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Abstract

Green development is a crucial pathway towards ecological civilisation and eco-
nomic transformation and development, and is now a core element in sustainable
development goals and the well-being of humanity. Based on the concept of green
development, this study constructs an evaluation of the index system of green devel-
opment level in the Guangzhou metropolitan area from three dimensions: green eco-
nomic growth, green environmental governance, and green policy investment. The
entropy method, the coefficient of variation method, and geographic information
system (GIS) are used to analyse the levels and spatial pattern of green development
in the Guangzhou metropolitan area from 2011 to 2021, and the obstacle degree
model is employed to identify the main factors hindering green development. The
study reveals that: (1) Over time, the green development level in the Guangzhou
metropolitan area shows an overall upward trend, despite some fluctuations during
2011-2021. Cities like Guangzhou and Foshan exhibit higher green economic
growth, while peripheral cities, such as Shaoguan, Yunfu, and other cities, demon-
strate better performance in green environmental governance and green policy in-
vestment; (2) From the spatial level, there are apparent spatial differences in the level
of green development in the Guangzhou metropolitan area, which presents a spatial
pattern of "low in the middle and high around." In contrast, the gap in green devel-
opment levels among cities has gradually narrowed, with an overall improvement in
synergy for green development. (3) From the perspective of influencing factors, the
most critical obstacle to the green development level of the Guangzhou metropolitan
area is the investment in green policies, such as the proportion of fixed investment
in drainage and landscaping, followed by the proportion of tertiary industry output
and per capita GDP. An analysis of the spatial and temporal evolution of the green
development level in the Guangzhou metropolitan area and its influencing factors is
of great significance for strengthening ecological and environmental synergistic gov-
ernance systems, promoting regional resilience construction, and achieving sustain-
able development goals.
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1. Introduction

In 2025, the Central Urban Work Conference of China proposed the goal of building modern people's cities that are
innovative, livable, beautiful, resilient, civilized, and intelligent, which has pointed out the direction for urban man-
agement in the new era. Green development is a second-generation sustainable development concept that emphasises
systemic, holistic, and coordinated approaches among economic, social, and natural systems [1, 2]. It promotes effi-
cient resource use, pollution reduction, ecosystem protection and restoration, and social equity and sustainability,
with a greater focus on quality of life, resource waste reduction, ecological well-being, and social equality [3, 4].
Cities are undergoing significant transformations with economic and demographic changes and urbanization, but face
complex environmental problems such as pollution, biodiversity loss, overpopulation, and land depletion [5, 6]. Nat-
ural green factors play a positive role in the physical and mental health of urban populations, directly or indirectly,
contributing to human well-being and biodiversity in dense urban spaces [7, 8]. Urban Ecosystem Services (UES)
and Ecosystem Services (ES), Green Infrastructure (GI) in green and open spaces contribute to human well-being
and biodiversity by regulating water balance, mitigating urban heat island effect, air filtration, increasing biodiversity,
shading and cooling, and noise and stress mitigation [4, 9]. The New Urban Agenda agreed upon at the Third United
Nations Conference on Housing and Sustainable Urban Development (UNCSD III) aims to create "just, safe, healthy,
resilient and sustainable cities"— a core challenge in full realization of the Sustainable Development Goals (SDGs)
[10].

Green development research, both domestically and internationally, has primarily focused on several areas: meas-
urement of green development index and green development efficiency (GDE) based on different methods and per-
spectives, analysis of the spatiotemporal pattern of green development, and exploration of factors influencing green
development levels and corresponding countermeasures. In recent years, scholars have constructed the evaluation
index system for green development levels [11] and used the entropy value method, combined with the Terrell index,
Moran index, and coefficient of variation, to analyse the spatio-temporal evolution of green development [12, 13].
For example, Li et al. developed the "Human Green Development Index (HGDI)" by drawing on the human devel-
opment index based on the two dimensions of sustainable socio-economic development and ecological resource de-
velopment. They measured the green development levels of 123 countries, providing the basis for measuring green
development [14]. Based on Criteria Importance Through Intercriteria Correlation (CRITIC), Mai measured the green
development level and spatial-temporal characteristics of 11 provinces (cities) and 108 cities in the Yangtze River
Economic Belt from 2005-2016 [15]. Nguyen et al. analysed the determinants of green development in Central and
Eastern European (CEE) countries using OECD green development data, World Bank indicators, and World Payne
Scale data from 1996 to 2020, proposing an assessment program for green development [16]. Ma et al., with the mid-
Yangtze River city cluster as the research object, used the entropy weight-TOPSIS method to calculate the green
development index and the environmental Kuznets curve theory to explore spatial differences [17]. Chen et al. con-
structed a green development evaluation index system for the Wuhan metropolitan area based on green society, green
economic growth, and green ecology, and analyzed spatial and temporal evolution using the entropy value method
and exploratory spatial data analysis [18].

Research on factors influencing green development primarily explains these factors from a theoretical perspective,
followed by an empirical analysis of their strength using mathematical models [19]. To alleviate the environmental
pressure caused by rapid economic growth, many governments have implemented a series of environmental regula-
tion policies to reduce energy consumption and pollutant emissions [20]. Tawiah et al. used pre-regression and econ-
ometric modelling to select economic, international, institutional, and energy-related factors influencing green growth
in developed and developing countries [21]. Joan et al. selected evaluation indicators from four aspects, namely cost
efficiency, rational use of public finance, strong market, and long-term productivity, and constructed an assessment
framework to derive the influencing factors of green growth in EU member states [22]. Pawlewicz et al. deeply
analysed the relationship between social capital and green economic growth, with an emphasis on the significance of
social capital for sustainable development [23]. Guo et al. constructed a county green development efficiency index
system based on green total factor productivity from the input and output perspectives and analyzed the green devel-
opment efficiency of the Harbin-Changsha Urban Agglomeration using Epsilon Based Measure (EBM) and Global
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Malmquist-Luenberger (GML), and then explored the spatial spillover effect through cluster analysis [24]. Sun et al.
analyzed factors influencing green development in restricted development areas of Jilin Province, using the barrier
degree model with 20 indicators, including economic development, social life, resource use, pollution emission, and
environmental governance [25].

In summary, both Chinese and international scholars have carried out comprehensive research at different levels
and scales on green development, making theoretical and practical contributions to green development and global
sustainable development. Firstly, regarding the construction of the green development level indicator system, the
common point is to establish first-level criteria based on the economic, social, ecological, and other factors, which
are then extended to include government support, market input and output, and environmental carrying capacity for
a refined indicator system. Secondly, in terms of measuring green development level, methods like the entropy value
method combined with a linear weighted comprehensive evaluation and the Malmquist index model, etc., are often
employed. Most of the spatial evolution levels use the Moran index to analyze spatial autocorrelation and apply tools
such as cluster analysis, the Terre coefficient, the coefficient of variation, etc., to investigate spatial differences and
balance levels. Thirdly, regarding the analysis of factors influencing green development, the barrier degree model is
widely used, and some studies also employ models such as the Tobit model, geo-detector model, and spatial Durbin
model. Besides, multiple linear regression models or direct integration with policy text analysis are applied.

Since the reform and opening up, China's regional policy precision and regional cooperation mechanisms have
improved with the implementation of the regional development strategy. A metropolitan area mainly refers to a region
where a metropolis serves as the core, with significant influence on surrounding areas and close connections within
the region [26]. The metropolitan area is an essential node in China's urban agglomeration development, amplifying
the radiation power of the core cities, breaking administrative boundaries, and achieving regional integration and
development. This makes the construction of small-scale, cross-regional, and precise metropolitan areas an essential
part of coordinated regional development [27]. Much theoretical and empirical research has focused on the metro-
politan areas' spatial structure, growth process, influence effect, gradient pattern, development stage, and governance
construction [28-32]. However, many problems persist, such as the administrative barriers in metropolitan areas that
inhibit efficient resource distribution. These issues also include the underdeveloped economic synergy among city
clusters, and systemic barriers to coordinated cross-regional systems, as well as incomplete consideration of human,
social factors, and ecological factors. [33, 34]. In 2023, the People's Government of Guangdong Province issued the
"Guangzhou Metropolitan Area Development Plan", which puts forward the general requirements to implement a
new urbanization strategy and develop modern metropolitan areas. The aim is to build the Guangzhou Metropolitan
Area at a high level, with influence radiating across the whole province, the entire country, and even the world. Green
development serves as the basis of high-quality regional development. With the promotion of ecological civilization
and green priority development policies, it has become essential to enhance the evaluation of the metropolitan area's
resource and environmental carrying capacity and to establish a cohesive ecological and environmental governance
system.

On this basis, with the Guangzhou metropolitan area as a case study, this study selects 15 indicators in three di-
mensions: green economic growth, green environmental governance, and green policy investment, to construct an
indicator system for green development level in the Guangzhou metropolitan area. The study employs the entropy
method, coefficient of variation, and GIS analyses the measurement and spatial evolution of green development level
in the area and applies the obstacle degree model to identify factors influencing green development in Guangzhou.
By reviewing the spatial and temporal evolution of green development in the Guangzhou metropolitan area, this study
provides a theoretical basis for exploring green development pathways in different regions and offers implications
for Guangdong Province to promote the coordinated development of regional green and resilient city construction.

2. Study Area and Data Sources
2.1 Study Area

To facilitate data collection and statistical analysis, this study defines the research scope of the Guangzhou
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metropolitan area as the six cities of Guangzhou, Foshan, Zhaoqing, Qingyuan, Yunfu, and Shaoguan. The total eco-
nomic volume, the number of resident populations, and the quality of economic development of the Guangzhou
metropolitan area are among the top domestic metropolitan regions, and the GDP of the metro area will be about 4.46
trillion yuan in 2022. The Guangzhou metropolitan area has a beautiful ecological environment. In the north are
Dinghu Mountain, Penjia Mountain, Furong Mountain, Shimen National Forest Park, and other important mountain
ecological spaces. However, the Guangzhou metropolitan area faces severe environmental control and stricter envi-
ronmental governance requirements in economic construction and industrial transfer, especially in cross-regional
ecological environment construction; there are inevitable conflicts of interest and contradictions at the institutional
level.

2.2 Data sources

The data for this study come from the Statistical Yearbook of Urban Construction in China (2011-2021) published by
the Ministry of Housing and Urban-Rural Development of the People's Republic of China, as well as the official
websites of the governments of the six prefectural-level cities in the Guangzhou metropolitan area, the Statistical
Yearbook of the Guangzhou Metropolitan Area (2012-2022) published by the Bureau of Statistics of the People's
Republic of China, and the bulletin of the state of ecological environment published by the Guangdong Provincial
Bureau of Ecological Environment.

3. Methodology
3.1 Theoretical framework

The main connotation of metropolitan green development lies in promoting the coordinated and sustainable develop-
ment of cities and their surrounding regions through ecological prioritization, efficient resource utilization, and low-
carbon development. It emphasizes protecting the ecological environment during urbanization, optimizing land use,
improving resource efficiency, reducing carbon emissions, promoting clean energy and green transportation, and
fostering the application of green industries and innovative technologies [35]. At the same time, metropolitan green
development focuses on social inclusiveness, ensuring that the benefits of development reach all groups, and building
livable, resilient, and low-carbon urban agglomerations through policy guarantees, regional collaborative governance,
and public participation. The ultimate goal is to achieve the harmonious integration of economy, society, and the
environment, creating a modern metropolitan area where humans and nature coexist in harmony [36]. In light of the
connotation of green development and the unique characteristics of metropolitan development, this study integrates
multidisciplinary knowledge from sustainable development theory, ecological economics theory, regional develop-
ment theory, and systems science to construct a theoretical framework for evaluating the level of green development
in metropolitan areas from economic, social, environmental, spatial, and management dimensions. Among these,
sustainable development theory emphasizes the coordinated development of economy, society, and the environment,
suggesting that metropolitan green development should aim for sustainability [37, 38]. Ecological economics theory
focuses on the interaction between economic systems and ecosystems, highlighting resource efficiency and environ-
mental carrying capacity [39, 40]. Regional development theory studies the spatial structure, resource allocation, and
coordinated development within and beyond metropolitan areas, providing a spatial perspective for green develop-
ment [41]. Systems science theory treats metropolitan areas as complex systems, analyzing the interactions and over-
all functions of their internal elements [42]. The theoretical framework for evaluating the level of green development
in metropolitan areas should center on sustainable development, integrating economic, environmental, social, and
spatial factors to construct a scientific evaluation index system and methodology. Through systematic analysis and
dynamic assessment, key influencing factors can be identified, and targeted policy recommendations can be proposed
to promote green, low-carbon, and sustainable development in the Guangzhou Metropolitan Area. Figure 1 shows
the theoretical basis for the research method in this study.
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Figure 1. Research framework.

3.2 Evaluation System

In 2015, China put forward the concept of green development: the harmonious coexistence of human beings and
nature is its value orientation; green, low-carbon, and recycling are its primary principles, and ecological civilization
construction is its fundamental focus. Based on the theoretical foundation of green development, drawing on the
green development index system constructed by the China Green Development Index Report in 2010, the green
development index system jointly compiled by the National Development and Reform Commission and other depart-
ments in 2016, as well as the relevant literature [6, 8, 10, 43, 44], and according to the principles of data scientificity
and accessibility, three guidelines of green economic growth, green environmental governance, and green policy
investment were used to, the indicator system of green development level of Guangzhou metropolitan area was con-
structed, as shown in Table 1.

Table 1. Index system of green development level in the Guangzhou metropolitan area

Criterion Indicator (unit) Meaning Properties Weights
X1 Energy consumption per unit of GDP the level of energy consumption .
o and energy saving and consumption Negative 0.044
(tons/million yuan) .
reduction
Green Eco- XZ GDP per capita the overall level of economic devel- Positive 0110
nomic Growth . (mllhon yuap/person) . opment ‘
X3 Ratio of disposable income of urban and  the differences in the lives of resi- Negati
. o egative 0.046
rural residents (million yuan) dents
X4 Value added of tertiary industry in GDP the characteristics of industrial Positive 0.090
(%) structure
X5 Forest cover (%) the state of the forest ecosystem Positive 0.069
X6 Greening coverage rztte of urban built- the degree of greening in built-up Positive 0.044
up areas (%) areas
X7 Ratio of good air quality days (%) the air quality condition Positive 0.032
Green Environ- i itvi
mental Govern- X8 Park green space per capita (m*/person) the degree of gr;:;::;ng equity in the Positive 0.053
ance X9 Centralized treatment rate of sewage . . .
treatment plants (%) pollution control capacity Positive 0.023
X10 Harmless treatmeng rate of domestic pollution control capacity Positive 0.029
garbage (%)
X11 Population density (people/m?) population distribution Negative 0.082
X12 Science, education, culture, and health . ..
- . the strength of investment decisions .
expenditures as a share of fiscal spending . bli . Positive 0.037
%) in public service governance
X13 Investment in Landscaping as a Share  the strength of greening investment Positive 0.140
Green Policy In- of Fixed Assets (%) decisions ’
vestments X14 Drainage Investment as a Share of the strength of investment decisions Positi
. o . . ositive 0.126
Fixed Assets (%) in drainage
X15 Agriculture, Forestry and Water Affairs . ..
Expenditures as a Share of Fiscal Expendi- the strength of investment decisions Positive 0.076

tures (%)

in agriculture
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The green economic growth dimension reflects the overall level of the economy, economic efficiency, economic
structure, living differences, and other indicators; the green environmental governance dimension mainly reflects the
green infrastructure and human habitat creation in the process of regional development in a comprehensive manner,
mainly including pollution treatment, air quality, forest green space, and other indicators; thirdly, the green policy
investment reflects the degree of investment and focus on the policy in the green development. Third, green policy
investment demonstrates the degree of policy investment and focuses on green development, mainly including in-
vestment in public service governance, green investment, drainage investment, and agricultural investment [45, 46].
Weights were calculated using the entropy method (Section 3.3).

3.3 Entropy method

The entropy value method can effectively eliminate the interference of subjective factors and scientifically and ob-
jectively reflect the state of regional green development. In the entropy value method, the higher the entropy value
of information, the better the balance of the system structure is, and the smaller the change of the original data is.
Therefore, the final entropy value can reflect the importance of each indicator [47]. It is assumed that n evaluation
years and m evaluation indicators are involved in the y evaluation indicator levels in the indicator system of green
development level in the Guangzhou metropolitan area, where i is the number of evaluation years and j is the number
of evaluation indicators; min{Xm} and max{Xm} denote the minimum and maximum values in the m th evaluation
indicator in all the years, respectively. The specific steps are as follows:

(1) Data standardization is carried out.

Positive indicator standardization calculation method:

X'wm = Xpm —min{X,,}) / (max{X,,} — min{X,,}) (1)
Negative indicator standardization calculation method:

X'om = (min{Xp} — Xnm) / (max{X,,} — min{X,,}) 2
(2) The weight of the m th indicator in year # is calculated:

Yom = X’nm/Z;.l:lX’nm 3)
(3) Calculate the information entropy value of the indicator:
em=—kY\ 1 (Vpm *InY), k= — 0<e,<1 4)
(4) Weighting of indicators:
Wo=1—en/Shyl-em 5)
(5) Calculate the value of individual indicator ratings:
Spm = W * X'nm (©)
(6) Calculate the overall value of the level of green development:
Sp = Z;n Snm ™)
3.4 Coefficient variation method

The coefficient of variation can be used to calculate the degree of spatial difference in the level of green development
in the Guangzhou metropolitan area [48]. The calculation formula is as follows:

cv=_ (8)

x|

6 = I, —w?/n ©)
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p=XS/n (10)

Where CV denotes the coefficient of variation of the green development level of each city in the Guangzhou
metropolitan area, 0 denotes the standard deviation of the green development level of the Guangzhou metro
area, and u denotes the average value of the green development level of each city in the study area. The
smaller the value of the coefficient of variation, the more balanced the level of green development in the
Guangzhou metropolitan area, i.e., the smaller the gap.

3.5 Obstacle degree model

The model mainly adopts three indicators, namely factor contribution degree, indicator deviation degree, and
obstacle degree, to judge the main obstacle factors of the green development level of the Guangzhou metro-
politan area [49]. Among them, the factor contribution degree (F;;) is the degree of influence of a single factor
on the total goal, i.e. the weight of a single factor on the total goal; the indicator deviation degree (/;;;) indi-
cates the gap between a single indicator and the green development indicator; and the obstacle degree (Ojj)
means the value of the influence of a single indicator on the green development level. The specific calculation
formula is as follows:

Lije =1 — Pyj¢ (12)
Ogje = lije * e * 100% (13)

Y121 (Fijlije)
4. Results
4.1 Temporal Changes

4.1.1 Overall level analysis

Facing the construction of a beautiful China and the target requirements and background of carbon peak and
carbon neutrality, the overall level of green development in the Guangzhou metropolitan area shows an up-
ward trend. However, there is a certain degree of volatility. Figure 2 shows a slight decrease in 2013, 2014,
and 2021; the green development level is the lowest in 2014, with an evaluation value of 0.338, and the green
development level is the highest in 2020, with an evaluation value of 0.446. From 2011 to 2021, the index of
the level of green development in the Guangzhou metropolitan area grew from 0.330 to 0.434, with an increase
value of 0.104, which is an increase of 31%. It indicates that the economic-social-ecological-policy coordi-
nation of the Guangzhou metropolitan area is constantly improving, the construction of ecological civilization
has achieved new progress, and the quality of the environmental environment has continued to improve.

As shown in Figure 3, the average value of green development level of six cities in the Guangzhou metropolitan
area from 2011 to 2021 is ranked from most significant to most miniature: Shaoguan City, Yunfu, Qingyuan,
Zhaoqing, Guangzhou, and Foshan. Foshan is a traditional manufacturing city facing more significant industrial
transformation and ecological construction challenges. Although the trend of green economic growth is evident, the
average value of green environmental governance and green investment is low, which leads to the average value of
Foshan City's green development level being the lowest among the six cities, so attention needs to be paid to the
enhancement of green environmental governance and investment in green policies in the later stage. As the core city
of the Guangzhou metropolitan area, Guangzhou's green development level encounters the same dilemma as Foshan.
Guangzhou has the highest value for green economic growth and is at the middle level of green environmental gov-
ernance. Still, the green policy investment aspect is not very satisfactory, affecting Guangzhou's overall green devel-
opment level. This is mainly due to the high population density and economic density of Guangzhou City, which is
low in terms of the proportion of green policy investment, and the green infrastructure construction and green policy
investment can be increased in the later stage. In recent years, Guangzhou Municipality has practiced the concept of
green development and harmonious coexistence of humans and nature, formulated and introduced several rules and
regulations, constructed ecological and environmental safety defense, and achieved significant achievements in green
policy and environmental control. As the fringe cities of the Guangzhou metropolitan area, Shaoguan, Yunfu,
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Qingyuan, and Zhaoqing rely on a higher average value of green development level, and the green economic growth
value of these cities is actually in the lower middle level, but higher than Guangzhou and Foshan in terms of green
environmental governance and green policy investment.

0.30 Green policy investment
Green environmental governance
040 ¢
030 ¢
020 ¢

IR R

2011 2012 2013 2014 2015 2018 2017 2018 2019 2020 2021

Figure 2. Overall level of green development in the Guangzhou metropolitan area (2011-2021).

® Green policy investment
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Yunfu
Qingyuan
Zhaoqing
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Shaoguan

Guangzhou

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Figure 3. Average green development level in the Guangzhou metropolitan area (2011-2021).

4.1.2 Differences in the level of green development between municipalities
From 2011 to 2021, the level of green development in the six cities of the Guangzhou metropolitan area generally
shows a fluctuating upward trend. As shown in Figure 4, the rising trend of the comprehensive level of green
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development in Guangzhou is relatively gentle, and the extensive level of green development in Yunfu has a greater
degree of fluctuation. The average growth rate from high to low is Foshan, Guangzhou, Qingyuan, Yunfu, Zhaoqing,
and Shaoguan. At the same time, the difference between the highest and lowest comprehensive levels of green devel-
opment of the six cities in the Guangzhou Metropolitan Area narrowed from 1.54 to 1.4, with a narrowing gap. In
recent years, the growth rate of energy consumption per unit of industrial added value and GDP energy consumption
of the cities in the Guangzhou Metropolitan Area has decreased significantly, which indicates that specific progress
has been made in improving the energy structure and optimizing the industrial structure; at the same time, it has
reduced the emission of the 'three wastes', increased the rate of urban sewage treatment and the rate of harmless
treatment of urban rubbish, and continued to strengthen the construction of urban parks and green spaces, and im-
proved the quality of the urban parks and green spaces. At the same time, it has reduced 'three wastes' emissions,
increased the urban sewage treatment rate and the rate of harmless treatment of urban garbage, and continuously
strengthened the construction of urban parks and green spaces, thereby improving the quality of the human environ-
ment and the quality of life.

060 I Guangzhou ®Shaoguan ®Foshan © Zhaoging ™ Qingyuan ® Yunfu
050 |
040
030
020

010 f

0.00
2011 2012 2013 2014 2015 2016 2017 2018 201% 2020 2021

Figure 4. Trend of Green Development in the Guangzhou Metropolitan Area (2011-2021).

(1) Green economic growth

As shown in Figure 5, during 2011-2021, the green economic growth of the six cities in the Guangzhou metropolitan
area generally indicates a steady upward trend, reflecting a good development trend. Among them, Guangzhou and
Foshan have the highest level of green economic development. They are significantly higher than other cities, reflect-
ing that Guangzhou and Foshan have made significant progress in the green economic growth and industrial structure
transformation, and have played a good demonstration effect and driving role. Shaoguan, Zhaoqing, Yunfu, and Qing-
yuan cities' green economic growth development levels are generally closer. The ratio of the highest to the lowest
level of green development of the six cities in the integrated level of the highest and lowest city from 6.32:1 narrowed
to 2.85:1; the spatial difference is significant, and the gap is a narrowing trend. Although the green economic growth
trend of the Guangzhou metropolitan area is better, it faces greater regional environmental control and governance
requirements in optimizing the regional economic, spatial structure, and industrial network connection. Therefore, it
is necessary to strengthen the advantage of giving full play to the rich ecological resources of Yunfu, Shaoguan
northern ecological development area, and Zhaoqing to improve the overall environmental environment quality of
the metropolitan area; on the other hand, enhance the ability of urban environmental collaborative governance, es-
tablish a long-term mechanism for the coordinated development of the ecological civilization and the economy, and
jointly promote the level of green economic growth in the Guangzhou metropolitan area.
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Figure 5. Trend of green economic growth in the Guangzhou metropolitan area, 2011-2021.

(2) Green environmental governance

As shown in Figure 6, the values of green environmental governance in the four cities of Shaoguan, Zhaoqing, Qing-
yuan, and Yunfu are higher than those of Guangzhou and Foshan. It is mainly because Yunfu and Shaoguan are in the
northern ecological development area of Guangdong Province, and Zhaoqing and Qingyuan have rich environmental
resources, which improve the air quality index and less pressure on pollution control; however, Guangzhou and Fo-
shan have high population heights and high economic densities, large urban built-up areas, and small proportions of
green and the forested regions, which make the task of environmental protection and pollution control higher. How-
ever, the growth rate of the development level of green environmental governance in Foshan City and Guangzhou
City is still relatively obvious.

035
® Guangzhou ® Shaoguan » Foshan
030 Zhaoqing ® Qingyuan = Yunfu

0.25
0.20

0.15

0.05

0.00
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 6. Trend of green environmental governance in the Guangzhou metropolitan area (2011-2021).
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At the same time, the ratio of the highest to the lowest level of green ecological governance in the six cities of the
Guangzhou metropolitan area has narrowed from 2.93:1 to 2.61:1, and the gap is narrowing. At a later stage, by
deepening the reform of the ecological civilization system, the Guangzhou metropolitan area will further optimize
and improve the ecological and environmental governance system, enhance the quality and efficiency of ecological
and environmental protection, and provide a more solid ecological guarantee for green development.

(3) Green policy investment
From 2011 to 2021, the overall trend of green policy investment development level in the six cities of the Guangzhou
metropolitan area has a greater degree of fluctuation.

0.25 - mGuangzhou m Shaoguan = Foshan » Zhaoging m Qingyuan = Yunfu

0.20
0.15
0.10

0.05

0.00

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 7. Trend of green policy in the Guangzhou metropolitan area (2011-2021).

As shown in Figure 7, Shaoguan, Qingyuan, and Yunfu cities have a greater degree of fluctuation in the level of
green policy investment development; Guangzhou and Foshan have a lower value of green policy investment level.
This is mainly because Guangzhou and Foshan have a larger economic development volume, and there is more pres-
sure on green policy investment. In contrast, green investment primarily comes from local financial input; the degree
of social public participation is not strong, and there is not enough diversification of the investment body. At the same
time, there is a lack of intrinsic incentives for green investment [50]. Of course, Guangzhou and Foshan's green policy
investment development level of the growth rate is more prominent in the economic development to improve the
support of green development of the fiscal, financial, investment policies and standards system, focusing on the nat-
ural ecosystem and economic and social system of the virtuous cycle, and promoting the formation of a spatial pattern
of resource conservation and environmental protection. However, the highest to lowest green policy investment de-
velopment ratio in the six cities increased from 4.13:1 to 4.2:1, and the gap is widening. Therefore, the development
of green investment policy in the Guangzhou metropolitan area in the later stage reflects more synergistic cooperation
and needs to consider the policy's coordination, operability, and dynamics from a global and overall perspective,
focusing on the synergistic effect of the policy. Based on regional differences and synergies, economic development
should be combined with green and low-carbon transformation to optimize the efficiency of the government's guid-
ance for green development and the overall quality of services.
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4.2 Spatial Evolution Characteristics

Through the calculation of the coefficient of variation of green development level, it is found that the coefficient of
variation of green development level of the Guangzhou metropolitan area decreased from 0.1365 in 2011 to 0.1129
in 2021, indicating that the regional difference of green development level of Guangzhou metropolitan area gradually
changes from the characteristic of 'low level-with big gap' to the characteristic of 'high level-with small gap'. It shows
that the regional difference in the green development level of the Guangzhou metropolitan area gradually changes
from the characteristic of 'low level - large gap' to the characteristic of 'high level - small gap'. As can be seen from
Figure 8, from the point of view of the composition of the evaluation system of the green development level in this
study region, except for the coefficient of variation of green policy investment, which is more fluctuating and de-
creasing, the level of green economic growth and the level of green environmental governance are both in a steady
state decreasing trend. Among them, the coefficient of variation of the green economic growth level is decreasing
more significantly, indicating that the gap between the green economic growth levels of the six cities in the Guang-
zhou metropolitan area is continuously narrowing, and the synergy of the green economic growth is better.

—o— Comprehensive level of green development

0.70 r Green economic growth
Green environmental governance
0.60 Green policy investment
0.50
040 r
030 r
020 r
o | ‘\‘\/\‘/‘\\-
0.00 . . . . . . . . g

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 8. Coefficient variation of green development level in the Guangzhou metropolitan area (2011-2021).

To make the green development level situation of the six cities in the Guangzhou metropolitan area more intuitive,
the spatial characterization of the green development level values of the towns in the Guangzhou metropolitan area
was carried out by operating the ArcGIS software and using the natural intermittent point grading method, which is
classified into three grades: low, medium, and high. Three-time nodes, 2011, 2016, and 2021, were selected to analyze
the spatial evolution of the three dimensions and the composite index of the green development level of the six cities
in the Guangzhou metropolitan area.

The spatial distribution of the green economic growth level in the Guangzhou metropolitan area changes little from
2011 to 2021, with the distribution of high-level and low-level regions relatively fixed, and only Zhaoqing changing
from medium to low level, while the other five cities remain unchanged, presenting a spatial pattern of 'high in the
middle and low on both sides'. Guangzhou, as the capital city of Guangdong Province, has always had the highest
level of green economic growth and is far ahead of other cities. Foshan stays at the middle level, and Zhaoqing lags
slightly behind in green economic development. In terms of the level of green environmental governance, the spatial
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pattern of the Guangzhou metropolitan area changes relatively little from 2011-2021, except for Zhaoqing and Yunfu,
which change from a high level to a medium level, the level of green development of the other cities remains un-
changed, showing a spatial pattern of low in the southeast and high in the northwest. Among them, Shaoguan has a
high level of green environmental governance. In contrast, Guangzhou and Foshan City have a low level, suggesting
that rapid economic development may also bring ecological pollution problems and insufficient greening. The spatial
distribution of green policy investment levels in the Guangzhou metropolitan area is relatively variable. Yunfu is
always at a high level, Shaoguan is at a medium level, Guangzhou is at a low level, Qingyuan changes from a high
level to a medium level, Zhaoqing changes from a high level to a medium level, and Foshan changes from a medium
level to a low level. Qingyuan, Guangzhou, and Foshan have a relatively low percentage of investment in green
policies during the study period, which needs to be paid more attention to.

The spatial pattern of the overall green development level of the Guangzhou metropolitan area in 2011 and 2021
is the same, with a pattern of 'low in the middle and high in the periphery', in which the green development level of
Yunfu, Zhaoqing, and Shaoguan are all at a high level in the Guangzhou metropolitan area, followed by Qingyuan
and Guangzhou, and Foshan is at a low level. In 2016, the green development level of Yunfu and Zhaoqing, was
slightly reduced to a medium level. Comprehensively, the green development level index of Shaoguan is stable at a
high level, Qingyuan and Guangzhou are ranked at a medium level, and the green development level of Foshan has
been at a low level compared with the other five cities. The higher level of green development in the Guangzhou
metropolitan area is the neighbouring cities, which have relatively low population density, high forest coverage and
air quality, and better green environmental governance and green investment policies. Foshan is a substantial manu-
facturing base in China, with the 4th largest industrial scale in the country and a high level of economic development,
but with a high population density, an industrial structure that favors high energy-consuming industries, and environ-
mental protection that requires a more significant investment in management costs, which, to a certain extent, restricts
its green development.

4.3 Analysis of Influencing Factors

The factors of green development in the Guangzhou metropolitan area are calculated through the barrier degree model,
as shown in Table 2; the main factors are GDP per capita (X2), the proportion of investment in landscaping and
greening to fixed assets (X13), the proportion of drainage investment to fixed investment (X74), the proportion of
output value of the tertiary industry to GDP (X4), the proportion of expenditure on agriculture, forestry, and water
affairs to fiscal expenditure (X75), and urban population density (X77). These main obstacle factors behave differently
in different cities. Among them, Guangzhou mainly exists obstacle factors such as the proportion of agricultural,
forestry and water affairs expenditures to fiscal expenditures, the proportion of investment in landscaping and green-
ing to fixed assets, and the proportion of investment in drainage to fixed investment; Shaoguan mainly exists obstacle
factors such as GDP per capita, the proportion of investment in landscaping and greening to fixed assets, the propor-
tion of tertiary industry output value to GDP, and the proportion of investment in drainage to fixed investment; and
Foshan mainly exists urban population density, Foshan city mainly exists urban population density, tertiary industry
output value accounted for the proportion of GDP, landscaping investment accounted for the proportion of fixed
assets, drainage investment accounted for the proportion of fixed investment, agriculture, forestry and water affairs
expenditures accounted for the proportion of fiscal spending and other obstacle factors; Zhaoqing, Qingyuan and
Yunfu are mainly exists per capita GDP, tertiary industry output value accounted for the proportion of GDP, land-
scaping investment accounted for the proportion of fixed assets, drainage investment accounted for the proportion of
fixed investment and other obstacle factors.

Overall, the proportion of investment in landscaping to fixed assets (X/3) and the proportion of investment in
drainage to fixed investment (X/4) have the highest frequency, indicating that the insufficient proportion of fixed
investment in landscaping and drainage in the six cities of the Guangzhou metropolitan area is the most critical factor
affecting the level of green development. Except for Guangzhou, the top three barriers to green development levels
in the other five cities include the proportion of tertiary industry output to GDP. Hence, the industrial structure of
each city needs to be adjusted.
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Table 2. The top three obstacle factors and obstacle degree of green development level in the Guangzhou metropolitan area

Guangzhou Shaoguan Foshan Zhaoqing Qingyuan Yunfu

X3 x4 xis | x13 x4 x2 | xi3 x4 x4 | x13 x4 X2 | X3 x4 X2 | X13 x4 @ x2
2011

2164 1802 1086 | 2545 1978  14.63 | 1966 17.12 994 | 2288 21.55 1376 | 23.10 1826 13.12 | 2461 1675 1477

X3 X4 XI5 | X13 X4 X2 | X13 x4 x4 | xi3 x4 X2 | X4 @ x2 X4 | x13 x4 X2
2012

2220 1887 1058 | 2553 1921 1485 | 2070 1867 978 | 24.14 21.04 1324 | 2779 1748 1092 | 22.62 1820 1491

X3 X4 XI5 | XI13 X4 X2 | X13 X4 x4 | X13 x4 X2 | x4 X13 X2 | X4 XI3 X2
2013

21.87 1887 1060 | 2599 1956 14.19 | 1882 1771  9.61 | 23.12 2096 1230 | 2147 1856  14.88 | 2012 19.86  15.00

X3 X4 XI5 | XI3 X2 X8 | x13 x4 x4 | xi3 x4 X2 | xXi3 x4 X2 | X3 X4 X2
2014

2143 1899 1142 | 2941 1576 9.5 | 1965 1820 9.82 | 2390 2094 1224 | 2328 2196 1337 | 22.58 2032 1279

X3 X4 XI5 | XI3 X4 X2 | XI3 X4 XI5 | X13 x4 X2 | xi3 x4 X2 | X3 X4 X2
2015

2257 1996 1141 | 2941 1564 1563 | 2004 1841  9.61 | 2464 2085 1229 | 2458 23.17 1391 | 2460 2215 13.70

X3 x4 xis | x13 x2 x4 | xi3 x4 xi5 | xi3 x4 X2 | xi3 x4 X2 | X13 X2 X4
2016

2330 193 1196 | 28.64 1598 1564 | 21.68 2018 1090 | 2475 22.01  12.02 | 2491 2240 13.08 | 27.25 1485 1173

X3 X4 XI5 | XI13 X4 X2 | Xi3 X4 XI5 | X3 x4 x2 | xi3 x4 X2 | X4 X2 X4
2017

2262 1858 1217 | 2476 1794 1386 | 21.19 1896 1043 | 2529 2181 1229 | 2688 2174 1400 | 28.83 1718  9.64

X3 x4 xis | x13 x4 x2 | xi3 x4 xi5 | xi3 x4 X2 | xi3 X4 X2 | X13 X2 XM
2018

2347 1796 1240 | 2642 2209 13.08 | 21.51 1928 1109 | 2634 23.03 12.04 | 27.98 21.85 1456 | 27.18 1600 1426

X3 X4 XI5 | X13 x4 X2 | X3 x4 xis | X3 x4 x2 | xi3 x4 X2 | Xi3 x2 X4
2019

2477 1671 13.07 | 2673 2374 1281 | 2192 1912 1120 | 2812 1782 1237 | 2584 2096 1370 | 3407 1790  10.04

X3 X4 XI5 | XI3 X2 X4 | xi3 x4 X1l | X3 X4 X2 | XI3 X4 X2 | X13 X4 X2
2020

2550 1480 13.60 | 2540 1744 1002 | 21.89  19.86 1130 | 2882 1562 1294 | 2687 2136 1297 | 27.96 21.00  14.12

X3 X4 XI5 | XI13 Xxi4 X2 | X13 X4 x| Xx13 x4 X4 | xi3 x4 X2 | X3 X4 X2
2021

2467 1884 1347 | 3014 2309 1342 | 2022 1998 1175 | 29.40 1728 1174 | 23.02 2255 1245 | 2578 2199  13.94
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5. Discussion

China's green development indicators have become an essential part of national policies, with green development as
an important guiding concept for ecological civilization, the construction of a "Beautiful China," and global economic
restructuring [34]. The level of green development refers to the comprehensive performance of a country or region
that pays attention to environmental protection and pursues sustainable economic development. This concept covers
resource conservation, environmental protection, ecological restoration, green industry, and technology. With the
promotion of carbon peak and carbon neutral policies, as well as the United Nations' sustainable development goals,
green development faces challenges such as economic growth remodeling, performance appraisal mechanisms, the
update of energy-saving technologies, and public awareness of environmental issues. In the context of high-quality
development, the enhancement of scientific and technological innovation thinking, and the high-speed development
of big data, the concept, methodology, planning, and implementation of green development are being examined and
reflected [51, 52]. This study seeks to construct a green development index system under the framework of "green
economic growth—green environmental governance—green policy investment." It conducts a comprehensive study
on the measurement, spatial evolution, and influence of the mechanism of green development level in the Guangzhou
metropolitan area. However, due to the theoretical comprehensiveness of green development, the complexity of its
extension, and differences in available statistics, the indicators of green development in the Guangzhou metropolitan
area are different from standard indicators. Methodologically, the study applies spatial analysis and obstacle degree
models, indicating potential for methodological diversity and precision. In the later stage, we will further consider
the theoretical connotation of green development, focus on the systematic, comprehensive, and coordinated qualities,
and improve the green development index system. Future research will compare methods across varying scales, carry
out dynamic studies, and forecast green development levels to strengthen the empirical significance of green devel-
opment research.

As one of the important metropolitan areas in Guangdong Province, the green development of the Guangzhou
metropolitan area has achieved certain results, but it also faces some challenges. Strengthening the green transfor-
mation of industries and regional coordination, increasing difficulty in continuously improving air quality, arduous
tasks in the green transformation of energy systems, and shortcomings in the circular economy system are all issues
that need to be continuously addressed in the future. Aligning with national green development goals, our findings
for Guangzhou highlight the critical role of policy investment and environmental governance.

Finally, updating the connotation of green development and constructing a scientific and comprehensive evaluation
system are key to promoting green development in metropolitan areas. Currently, evaluations need to comprehen-
sively consider multi-dimensional indicators such as economy, society, and environment, emphasizing data quality
and multi-source integration, while optimizing models by combining quantitative and qualitative methods. In the
future, big data and artificial intelligence should be leveraged to achieve intelligent evaluation and real-time moni-
toring. Regional collaboration and cooperation should be strengthened, public participation and environmental aware-
ness should be enhanced, and international experiences should be drawn upon to improve the evaluation system.
Through long-term tracking research and dynamic policy adjustments, the evaluation of green development in met-
ropolitan areas will provide strong support for achieving sustainable, low-carbon, and livable urban agglomerations.

6. Conclusion and Recommendation
6.1 Conclusion

From the three perspectives of green economic growth, green environmental governance, and green policy investment,
15 indicators were selected to construct an evaluation index system for the green development level of the Guangzhou
Metropolitan Area. Using the entropy method, the coefficient of variation method, and geographic information system
(GIS), the changes and spatial differences in the green development level of the Guangzhou Metropolitan Area were
analyzed. Based on the obstacle degree model, the influencing factors of the green development level in the Guang-
zhou Metropolitan Area were explored, and the following conclusions were drawn:

(1) The level of green development in the Guangzhou metropolitan area shows a general upward trend over the
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study period; this reflects the fact that the Guangzhou metropolitan area is continuously strengthening its green eco-
nomic growth, green environmental governance, and green policy investments, but there are still some differences
within the metropolitan area. Foshan City consistently ranks the lowest in comprehensive green development levels,
but has the highest growth rate. In addition, green economic growth is generally on a steady upward trend, while
green environmental governance and green policy investment fluctuate with an upward trend, with a greater degree
of fluctuation in the level of green policy investment. Guangzhou and Foshan lead in green economic growth levels
green economic growth level, but lag behind in green environmental governance and green policy investment com-
pared to the other four cities

(2) The coefficient of variation results show that the level of green development in the Guangzhou metropolitan
area has been decreasing in spatial differences. The regional difference is changing a "low level-large gap" to a "high
level-small gap," indicating better synergy in regional green development. However, there are still some spatial dif-
ferences within the metropolitan area. The spatial distribution of green development level shows a pattern of 'low in
the middle and high on both sides', with green development at a lower level in Foshan and a high level in Shaoguan.
To a certain extent, these affect the implementation of the green synergistic governance system in the Guangzhou
metropolitan area.

(3) Analyses of factors influencing green development help to identify the main issues and difficulties. Green
environmental governance and green policy investment are the main dimensions that affect green development in the
Guangzhou metropolitan area. Major influencing factors include the ratio of landscaping and greening investments
to fixed assets and the ratio of drainage investments to fixed investments. Other factors include the proportion of
tertiary industry output to GDP, per capita GDP, urban population density, and the proportion of agricultural, forestry,
and water affairs expenditures to fiscal expenditure. All these factors are the main directions for low-carbon devel-
opment, ecological construction, and environmental management in the Guangzhou metropolitan area.

6.2 Recommendations

6.2.1 Strengthen the linkage of the metropolitan area and build a regional green co-development mechanism
Under the opportunity of the current planning background, the Guangzhou metropolitan area establishes a reasonable
green development guarantee system to share the development results among cities. It builds a mechanism suitable
for the green development characteristics of the Guangzhou metropolitan area. Enhance the role of Guangzhou in
driving the green economic growth in the neighborhood and promote the central city's radiation to drive the neigh-
boring cities' joint development. Through mutual exchanges and collaboration among cities, promote the realization
of industrial complementarity and green development among cities, formulate countermeasures suitable for the green
development of their cities, to make the green development of the Guangzhou Metropolitan Area more balanced and
gradually narrow the gap in the level of green development among cities, which will be conducive to the formation
of a regional economic layout with complementary strengths and high-quality development. Establishing a strict
green development management system, implementing green policies and investments according to the standard in-
dicators, and improving the green social security system will enable the residents of the cities in the Guangzhou
metropolitan area to share the fruits of green development.

6.2.2 Focus on green environmental governance and increase green investments

The Guangzhou metropolitan area needs to increase its green policy investment and put more effort into creating
livable green urban space. In terms of green ecological governance and green policy investment, it is recommended
that each city set up reasonable incentives and welfare benefits to attract more professionals and realize innovative
eco-construction models in science and technology. Guangzhou and Foshan still have a lot of room for progress in
green environmental governance and policy investment. In the future, it is necessary to strengthen the government's
guidance and social participation, strengthen the government's role in planning and guiding green investment, regu-
lating operations, service guarantee, etc., and establish a sound incentive and constraint mechanism to support the
market-oriented and professional development of green finance. At the same time, we need to explore new modes of
intelligent and refined management in green environmental governance.
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6.2.3 Optimize the layout of the industrial structure and vigorously develop the green economy

The proportion of tertiary industry output to GDP is the main obstacle affecting most Guangzhou Metropolitan Area.
Economic growth is the foundation and driving force of green development, and cities with a particular economic
foundation can make more significant investments in environmental pollution control. To strengthen the structural
adjustment of primary and secondary industries in the cities of Guangzhou Metropolitan Area, to increase the invest-
ment in science and technology, and to improve the production efficiency and energy utilization rate, the six towns
of Guangzhou Metropolitan Area, which have an excellent ecological environment, should give full play to their
advantages, and vigorously promote the development of tertiary industries. For example, Foshan City should empha-
size the vital role and critical influence of ecological environmental protection on high-quality development and
scientifically build a modern green development system.
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