carrying capacity LA
|—— State carrying capacity L&

—w— Response carrying capacity

0.8

0.6 4

0.4 H

Ecological carrying capacity

0.2+

o
$
&

20, -
20;,
207,
203,

gl o -] S 0
N S S 3 N
s 5§ 5 0§ S

Year
Figure 5. Time-varying point-line diagram of four types of ecological carrying capacity in
Hangzhou Greater Bay Area

The specific changes of the ecological carrying capacity of the Greater Bay Area around Hangzhou
Bay over time are shown in Figure 5, and the part after the dotted line is the time series prediction
result. The results showed that the ecological carrying capacity of the bay area changed significantly
from 2006 to 2019. Pressure carrying capacity decreased in fluctuation but rebounded in 2018 and
2019; however, except in 2016, the overall state carrying capacity rose steadily, indicating that the
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state of the regional ecosystem has gradually improved in recent years. It is worth noting that the
results and trends of response bearing capacity and comprehensive bearing capacity are highly
coincident, and the degree of fluctuation varies from year to year, reaching the minimum and
maximum in 2012 and 2016, respectively. From the forecast results of 2020-2022, in addition to the
pressure carrying capacity will decline year by year, the other three kinds of carrying capacity are
rising steadily, indicating that the ecological carrying capacity of the Greater Bay Area around
Hangzhou Bay will gradually improve in the future.

4.3 Spatial Evolution of Ecological Carrying Capacity in Hangzhou Greater Bay Area

Taking the calculation results of the ecological carrying capacity of the Greater Bay Area around
Hangzhou Bay in 2006,2010,2014, and 2019, ArcGIS software was used to draw its spatial changes,
as shown in Figure 6. The shallower the green, the lower the ecological carrying capacity, and vice
versa. The higher, the closer to the state of sustainable development. It can be seen from the figure
that among all the cities around Hangzhou Bay, Shanghai and Zhoushan had the highest ecological
carrying capacity in 2006, while Jiaxing and Hangzhou had the lowest ecological carrying capacity.
By 2010, the ecological carrying capacity of cities in the northwest was generally greater than that in
the southeast; in 2014, the ecosystem of Jiaxing in the central region and Hangzhou in the
southwestern region had relatively poor carrying capacity; By 2019, the distribution of ecological
carrying capacity of the whole bay area around Hangzhou Greater Bay Area was relatively uniform,
but the ecological carrying capacity of Shanghai was slightly lower than that of other regions. It can
be seen that the comprehensive ecological carrying capacity of each city is not the same in the early
stage. With the change of time, the northwest city maintains an ideal situation, and the central city is
poor. Since the overall comprehensive coordination and macro-management of the managed after
planning, the ecological carrying capacity of the bay area tends to be evenly distributed.
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Figure 6. Spatial variation of ecological carrying capacity in Hangzhou Greater Bay Area

4.4 Driving Factor Analysis of Ecological Carrying Capacity in Hangzhou Bay

Spearman's two-tailed test was used to analyze the correlation between the ecological carrying
capacity and each evaluation index in the Greater Bay Area around Hangzhou Bay, and the correlation
coefficient and the significant p-value (i.e., Sig. (two-tailed)) were obtained, as shown in Table 2. It
can be seen that the comprehensive carrying capacity of the ecosystem in the Greater Bay Area of
Hangzhou Bay is negatively correlated with the five indicators of industrial sulfur dioxide emission
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intensity per ten thousand yuan GDP, industrial solid waste production per ten thousand yuan GDP,
industrial wastewater discharge, per capita water resources and effective irrigation area, indicating
that the growth of these indicators will reduce the regional ecological carrying capacity. The
comprehensive carrying capacity is positively correlated with other 12 indicators such as population
density, natural population growth rate, per capita GDP, average temperature, precipitation, the
proportion of tertiary industry in GDP, and per capita road area, indicating that the growth of these
indicators will improve the regional ecological carrying capacity. It is worth noting that the
comprehensive carrying capacity only has a high positive correlation with the proportion of fixed
asset investment in urban landscaping public facilities in GDP, and there are significant differences
among the samples, that is, there is a very significant positive correlation, indicating that the annual
fixed-asset investment in urban landscaping public facilities greatly affects the change of
comprehensive carrying capacity.

Table 2. Correlation analysis results of ecological carrying capacity evaluation indicators in the Bay
Area around Hangzhou Bay

Correlation coefficient with .
. . . Sig.(two-
System Indicators comprehensive bearing .
. tailed)
capacity
Population density 0.266 0.358
Natural population growth rate 0.349 0.221
GDP per capita 0.200 0.493
Industrial sulfur dioxide emission intensity of
Pressure 10000 Yuan GDP -0.266 0.358
The output of industrial solid waste of 10000
Yuan GDP -0.253 0.383
Discharge of industrial wastewater -0.354 0.215
Mean air temperature 0.174 0.552
Precipitation 0.152 0.605
State Water resources per capita -0.020 0.946
The proportion of tertiary industry in GDP 0.244 0.401
Per capita road area 0.081 0.782
Effective irrigation area -0.209 0.474
Sewage treatment rate 0.240 0.409
The green coverage rate of built-up area 0.327 0.253
The proportion of investment in fixed assets
Response of urban landscap.ing public facilities 1.000 /
construction in GDP
Per capita green area of Park 0.029 0.923
The compreheqswe qtlllzatlon rate of 0.055 0.852
industrial solid waste

5. Conclusions and Recommendations

In this study, the PSR model was used to construct the evaluation index system of the ecological
carrying capacity of the Greater Bay Area around Hangzhou Bay, which was composed of 17
indicators. The entropy weight method was used to objectively empower, and then the TOPSIS model
and exponential smoothing method were used to analyze the ecological carrying capacity of the
Greater Bay Area around Hangzhou Bay from 2006 to 2019. The spatial evolution of the ecological
carrying capacity of the Greater Bay Area around Hangzhou Bay was analyzed by GIS, and finally,
the driving factors of the ecological carrying capacity of the Greater Bay Area around Hangzhou Bay
were analyzed. The main conclusions are as follows:

The comprehensive analysis results of pressure, state and response indicators show that the
ecological pressure of the Bay Area around Hangzhou Bay tends to decrease, and the state of the
ecosystem itself is also good. At the same time, the environmental governance work carried out by
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human beings has certain positive effects. From the perspective of time change of ecological carrying
capacity, from 2006 to 2019, the pressure carrying capacity showed a decreasing trend overall, and it
is predicted that it will still decrease in the next three years. The overall steady rise of state carrying
capacity indicates that the ecosystem state has gradually improved in recent years. When the response
bearing capacity and the comprehensive bearing capacity are highly overlapped, the environmental
protection measures have a significant positive impact on the change of the comprehensive bearing
capacity. From the perspective of spatial change of ecological carrying capacity, the ecosystem
carrying capacity of the early Northwest cities is generally more ideal than that of the central and
southern cities. After the government proposed to jointly plan and build the Bay Area around
Hangzhou Bay, the distribution of ecological carrying capacity in the Bay Area is relatively balanced.
The discharge of industrial wastewater and industrial sulfur dioxide will weaken the carrying capacity
of the ecosystem while improving the sewage treatment rate and the greening coverage rate of built-
up areas will have positive effects on the ecology. However, the ecological carrying capacity is only
positively correlated with the proportion of fixed asset investment in urban landscaping public
facilities in GDP, indicating that the annual fixed asset investment in urban landscaping public
facilities greatly affects the change of comprehensive carrying capacity.

In view of the continuous negative impact of human activities on the ecosystem, the Bay Area
around Hangzhou Bay should grasp the lever of economic development and environmental protection
in the future, pay attention to improving the green coverage rate of urban built-up areas and
strengthening the comprehensive utilization of solid waste while the economy is developing at high
speed, so as to improve the environmental quality and further enhance the ecological carrying
capacity. At the same time, the government should explore and establish a new model of joint
prevention, joint control and coordinated development among the cities in Hangzhou Bay Area so as
to achieve resource sharing and pollution co-treatment, so as to enable the balanced development of
all cities and stimulate the potential of economic development in the Bay Area. Finally, the Bay Area
should make full use of its resource advantages in the future, speed up the transformation of industrial
structure, organically combine end treatment with source control, increase investment in
Environmental Protection industries or facilities, and contain pollution sources in the cradle.
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