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Abstract: Rapid urbanization has led to a growing number of environmental challenges in large
parts of China, where the Yangtze River Delta (YRD) urban agglomerations serve as a typical
example. To evaluate the relationship between environmental sustainability gaps and urbanization
in 26 cities of the YRD, this study revisited the environmental sustainability assessment (ESA)
by combining the metrics of environmental footprints and planetary boundaries at the city level,
and then integrated the footprint-boundary ESA framework into decoupling analysis. The results
demonstrated considerable spatiotemporal heterogeneity in the environmental sustainability of water
use, land use, carbon emissions, nitrogen emissions, phosphorus emissions and PM; 5 emissions
across the YRD cities during the study period 2007-2017. Decoupling analysis revealed a positive sign
that more than half of the 26 cities had achieved the decoupling of each category of environmental
sustainability gaps from urbanization since 2014, especially for nitrogen and phosphorus emissions.
On the basis of ESA and decoupling analysis, all the cities were categorized into six patterns, for which
the optimal pathways towards sustainable development were discussed in depth. Our study will
assist policy makers in formulating more tangible and differentiated policies to achieve decoupling
between environmental sustainability gaps and urbanization.

Keywords: urbanization; decoupling; environmental sustainability; footprint; boundary; the Yangtze
River Delta

1. Introduction

China has experienced unprecedented urbanization over the past few decades. The urbanization rate
has risen from 20.9% in 1982 to 60.6% in 2019 [1]. However, with the ever-expanding infrastructure and
manufacturing companies, many regions in China are suffering from severe environmental challenges
such as water scarcity, land shortage, climate change, eutrophication, and air pollution [2-5]. For example,
rapid urbanization was found to be a major driver of water shortage in the Beijing-Tianjin-Hebei
region [6] and of increasing PM, 5 concentrations throughout China [7]. The considerable contribution of
urbanization to China’s warming over the period 1961-2013 has been proved as well [8]. All these have
posed substantial obstacles to the Sustainable Development Goals (SDGs).

International scientific community has a long history of exploring the relationship between
environmental pressure and economic growth, as exemplified by environmental Kuznets curve (EKC)
hypothesis and decoupling analysis [9]. The aim of the EKC hypothesis is to test the inverted U-shaped
relationship between environmental degradation and economic development [10]. The EKC hypothesis
has been verified by some cases [11,12], while it has not by other cases [13,14]. The term “decoupling”
refers to delinking economic growth from environmental pressure [15]. Since global economic growth
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has been realized at the expense of causing resource depletion and environmental degradation in
the last few decades, pursuing decoupling is urgent for achieving SDGs, especially for developing
countries such as China [16,17]. To date, some quantitative indicators for decoupling analysis have
been developed [18]. The Organization for Economic Co-operation and Development proposed, for the
first time, a model for decoupling analysis, leading to the prevalence of the concept “decoupling” [19].
Later, Tapio redefined decoupling by developing “elasticity”, whereby the elastic index was divided
into eight degrees such as strong decoupling and weak decoupling [20].

There are a large number of studies on the decoupling of carbon dioxide (CO,) emissions as
well as other environmental emissions and resource consumption from economic growth [21-24].
For example, Wang et al. compared the decoupling degrees of CO, emissions from economic growth
in China and the USA during 2000-2014 [25]. Zhang et al. found that PM; 5 emissions in China were
weakly decoupled with economic growth over 1998-2016 [26]. Wang and Wang argued that more than
60% of Chinese provinces showed strong decoupling of water resources consumption from economic
growth after 2011 [27]. Szigeti et al. observed the decoupling relationship between ecological footprint
and economic growth in around 89% of the nations across the world in 1999-2009 [28]. A similar
decoupling was recognized by Fan et al. who investigated energy consumption and economic growth
in the Qinghai-Tibet Plateau region from 2006 to 2016 [29]. Yu et al. explored the decoupling of
ammonia nitrogen with economic growth in China during 1978-2010 [30].

The majority of literature chose gross domestic production (GDP) as the representative of
economic growth [31]. Some others made use of GDP per capita [32], Human Development Index [33]
or Happiness Index [34] instead. By contrast, a few studies focus on the nexus between environmental
pressure and urbanization, even though urbanization also has a very close tie to human activities.
Urbanization is an evolving concept that can be reflected in several ways, such as population
urbanization, land urbanization, and industrial urbanization [35]. A positive correlation between
urbanization and economic growth has been broadly proved [36]. For example, Bao and Zou explored
the decoupling between urbanization quality and water resources in Northwest China, and found
a strong decoupling in the whole region during 2000-2014 [37]. Wang et al. developed and verified
the so-called “environmental urbanization Kuznets curve” in China, showing that CO, emissions
increased at the early stage of urbanization and then reduced after a tipping point [38]. Some studies
conducted a coupling coordination analysis of urbanization with environmental quality [39,40] and
energy efficiency [41].

Overall, decoupling analysis reveals the relative changes between environmental pressure and
socioeconomic development, and therefore could provide decision makers with some important
information on formulating policy targets. However, few of the existing studies took into account
the environment’s carrying capacity [19], leaving environmental sustainability assessment (ESA) a
neglected field of the decoupling analysis. Environmental sustainability refers to the ability to remain
or improve the integrity of the Earth’s life supporting systems [42]. However, ESA is a powerful tool
to identify whether current environmental footprints are kept within permissible boundaries [43].
Here the environmental sustainability gap was defined as the gap between the environmental footprint
associated with specific human activities and the corresponding environmental boundaries [44,45].

As a single footprint indicator can only capture one-dimension of human activities, the footprint
family which accommodates a suite of environmental footprints enables a more sound evaluation of
human pressure on the environment [46,47]. The footprint family includes the ecological footprint [48],
the carbon footprint [49], the water footprint [50], the nitrogen footprint [51], the phosphorus
footprint [52], the PM, 5 footprint [53], etc. On the contrary, the planetary boundaries framework
serves as a measure of capacity thresholds for the corresponding environmental footprints [54].
The combination of the environmental footprints and downscaled planetary boundaries opens a new
way of ESA [43].

In this study, we attempted to integrate ESA into decoupling analysis, to allow for a better
understanding of the relation between urbanization and environmental sustainability gaps in a typical
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example of Chinese urban agglomerations. The remainder of this paper is structured as follows:
Section 2 illustrates the methods and data sources; results of ESA and decoupling analysis are presented
in Section 3; Section 4 shows discussion and policy implications; and Section 5 provides the conclusions
of this paper.

2. Materials and Methods

2.1. Study Area

The Yangtze River Delta (YRD) is one of China’s most developed regions and the world’s
sixth-largest urban agglomeration [55]. It is located in the Middle-Lower Yangtze Plain, Eastern China,
consisting of 26 cities, including Shanghai, nine cities in Jiangsu Province (Nanjing, Wuxi, Changzhou,
Suzhou, Nantong, Yancheng, Yangzhou, Zhenjiang and Taizhou), eight cities in Zhejiang Province
(Hangzhou, Ningbo, Jiaxing, Huzhou, Shaoxing, Jinhua, Zhoushan and Taizhou), and eight cities in
Anhui Province (Hefei, Wuhu, Maanshan, Tongling, Anging, Chuzhou, Chizhou and Xuancheng) [56].
Abbreviations for the YRD cities are listed in Table 1. In 2017, The YRD accounted for 10.8% of China’s
population, and 19.8% of national GDP. The urbanization rate of YRD as a whole reached a high level
of 71.5% in 2017, 13 percent more than the national average.

Table 1. List of city codes in the Yangtze River Delta.

City Abbreviation City Abbreviation
Anging AQ Shanghai SH
Changzhou CA Shaoxing SX
Chizhou CI Suzhou SZ
Chuzhou CU Taizhou (in Jiangsu) JT
Hangzhou HA Taizhou (in Zhejiang) ZT
Hefei HF Tongling TL
Huzhou HU Wuhu WH
Jiaxing JX Wuxi WX
Jinhua JH Xuancheng XC
Maanshan MS Yancheng YC
Nanjing NJ Yangzhou YZ
Nantong NT Zhenjiang Z]
Ningbo NB Zhoushan VA4

2.2. Environmental Sustainability Assessment

This paper applied a footprint-boundary ESA framework to evaluate environmental sustainability
by comparing environmental footprints associated with human activities with the corresponding
environmental boundaries [57]. Environmental sustainability gaps were measured by means
of environmental sustainability gap ratio (ESGR), defined as the ratio of a footprint to the

corresponding boundary:

ESGR; = % (1)
1

where ESGR; represents the environmental sustainability gap ratio of human activity i; EF; represents
the environmental footprint of human activity i; EB; represents the environmental boundary for human
activity . When ESGR < 1, the human activity is environmentally sustainable; when ESGR > 1,
the human activity is environmentally unsustainable.

2.2.1. Measuring Environmental Footprints

Six categories of environmental issues accompanied by city development were selected, leading
to the water, land, carbon, nitrogen, phosphorus and PM; 5 footprints. Here we defined the water
footprint as a city’s total water use, and the land footprint as a city’s appropriation of biologically
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productive land and water area, respectively. The carbon footprint was defined as a city’s CO,
emissions, which was estimated in a way recommended by the Intergovernmental Panel on Climate
Change [58]. We defined the nitrogen and phosphorus footprints as a city’s nitrogen and phosphorus
emissions associated with agricultural production, respectively. The PM, 5 footprint was defined as a
city’s annual PM; 5 concentrations. The formulas are as follows:

EF, = Z Wi @

where EF,, represents water footprint; Wy, represents the water consumption for product m.

£ =YY (a) ©

where EF; represents land footprint; P, represents the yield for product m grown in the land type #;
APy, represents the global average yield for product m grown in the land type n; r,, represents the
equivalence factor for land type n.

EF. = Z ECp-efin 4)

where EF, represents carbon footprint; ECy, represents the consumption of energy m; ef;, represents
the CO, emission factor for energy m.

EF,, = NF-NCnr + CE-NCc (5)

EFp = PF-PCpr + CF-PC¢r 6)

where EF, represents nitrogen footprint; EF, represents phosphorus footprint; NF represents
nitrogenous fertilizer use; PF represents phosphatic fertilizer use; CF represents compound fertilizer
use; NCnr represents nitrogen content of nitrogenous fertilizer; NCcr represents nitrogen content of
compound fertilizer; PCpr represents phosphorus content of phosphatic fertilizer; PCcr represents
phosphorus content of compound fertilizer.

2.2.2. Measuring Environmental Boundaries

Six categories of environmental boundaries were measured through three approaches,
namely place-specific resource availability, per capita-based emission allowance, and policy-based
concentration limit. Considering the significant spatial heterogeneity of water and land resources, the water
and land boundaries were assessed on the basis of a city’s resource availability. Since climate change
and eutrophication are among the most challenging global environmental issues [59,60], we followed the
equality-based sharing principles to determine the carbon, nitrogen and phosphorus boundaries on a per
capita basis [61,62]. This paper defined the PM; 5 boundary as 35 ug/m3 according to the Chinese Ambient
Air Quality Standard [63].

Following Rockstrom et al. who set 40% of the Earth’s total renewable water resources as planetary
water boundaries [54], this paper defined a city’s water boundary as 40% of its total renewable
water resources:

EB, = O.4~(p-y-% @)

where EB,, represents water boundary; y represents water resource balance factor; ¢ represents water
resource production factor; Q represents the total amount of water resources; P represents the average
production of water resources.

In keeping with land footprint, the land boundary was defined as a city’s availability of biologically
productive land and water area, where a 12% deduction was required for biodiversity protection:

EB; = 0.88 Z(An~rn-yn) (8)
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where EB; represents land boundary; A, represents the area of land type n; y, represents the yield
factor for land type n.

The carbon, nitrogen and phosphorus boundaries were measured based on the corresponding per
capita boundaries and a city’s population:

EB; = P-CB; )

where EB; represents the boundary for human activity i; P represents the population of a city;
CB; represents the per capita planetary boundary for human activity i.

2.3. Urbanization Monitoring

This study measured urbanization from three dimensions, namely population urbanization, land
urbanization and industrial urbanization. Population urbanization describes the population migrated
from rural area to urban area, and is commonly defined as the proportion of urban population to
the total regional population. Urbanization also leads to expansion in land use and development of
non-agricultural industries. In this study, land urbanization was evaluated based on the proportion of
urban built-up area to regional land area, and industrial urbanization was defined as the proportion of
value added of secondary and tertiary industries to regional GDP. Then, a comprehensive evaluation
framework was developed to integrate three dimensions of urbanization:

Uij = N (10)
su Ujj — minUj; 1
Y maxU;j — minlj; (11)
1
ur; = 3 Z SU;; (12)

where U;; represents population, land or industrial urbanization for the jth city; P;; represents
urban population, urban built-up area or value added of non-agricultural industries for the jth city;
N;;j represents the corresponding total regional population, urban land area or regional GDP for the jth
city. SUj; represents standardized index for each dimension, and Ul; represents urbanization index
(UI) for the jth city which is weighted average of three dimensions.

2.4. Decoupling Analysis

Decoupling relation between environmental sustainability gaps and urbanization can be assessed
by decoupling index (DI). This paper built DI on the basis of decoupling elasticity developed by
Tapio [20]:

%ESGR  (ESGR; —ESGR;_1)/ESGR;_1
Ul (Ul — Uly,_1) /Ul
where %ESGR represents the percentage change in environmental sustainability gap ratio; %UI

represents the percentage change in urbanization index; ESGR; and ESGR;_; represent environmental
sustainability gap ratio for the target year t and base year ¢t — 1, respectively; Ul; and Ul;_; represent

DI =1

(13)

urbanization index for year t and year t — 1, respectively. DI could be classified into three degrees:
absolute decoupling, relative decoupling, and non-decoupling. The classification criterion was shown
in Figure 1.
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Figure 1. Classification of decoupling degrees.

2.5. Data

This paper selected the 26 cities in the YRD and study period covered the year 2007-2017. Table 2

shows the data sources.

Table 2. Variable and data sources.

Variables

Data Sources

Annual PMj; 5 concentration

NASA Socioeconomic Data and Applications Center [64],
and the 26 cities” ecological environment quality bulletins

Areas for cropland, grassland, forestland, water
area and built-up area

Energy consumption

Nitrogenous, phosphatic and
compound fertilizers

Regional and urban population

Regional land area and urban built-up area

Regional GDP and value added of secondary and
tertiary industries

Yields for agricultural, animal, forest and
aquatic products

The statistical yearbooks of Shanghai, Jiangsu Province,
Zhejiang Province, Anhui Province and the 25 cities
(2008-2018)

Equivalence factors for cropland, grassland,
forestland, water area and built-up area

Liu and Li [65]

Global average yields for agricultural, animal,
forest and aquatic products

Xie and Ye [66]

Nitrogen and phosphorus content of
compound fertilizer

Kahrl et al. [67] and Wu et al. [68]

Per capita carbon, nitrogen and phosphorus
planetary boundaries

O’Neill et al. [69]

Renewable water resources

The 26 cities” water resources bulletins (2007-2017)

Water consumption

Shanghai, Jiangsu, Zhejiang and Anhui water resources
bulletins (2007-2017)

Yield factors for cropland, grassland, forestland,
water area and built-up area

Liu et al. [70]
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3. Results

3.1. Environmental Sustainability Assessment

As shown in Figure 2, water ESGRs for 2017 ranged from 0.28 for Chizhou to 7.71 for Shanghai.
Nine cities operated within water boundaries, including six cities in Zhejiang and three cities in
southern Anhui, primarily benefited from their abundant freshwater. Conversely, Shanghai and nine
cities in Jiangsu all had ESGRs higher than 2.5, indicating their severe overuse of water. Of these,
Shanghai and Suzhou had a huge gap between high water demand and limited natural supply. In the
last 11 years between 2007 and 2017, Shanghai and nine cities in Jiangsu have been remaining in a state
of unsustainability with ESGRs fluctuating wildly. For instance, Shanghai had constantly changing
water ESGRs, ranging from 4.05 to 15.24. The rest of cities in Zhejiang and Anhui have maintained
in a stable level over the entire period, except for few cities with slight fluctuation. Water ESGRs for
most cities in the YRD reached the lowest point in 2015 when their capacity thresholds peaked in
that year. The most typical case was Hangzhou, in which its water boundary increased rapidly from
4.17 billion m? in 2007 to 9.56 billion m? in 2015.

Water Land

log(ESGR)

B 060040
P 040020
. -020-0.00
_ 0.00-020
C 020040
_ 040060
U 0.60-0.80
I 080-1.00
B 00120
B 120140
B 0160

Figure 2. Spatial distribution of water, land, carbon, nitrogen, phosphorus and PM; 5 environmental
sustainability gap ratios (ESGRs) in 2017. Cities in a state of environmental sustainability (ESGR < 1 or
log(ESGR) < 0) are marked in blue, while cities in a state of environmental unsustainability (ESGR > 1
or log(ESGR) > 0) are marked in red.
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Environmental sustainability of land use showed a striking regional heterogeneity in 2017, on which
Anhui and Jiangsu as a whole performed better than Shanghai and Zhejiang. This discrepancy was
mainly caused by resource endowments, that the former had higher land boundaries. There were only
three cities showing a surplus in land use including Wuxi, Suzhou and Zhoushan, with ESGRs of
0.71, 0.74 and 0.89, respectively. Huzhou had the highest ESGR (7.54), followed by Yancheng (5.16),
Shanghai (4.89), Jiaxing (4.74) and Shaoxing (4.46). Yancheng occupied a large quantity of biologically
productive land and water area (8.67 million ha) which was more than 3.6 times the average level of
the 26 cities, to mainly produce agricultural, animal and aquatic products. Land ESGRs for the 26 cities
ranged from 0.66 to 19.72 during the study period, with 11.2% of cities in a state of sustainability.
Although intercity differences were significant, environmental sustainability of land use in most cities
did not vary a lot with time.

All the cities have long been in a state of environmental unsustainability of carbon emissions in the
past 11 years, with a wide range of carbon ESGRs from 1.24 to 29.82. The most serious unsustainability
in 2017 was observed in southern Jiangsu, including Nanjing (29.82), Suzhou (16.93), Zhenjiang (13.55)
and Wuxi (12.52), which was largely driven by their industrial development. As for Nanjing, it emitted
extremely large CO, nearly 400 Mt in 2017, exceeding 4.0 times the average value. Moreover, a city
adjacent to Nanjing, Maanshan also transgressed its carbon boundaries, partially on account of its
large-scale steel industry. Shanghai was at a moderate level with an ESGR of 7.74, because it had
the second largest carbon footprint and the highest allocated boundary about 4.1 times the average.
Most cities in Anhui and southwestern Zhejiang had lower ESGRs, which was primarily due to
their relatively low carbon emissions. Environmental sustainability gaps for most cities have been
widened over the study period, especially for Nanjing, where a continuous increase of ESGRs from
17.70 to 29.82 occurred. On the whole, carbon footprints were found to rise more quickly than
allocated carbon boundaries during 2007-2017; that increase in carbon boundaries was associated with
population growth.

As shown in Figure 2, Shanghai performed best on environmental sustainability of nitrogen
emissions in 2017 with an ESGR of 0.27, and Zhejiang as a whole also had a satisfactory performance
with ESGRs ranging from 0.27 to 1.88. Environmental sustainability of nitrogen emissions showed
a remarkable spatial heterogeneity in Jiangsu, where the southern part had far more surplus
than the northern part. There were seven cities keeping within allocated nitrogen boundaries,
including Shanghai, Hangzhou, Suzhou, etc. Conversely, ESGRs for Yancheng (5.23) and Chuzhou
(5.04) were much higher than others, on account of their heavy use of nitrogenous and compound
fertilizers. Agriculture accounted for 11.1% and 14.1% of GDP in Yancheng and Chuzhou, respectively,
indicating that unsustainability of nitrogen emissions was mainly driven by agricultural production.
Nitrogen ESGRs for all the cities except eight cities in Anhui have slowly declined year after year in the
past 11 years. The decline was largely due to a continuous decrease in nitrogen footprint and a slow
increase in allocated boundaries. All the cities in Anhui have transgressed the nitrogen boundaries
over the entire period.

Environmental sustainability of phosphorus emissions showed a similar spatiotemporal pattern
with the nitrogen emissions, but had wider intercity differences with ESGRs ranging from 0.31 to
11.42 in 2007-2017. Six cities operated within phosphorus boundaries in 2017, including Zhoushan
(0.31), Shanghai (0.32), Suzhou (0.64), etc. Chuzhou and Yancheng were in severe environmental
unsustainability with ESGRs of 10.90 and 8.34, respectively. Phosphorus footprints in all the cities in
Anhui have exceeded the corresponding boundaries over the entire period.

Environmental sustainability gaps of PM; 5 emissions increased gradually from coastal cities to
inland cities. The notable spatial heterogeneity mainly resulted from fluidity and diffusivity of air
pollutants. There were only two sustainable cities in 2017, including Zhoushan (0.71) and Taizhou in
Zhejiang (0.95). Compared with other categories, PM, 5 ESGRs had the narrowest range from 0.63
to 1.97 during the entire period. Zhoushan and Taizhou in Zhejiang have long been in a state of
sustainability except for Taizhou in 2016, while Shanghai together with all the cities in Jiangsu and
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Anhui have transgressed PM; 5 boundaries in the last 11 years. Noticeably, PM; 5 ESGRs for Shanghai
and cities in Jiangsu declined dramatically from 2015 to 2017.

Overall, most cities in Zhejiang and southern Anhui performed better than Shanghai and Jiangsu
on environmental sustainability of water use, while Anhui and Jiangsu as a whole performed better than
Shanghai and Zhejiang on environmental sustainability of land use. All the cities have transgressed the
permissible planetary boundaries for climate change, and most of their environmental performance on
carbon emissions have been continuing to worsen in the last 11 years. Environmental sustainability
gaps for phosphorus emissions followed a spatiotemporal pattern similar to that for nitrogen emissions,
but with a wider intercity discrepancy. Cities in Anhui and northern Jiangsu were unsustainable
in nitrogen and phosphorus emissions. Environmental sustainability of PM; 5 emissions gradually
declined from coastal cities to inland cities and fluctuated wildly in a narrow range. On the whole,
the remarkable spatial heterogeneity of water and land ESGRs mainly resulted from resource
endowments, while carbon and nitrogen together with phosphorus ESGRs were largely driven
by industrial and agricultural development, respectively. All in all, environmental sustainability
varied across cities and six categories, and changed with time. One of the biggest and most common
challenges faced by the 26 cities was how to seek better city development in response to climate change.

3.2. Decoupling Analysis

This study divided urbanization into three levels based on Ul value: low urbanization (0-0.4),
medium urbanization (0.4-0.6) and high urbanization (0.6-1.0). More than half of cities reached
medium urbanization in 2017 and seven cities achieved high urbanization. As shown in Figure 3,
the overwhelming majority of the 26 cities kept a continuous increase in Ul between 2007 and
2017, and more and more cities achieved a high level of urbanization. Shanghai performed best
on urbanization, with UI over 0.9 during the entire period. Urbanization development showed a
remarkable regional heterogeneity in Jiangsu that cities in southern part had UI much higher than
those in northern part, while balanced development was found in Zhejiang. Hangzhou has achieved
high urbanization since 2015, and other cities in Zhejiang all have reached medium urbanization in
recent years. Cities in central Anhui such as Hefei, performed much better than the rest. Anqing,
Chuzhou, Chizhou, Xuancheng and Yancheng have been remaining in a state of low urbanization in
the last 11 years. These five cities lagged behind other cities in urban population growth, urban land
use and development of non-agricultural industries.

1.0 -
0.9
0.8 A
0.7 A
0.6 A

505 4
0.4 A
0.3

0.2 A

0.1 A

SH NIWXCA SZNTYCYZ ZJ JT HANB JX HU SX JH ZS ZT HF WHMS TL AQ CU CI XC
m2007 ®m2011 =2014 =2017

0.0

Figure 3. Time-series performance on urbanization index in 2007, 2011, 2014 and 2017.
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To investigate the decoupling of ESGRs from urbanization, this paper split 11 years into three
periods: the first period (2007-2011), the second period (2011-2014) and the last period (2014-2017).
Reduction of Ul was not considered in this paper, including Wuhu and Maanshan in the first period,
and Shanghai and Tongling in the last period.

In a case of the decoupling between water ESGRs and urbanization, 11 cities in the YRD reached
absolute decoupling during the last period (Figure 4). These cities were mainly located in northern
Zhejiang and northern Jiangsu, such as Zhenjiang, Hangzhou and Zhoushan with DI of 7.82, 7.70 and
5.35, respectively. Four cities in Anhui were relatively decoupled with UlI, and six cities experienced
non-decoupling during 2014-2017, including Suzhou, Hefei, Shaoxing, etc. Overall, 15 cities achieved
the decoupling in the last period, while 19 and 21 cities were decoupled in the first and second periods,
respectively. Noticeably, Hangzhou, Huzhou and Chizhou have maintained in a state of absolute
decoupling over three periods, indicating their continuous reduction of environmental sustainability
gaps of water use accompanied by rising UL

e 2007-2011 con 2011-2014 o 2014-2017
) - 1475 0 =SH 1 ;U
ES+AD 'NI_N EU+AD 403 ES+AD EU+AD 25 ] ES+AD A . EU+AD
i WX
i =CA 1254 azs 5.0 =28
i "N
YZ 25 . .
254 - "NT 1004 25 aCl NB .y Ix T vz
/ T 5 aCU = "YC R
o oo o - - wo] ESTRD axc oy wi- ¢ EURD
Txe X w BVE W - 7.5 L] I .
= god resnn a0 U asz EU+RD AT wHA apr 2.5 =l aCA
oM ESHRD - uJH .
50 a2 o X
“ox =X 504
L 7 =TL
25 EER Clo, mAQ Ly '\3’;']_ aMS 254
NBm s HF XC LYell] EU+RD n/l
ool ESTRD acA N a7l
75w i 100
5.0 Yorwx g
23] ESTND =SH 257 EUSND 1254 "s7
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-15.0 4 : : : 150 T T T -15.0 T T T ,
0.5 0.0 05 10 15 0.5 0.0 0s 10 0.5 0.0 0.3 1.0
log(ESGR) log(ESGR) log(ESGR)

Figure 4. Water decoupling index versus ESGRs during three periods. All the cities were classified
into six patterns based on the decoupling analysis and environmental sustainability assessment
(see Section 3.3 for details). Absolute decoupling (abbreviated as “AD”) zones are colored in
green, relative decoupling (abbreviated as “RD”) zones are colored in yellow, and non-decoupling
(abbreviated as “ND”) zones are colored in red. Environmental sustainability (abbreviated as “ES”)
zones are colored darker than the corresponding environmental unsustainability (abbreviated as “EU”)
zones. The same below.

As illustrated in Figure 5, land ESGRs presented absolute decoupling with urbanization in 14 cities
during the period 2014-2017, including most cities in Jiangsu and Zhejiang together with Hefei. Of these
cities, Wuxi showed a sharp decline in land ESGRs in 2014-2017, and therefore had the highest DI of
21.95. Nine cities reached relative decoupling which were mainly distributed in Anhui, and Taizhou
in Zhejiang was the only one coupled with Ul The number of decoupled cities increased from 14 in
the first period to 23 in the second and last periods. There were five exemplary cities remaining the
absolute decoupling trend with urbanization during three periods, including Nanjing, Hangzhou,
Ningbo, Jiaxing and Zhoushan.

Three cities achieved absolute decoupling of carbon ESGRs from urbanization during the last
period, including Hangzhou, Jinhua and Yancheng. Eleven cities mainly distributed in Anhui were
found to be relatively decoupled with UL Non-decoupling was observed in 10 cities located in
southern Jiangsu and eastern Zhejiang. DI of these cities ranged from —6.03 to —0.13, demonstrating
their environmental sustainability gaps of carbon emissions increased more quickly than UI From a
time-series perspective, the decoupling between carbon ESGRs and Ul achieved the best during the
first period that 16 cities were decoupled, then got worse in the next period with 11 cities decoupled,
and was improved during the last period with 14 cities decoupled (Figure 6). There was no city keeping
in the state of absolute decoupling during three periods, and four cities in Anhui, Anqging, Chuzhou,
Chizhou and Xuancheng have maintained the relative decoupling trend.
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Figure 5. Land DI versus ESGRs during three periods.

00 20072011 . 20112014 . 20142017
EU+AD EU+AD =fia EU+AD
754 *NB 504 =SH -TH
wlH 25+
5.0 asx 25 e O
7T . =CUaxe = NIy 12 EU+RD
sHA  =HU = S na - 2AQ HEWiRYZ - SMS v
— > .J); ot 0.0 - 'A:)CU .XC“‘%T“{IZ EU+RD -qij.LA =Sz
= Y, nCU o = =Y feca "Ws e
- xc®t "SH LU+ I s WX -
0.0 = =z HULRE . T XTI 28 Y NI
- o ST - 7 .
254 azr &Y
5.0 -30 T
.75 100 CE LVAY
-5.04 -
“HE EUIND 151 NB EL+ND EU+ND
: . 150 : . | s : - :
0.0 0.5 1.0 15 0.0 05 10 1.5 0.0 05 1.0 15
log(ESGR) log(ESGR) log(ESGR)

Figure 6. Carbon DI versus ESGRs during three periods.

As displayed in Figure 7, all the cities were decoupled of nitrogen ESGRs from UI during
the last period, with DI ranging from 0.82 to 5.65. The number of absolutely decoupled cities rose
gradually from 17 to 23, and non-decoupling only occurred in Wuhu and Tongling during the second
period. There were 13 exemplary cities that achieved better environmental sustainability and a gain
in urbanization meanwhile during the entire period, including seven cities in Jiangsu, five cities in
Zhejiang and Hefei.

Phosphorus ESGRs presented quite similar decoupling pattern with nitrogen ESGRs, but the latter
performed a little better than the former (Figure 8). All the cities were also decoupled of phosphorus
ESGRs from Ul in 2014-2017, and the number of absolutely decoupled cities increased gradually
from 14 to 22. Non-decoupling was only observed in Jinhua and Zhoushan during the first period,
and Shaoxing and Wuhu during the second period. There were 10 cities showing signs of absolute
decoupling in every period.
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Figure 7. Nitrogen DI versus ESGRs during three periods.
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Figure 8. Phosphorus DI versus ESGRs during three periods.

PM, 5 DI ranged from —3.68 for Taizhou in Zhejiang to 9.41 for Wuxi during 2014-2017, as shown
in Figure 9. Absolute decoupling was widespread in 16 cities during the last period, including all the
cities in Jiangsu and some cities in northern Anhui and northern Zhejiang. Non-decoupling occurred
in five cities in Zhejiang together with Chizhou. From a time-series perspective, all the cities achieved
decoupling during the first period, of which 22 cities were absolutely decoupled. The decoupling got
worse in the second period that eight cities were in a state of non-decoupling, and then became better
in the last period. Suzhou, Nantong and Yangzhou have kept the trend of absolute decoupling over
three periods.
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Figure 9. PM; 5 DI versus ESGRs during three periods.

As shown in Figure 10, the decoupling with urbanization performed best on nitrogen and
phosphorus ESGRs, in which all the cities achieved decoupling during the period 2014-2017. On the
contrary, carbon ESGRs were least decoupled with urbanization, with 41.7% of cities not decoupled.
Land, nitrogen and phosphorus ESGRs maintained a continuous improvement in the decoupling
relation with urbanization, while water, carbon and PM; 5 ESGRs got worse in the last period compared
with the first period. Hangzhou was the perfect city in the YRD, where water, land, nitrogen and
phosphorus ESGRs were all kept in a state of absolute decoupling at a high level of urbanization during
the entire period, implying it could be able to maintain the trend in the coming years.
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Figure 10. The percentage of decoupling degrees for water, land, carbon, nitrogen, phosphorus and
PM, 5 ESGRs in 2014-2017.

3.3. Classification of the Cities

Based on the integration of decoupling analysis and ESA, all the cities were classified into six patterns:
(1) environmental sustainability and absolute decoupling (abbreviated as “ES + AD”); (2) environmental
sustainability and relative decoupling (“ES + RD”); (3) environmental sustainability and non-decoupling
(“ES + ND”); (4) environmental unsustainability and absolute decoupling (“EU + AD”); (5) environmental
unsustainability and relative decoupling (“EU + RD”); and (6) environmental unsustainability and
non-decoupling (“EU + ND”).

During the period 2014-2017, four cities, namely Hangzhou, Zhoushan, Chizhou and Ningbo
achieved environmental sustainability and absolute decoupling in water use, while six cities including
Suzhou and Hefei faced the toughest situation of non-decoupling and environmental unsustainability
(Figure 4). For example, Suzhou consumed water resources exceeding 5.73 times water availability,
and had the DI as low as —12.31 meanwhile. As shown in Figure 5, three cities with environmental
sustainability of land use all reached absolute decoupling during the last period. Although 20 out of
the remaining 21 cities were decoupled with urbanization, they were all under severe depletion of land
resources. Noticeably, the decoupling of unsustainable cities in the case of land use was continuously
improved during the surveyed period.

In terms of carbon emissions, all the cities were in a state of unsustainability all the time, so the
results for integrated analysis were the same with decoupling analysis mentioned above, as shown in
Figure 6. Six out of the 23 absolutely decoupled cities achieved environmental sustainability of nitrogen
emissions during the last period, while the remaining 17 cities were in a state of unsustainability
(Figure 7). For instance, Hefei reached absolute decoupling during three periods, but its nitrogen
boundaries have been transgressed all the time. As shown in Figure 8, phosphorus emissions had
the similar situation that among 22 cities with absolute decoupling during the last period, only five
cities reached sustainability. In cities where environmental unsustainability of nitrogen or phosphorus
emissions occurred, the decoupling with urbanization was gradually improved. With regard to
PM; 5 emissions, Zhoushan achieved environmental sustainability as well as absolute decoupling
during the last period, while the remaining 15 absolutely decoupled cities experienced sustainability
gaps, as shown in Figure 9. Hangzhou, Ningbo, Shaoxing, Jinhua and Chizhou were in the worst
case in 2014-2017. Non-decoupling was not always worrying, for example, Zhoushan experienced
non-decoupling during the second period, but it maintained a state of environmental sustainability of
PMj; 5 emissions all along.
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Figure 11 shows the relation between various DI and Ul in 2014-2017. All five cities with low
urbanization were decoupled between water ESGRs and Ul, while non-decoupling occurred in some
cities with higher UlI, such as Suzhou and Jinhua. In terms of land DI, all low-UI cities reached
relative decoupling, and all high-UI cities achieved absolute decoupling, including Nanjing, Suzhou,
Wuxi, Changzhou, Hangzhou and Hefei. Low-Ul cities were also found to be decoupled of carbon
ESGRs, while many medium-UI and high-UI cities experienced non-decoupling. Conversely, high-UI
cities had the highest average DI of both nitrogen and phosphorus ESGRs, followed by medium-UI
cities and then low-UI cities. Moreover, the majority of cities in each level of urbanization reached
decoupling of PM; 5 ESGRs. In conclusion, low-UI cities were almost decoupled with six categories of
ESGRs, while medium-UI and high-UI cities mainly achieved absolute decoupling with nitrogen and
phosphorus ESGRs, and presented various characteristics across other five categories.
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Figure 11. Water, land, carbon, nitrogen, phosphorus and PM, 5 DI versus Ul in 2014-2017. All the
cities were classified into nine patterns based on the decoupling degrees and urbanization levels.
High urbanization (abbreviated as “HU”) zones are colored in darkest, the corresponding medium
urbanization (abbreviated as “MU”) zones are colored in lighter, and the corresponding low urbanization
(abbreviated as “LU”) zones are colored in lightest.

4. Discussion

4.1. Revisiting Decoupling Analysis from a Sustainability Perspective

Most of the decoupling researches only concern whether environmental emissions or resource
consumption experience asynchronous changes with socioeconomic development, leaving environmental
sustainability a neglected field of analysis. However, decoupling analysis alone may be misleading for
evaluating a city’s environmental performance. In the case of land footprint, 23 out of the 26 cities reached
absolute or relative decoupling with urbanization. Nevertheless, after integrating ESA into decoupling
analysis, we found only three out of the 23 cities operating within the land boundaries. Therefore,
the remaining 20 cities faced the challenge of reducing unsustainable land use, and thus should be treated
with different strategies. In that sense, decoupling does not necessarily mean a satisfactory environmental
performance. This is why we attempted to improve traditional decoupling analysis by connecting with
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the footprint-boundary ESA framework. Besides, we selected six categories of environmental issues to
conduct a footprint family, to assess the environmental pressure associated with urbanization in a more
sound way. In doing so, the integrated analysis will help us better understand the role of decoupling in
fulfilling SDGs, but also provide decision makers with more tangible and differentiated policy advices for
regions and cities that differ from each other.

4.2. Limitations and Potential Solutions

However, this paper still has some limitations that should be overcome in future studies. First,
due to the restriction on data acquisition, only an 11-year time horizon was investigated. Therefore,
it makes sense to collect more data through multiple accesses and look deeper into the historical trends
in the environmental and socioeconomic aspects of urban development. Second, the method used
in this paper was limited in capturing spatial characteristics. Because of this, the adoption of spatial
econometric models is expected. Third, although this paper explored the possible relation between
decoupling and urbanization, and other driving factors influencing the decoupling were not discussed.
To yield more concrete policy recommendations, there is a need for identifying more socioeconomic
driving factors.

Finally, downscaled planetary carbon, nitrogen and phosphorus boundaries employed in this paper
followed the principle of sharing global environmental responsibility and could provide a reference
benchmark to ESA at the city level. Nevertheless, downscaling planetary boundaries to sub-global
levels is a complicated issue that has relation to biophysical, socioeconomic and ethical considerations,
inevitably involving uncertainties and subjectivity [71]. For instance, per capita allocation pertaining
to egalitarian neglects spatial heterogeneity of biophysical processes, and therefore is a source of
controversy in determining sub-global environmental boundaries. Meanwhile, measuring nitrogen
and phosphorus boundaries at a city level with a bottom-up approach is a very costly and tough
engineering task, and thus goes beyond the scope of this paper. Similar critiques also apply to the
downscaling of the planetary water and land boundaries. As such, further improvements need to
focus on how to strengthen the policy relevance of the planetary boundaries which should be applied
at the ecosystem level or below. In addition, trade-off analysis between various environmental issues
assessed in our study would be needed as well.

4.3. Policy Implications

Cities account for the overwhelming majority of resources consumption and environmental
emissions, thus posing a substantial obstacle to building sustainable cities as declared in the SDGs.
Policy advices on the optimal pathways towards sustainable development for six patterns of cities in
the YRD at the city level are drawn as follows:

For the cities that have fallen into “EU + ND”, great emphasis should be placed on environmental
protection. We suggest that these cities should find ways to control the growth of environmental
sustainability gaps and take immediate actions to achieve decoupling from urbanization. For example,
all the YRD cities are found to be unsustainable in terms of climate change between 2007 and 2017.
Therefore, it is necessary to improve energy efficiency, introduce more low-carbon technologies,
and develop renewable energy [72], especially for 10 “EU + ND” cities (e.g., Suzhou and Ningbo).

We believe that the “EU + RD” cities slow down the increase in environmental sustainability gaps,
to finally achieve absolute decoupling. For instance, nine cities with environmental unsustainability of
land use are still relatively decoupled with urbanization in 20142017, such as Shaoxing and Maanshan.
These cities should give priority to improving land-use planning under the ecological redline policy [73],
and to raising land-use efficiency [74].

The “EU + AD” cities showed a positive sign towards environmental sustainability. We advise
that these cities should try their best to maintain the absolute decoupling trend, and to shift from
environmental unsustainability to sustainability as soon as possible. In the case of PM; 5 emissions,
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15 absolutely decoupled cities should continue to reduce vehicle emissions and promote clean
energy [75], in order to lower PMj; 5 concentrations.

The remaining cities are all in a state of environmental sustainability, including the “ES + AD”,
“ES + RD” and “ES + ND” ones. Although these cities have not yet transgressed the permissible boundaries,
some of their environmental sustainability gaps increased as a result of urbanization. For example,
a growth in environmental sustainability gaps of water use was observed in five out of nine sustainable
cities. Therefore, we consider decoupling of environmental sustainability gaps from urbanization remains
as a prioritized goal, particularly for those classified into “ES + ND” and “ES + RD".

5. Conclusions

This paper evaluated the environmental sustainability of water use, land use, carbon emissions,
nitrogen emissions, phosphorus emissions and PM; 5 emissions in the 26 cities among the YRD
urban agglomerations, and explored the decoupling of environmental sustainability gaps from
urbanization. The results indicated that nine cities reached the environmental sustainability of water
use in 2017. Environmental sustainability of land use showed notable spatial heterogeneity, on which
Anhui and Jiangsu performed better than Shanghai and Zhejiang. Carbon emissions in all the cities
investigated operated in a state of environmental unsustainability over the entire study period
2007-2017, due to the fact that the planetary boundaries for climate change have already been
considerably transgressed. The environmental sustainability of nitrogen and phosphorus emissions
exhibited similar spatiotemporal characteristics, for which seven and six cities were kept within the
corresponding boundaries, respectively. The environmental sustainability gaps of PM; 5 emissions
experienced an increasing trend from coastal cities to inland cities. During the study period, a continuous
growth in urbanization was witnessed in the YRD. Decoupling analysis showed that there were 15, 23,
14,24, 24 and 18 cities reached the decoupling of six categories of environmental sustainability gaps from
urbanization in 2014-2017, respectively. Noticeably, most of the cities achieved absolute decoupling
with environmental sustainability gaps of nitrogen and phosphorus emissions during the entire period.
Furthermore, this paper revisited decoupling analysis by incorporating ESA, and then categorized all the
cities into six patterns based on the integrated evaluation. Policy recommendations for seeking optimal
pathways towards sustainable development were proposed for each pattern. Overall, the integration
of ESA and decoupling analysis enables a more sound evaluation of environmental performance in the
context of rapid urbanization, thus being able to assist decision makers in formulating more feasible
and differentiated policies in the pursuit of SDGs.
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