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Abstract

Regional integration is a foundation for coordinated regional development and an impor-
tant pathway for promoting the green and low-carbon development (GLD) (In this paper,
GLD refers to green and low-carbon development, while YRD refers to the Yangtze River
Delta) of cities. Based on a systematic analysis of the theoretical mechanisms through
which regional integration affects the GLD of cities, this study uses changes in the spatial
scope of Yangtze River Delta (YRD) regional integration as a quasi-natural experiment and
constructs a multi-period DID model to examine its impact. The results show that YRD
regional integration significantly improves the GLD efficiency of cities. This conclusion
remains valid after a series of robustness tests, including the parallel-trends test, year-by-
year PSM-DID, and modern staggered DID estimators. The heterogeneity analysis shows
that the promoting effect of regional integration is more significant for megacities, core
cities, and especially Shanghai, while its effects on medium-sized cities and cities in Anhui
Province have not yet emerged in the short term. The mechanism tests further show that
YRD regional integration improves the GLD efficiency of cities mainly by optimizing the
energy consumption structure, promoting industrial restructuring, enhancing government
attention to GLD, and improving green innovation. The findings provide useful empirical
insights for fully leveraging the green and low-carbon effects of YRD regional integration
and for promoting GLD in the Yangtze River Economic Belt and even across China.

Keywords: Yangtze River Delta regional integration; green and low-carbon development;
multi-period DID; mechanism analysis

1. Introduction
Against the background of accelerating global climate governance, regional integration

has become an increasingly important pathway for promoting the low-carbon transition of
urban agglomerations. In recent years, the global climate system has continued to warm.
The years 2023 to 2025 were the three warmest years on record, with the three-year average
temperature rise approaching the 1.5 ◦C threshold set by the Paris Agreement [1]. The
year 2025 was also the third warmest year since global climate records began in the mid-
nineteenth century [2]. At the same time, international climate governance has become more
complex. Global consensus on the low-carbon transition has continued to strengthen, and
clean energy technologies and emission reduction tools have advanced rapidly [3]. Yet the
multilateral climate governance framework has also been affected by geopolitical tensions
and policy uncertainty. The United States again initiated the process of withdrawing
from the Paris Agreement in 2025, which further increased uncertainty in global climate
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governance. In this context, traditional multilateral governance frameworks alone are
no longer sufficient to address the complex challenges of urban low-carbon transition.
Coordinated governance at the regional scale has therefore become more important.

Urban areas play a central role in advancing the transition toward GLD. As urbaniza-
tion continues worldwide, cities already accommodate the majority of the global population,
and their demographic share is projected to rise to nearly 70% by 2050. However, the low-
carbon transition of cities cannot be achieved by individual administrative units alone.
Power system allocation, industrial chain division, infrastructure connectivity, and environ-
mental externality governance all have clear cross-regional attributes. If cities rely only on
fragmented local governance, problems such as pollution transfer, fragmented standards,
duplicated infrastructure investment, and insufficient diffusion of green technologies may
arise. Regional integration can promote cross-regional factor mobility, coordination of mar-
ket rules, infrastructure connectivity, and joint ecological and environmental governance [4].
It can also reduce institutional segmentation caused by administrative boundaries and
provide a more effective spatial framework for the green and low-carbon transition of
urban agglomerations [5].

For China, the green and low-carbon transition is particularly urgent. The time
span between carbon peaking and carbon neutrality is much shorter than that of most
developed countries. China also needs to address constraints related to energy resource
endowments and the uneven regional distribution of low-carbon technologies [6]. In the
field of power system reform, building a more unified, open, and efficient electricity market
requires breaking administrative barriers and regional segmentation. Regional integration
is therefore an important institutional foundation for optimizing energy resource allocation
and advancing the green and low-carbon transition. The Action Plan for Carbon Dioxide
Peaking Before 2030 issued by the State Council also emphasizes that each region should
promote GLD based on major regional strategies, the regional coordinated development
strategy, and the major function-oriented zoning strategy.

The YRD provides a representative empirical setting for exploring how regional inte-
gration affects urban GLD. Although it accounts for less than 4% of China’s territory, this
region is home to approximately 16% of the country’s population and generates nearly
one fourth of national economic output. It has therefore become one of China’s most
vibrant regions in terms of economic activity, openness, and innovation capacity. However,
rapid agglomeration has also been accompanied by intensive energy use and considerable
pressure to reduce carbon emissions, with the region contributing roughly 20% of China’s
total carbon emissions [7]. This combination of strong economic concentration and tighten-
ing ecological constraints highlights the necessity of institutionalized coordination across
administrative boundaries to support the YRD’s transition toward GLD.

The potential contributions of this study are as follows. First, in terms of research scope,
this study uses the YRD regional integration city scope defined by national policies in 2010,
2016, and 2019 as the policy evaluation object. Compared with studies that focus only on
the 2010 integration policy, this study further expands the spatial scope of research on YRD
integration. Second, in terms of research perspective, this study examines the impact of
the YRD regional integration process on cities from the perspective of urban GLD, thereby
extending the existing literature. Third, in terms of research content, this study clarifies
the connotation of YRD regional integration and constructs four mechanisms through
which it affects urban GLD, including energy structure, industrial structure, governmental
attention to GLD, and green innovation. It also examines heterogeneous effects across
multiple dimensions, which enriches existing research. Overall, this research deepens the
understanding of the relationship between YRD regional integration and urban GLD by
examining both its overall effect and its underlying mechanisms. The findings provide
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policy-relevant evidence for advancing coordinated regional development and supporting
the transformation toward a greener and lower-carbon development model.

2. Literature Review
2.1. International Research on Regional Integration

Existing studies have widely examined how regional integration affects national
economic and social development. Much of this literature focuses on the integration
models of ASEAN, the African Union, and the European Union.

2.1.1. Regional Integration in ASEAN

(ASEAN is the abbreviation of the Association of Southeast Asian Nations, a regional
intergovernmental organization in Southeast Asia). ASEAN regional integration places
greater emphasis on gradual cooperation and open regionalism. This is closely related to
the large development gaps among its member states, the diversity of political systems,
and strong sensitivity to national sovereignty [8]. Unlike the European Union, which
promotes deeper integration through binding rules, ASEAN tends to maintain cooperation
through consensus, flexible participation, and incremental implementation while respecting
differences among member states [9].

The ASEAN-X mechanism reflects this institutional logic. It allows some member
states to fulfill economic commitments first, while others follow gradually according to
their own conditions. This helps prevent large development gaps from slowing the overall
integration process. At the same time, ASEAN integration is not a closed form of internal
market integration. It has a strong feature of open regionalism [10]. ASEAN has gradually
become deeply integrated into East Asian and Asia-Pacific production networks through
ASEAN + 1 free trade agreements, participation in the Regional Comprehensive Economic
Partnership, and cooperation with external partners, including China, Japan, South Korea,
Australia, and New Zealand [11]. The establishment of RCEP has further consolidated
ASEAN’s position as a key hub of regional economic cooperation. It enables ASEAN to
integrate existing external partnerships and reduce transaction costs caused by fragmented
rules [12].

2.1.2. Regional Integration in the African Union

Regional integration led by the African Union has a stronger development orientation
and a clear focus on continental market integration. Existing studies suggest that African
integration is not simply an arrangement for trade liberalization. Rather, it is a development
strategy rooted in historical foundations such as Pan-Africanism, national independence,
and collective self-reliance. African countries have long faced market fragmentation,
weak industrial foundations, inadequate infrastructure, and strong external dependence.
Regional integration is therefore expected to expand market size, strengthen development
autonomy, and enhance the overall competitiveness of the continent [13].

The Abuja Treaty provides a phased roadmap for building the African Economic Com-
munity. The advancement of the African Continental Free Trade Area further marks a shift
in African integration from subregional cooperation toward the construction of a continent-
wide unified market. Empirical studies find that regional organizations such as the Southern
African Development Community and the Economic Community of West African States
have promoted intraregional trade to some extent and generated trade creation effects [14].
However, the performance of integration varies significantly across regional organizations.
Other studies also point out that the overlapping membership of African countries in
multiple regional organizations may create institutional overlap and rule complexity, which
can weaken the growth-enhancing effects of regional integration [15].
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2.1.3. Regional Integration in the EU

The EU (EU) is one of the most representative cases in research on regional integration.
Its integration process is characterized by strong institutional arrangements and a high
degree of rule coordination [16]. Existing studies generally suggest that EU integration
has promoted economic development in its Member States through the development of
the Single Market, the discipline of common rules, and policy coordination among mem-
bers [17]. However, these effects are not evenly distributed. They vary considerably across
countries [18]. Some scholars examined GDP trends in all countries that joined the EU in
2004 and found that poorer new member states grew faster than wealthier new member
states. This finding confirms the existence of heterogeneity, while also suggesting that
integration can narrow income gaps between the two groups of countries and promote
more balanced regional economic development [19]. However, as EU integration entered a
more mature stage, developed member states began to experience negative externalities
from cross-border industrial pollution generated by less developed member states [20].
This indicates that a development model focused solely on economic growth cannot ensure
a benign convergence among member states [21]. Therefore, how to achieve GLD while
maintaining stable economic growth has become an important concern in international
research. Related studies suggest that the EU should impose requirements on pollution
and carbon emissions among member states in line with the objectives of regional in-
tegration [22]. These studies further suggest that governance of building-sector energy
efficiency should be strengthened. In particular, member states are encouraged to promote
energy-saving retrofits, improve policy support for efficiency upgrades, and facilitate the
diffusion of successful governance practices across countries [23].

The impact of EU integration on the economic and social development of its Member
States is mainly realized through channels such as factor mobility, capital allocation, and
trade linkages. These channels, in essence, all depend on the EU’s strong capacity for
institutional coordination. First, there is the labor mobility channel. Since the 1990s, popu-
lation mobility among EU member states has continued to increase, and the demographic
dividend associated with citizen mobility has gradually become evident. This suggests
that EU integration has reduced the cost of cross-border labor mobility [24]. Moreover,
many migrants have chosen to settle in rural areas, injecting momentum into sustainable
rural economic development, promoting rural population growth, reducing certain social
problems, and generating multiple benefits for local economic growth [25]. Second, there
is the capital mobility channel. Because investment in new member states can generate
higher returns, EU integration has increased the attractiveness of these countries to foreign
investment and promoted the movement of capital among member states. Given the
presence of significant spatial effects, increased investment in new member states can also
generate positive economic spillovers for neighboring countries [26]. Third, there is the
trade channel. Within a given period and geographical scope, EU integration can stimulate
trade among member states. Its effects on transaction costs and market potential tend to be
stronger for border member states than for central member states [27].

2.2. Research Progress on Regional Integration in China
2.2.1. The Logic Underlying Regional Integration in China

As economic globalization has deepened, China has progressively developed a more
mature understanding of regional economic integration, partly under the influence of
cross-regional capital mobility [28]. This evolution has contributed to the emergence of
integrated urban agglomerations, represented by the YRD and the Pearl River Delta [29].
However, administrative boundaries, often described as an “invisible wall”, have hindered
market integration [30]. To remove administrative barriers, cross-regional governance
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among local governments is required [31]. This means resolving conflicts arising from
administrative divisions through “compound administration” [32]. More specifically,
government cooperation mechanisms can be improved by establishing unified market
competition rules, creating cross-regional coordination agencies, and developing distinctive
regional economies [33]. Appropriate compensation and incentive mechanisms, as well
as effective governing bodies, are also needed to support this process [34]. Since then,
the rapid development of transport infrastructure, including high-speed railways, has
played a positive role in promoting regional economic integration in China [35,36]. As the
temporal and spatial distance between cities has continued to shrink, urban boundaries
have become increasingly blurred. This has greatly expanded the scope of factor mobility
and strengthened the effect of urban integration [37]. Research on regional integration in
China has generally developed along two strands. One strand examines integration within
major river-basin regions, represented by the Yellow River Basin [38] and the Yangtze
River Economic Belt [39]. The other strand focuses on urban agglomerations, such as
the Beijing–Tianjin–Hebei region [40], the Guangdong–Hong Kong–Macao Greater Bay
Area [41,42], the YRD [43,44], the Chengdu–Chongqing Economic Circle [45], and urban
agglomerations in Central China [46].

2.2.2. Regional Integration in the YRD

Within China’s regional integration framework, the YRD urban agglomeration occu-
pies a strategic position at the national level. This has led to a growing body of research
evaluating its integration process and related policy outcomes. Existing studies have largely
examined YRD regional integration from the perspectives of economic growth, talent mo-
bility, urban innovation, and ecological governance. Regarding economic performance,
the literature indicates that integration helps raise the level of high-quality development
across the YRD urban agglomeration. Both incumbent cities and newly incorporated cities
can benefit from this process, although the magnitude of the effect differs by city type.
Such variation is generally attributed to the uneven balance between spillover effects and
siphoning effects [47,48]. With respect to talent mobility, regional integration has been
found to increase demand for high-quality public services, thereby motivating governments
and social organizations to attract highly skilled talent and improve its spatial allocation.
This effect is particularly evident in core cities and small and medium-sized cities [49,50].
For urban innovation, previous research suggests that intergovernmental coordination and
market-based resource allocation are key pathways through which regional integration
strengthens cities’ innovation capacity [51].

The environmental consequences of YRD regional integration have received increas-
ing scholarly attention, particularly in the context of China’s dual carbon goals and its
pursuit of high-quality development. Prior studies indicate that integration may lower
aggregate carbon and pollutant emissions by reshaping industrial structures, enhancing
cross-regional pollution control, and facilitating the spread of green technologies, thereby
supporting regional green development [52]. Nevertheless, the green benefits generated
by integration may not be evenly distributed across cities. Newly incorporated cities may
become destinations for pollution-intensive industries relocated from original member
cities. Although such industrial relocation can bring economic gains, it may also increase
local energy demand and environmental pressure [53]. Thus, the environmental impact of
YRD regional integration should be understood as heterogeneous rather than uniformly
positive [54]. It can advance urban GLD through market integration [55], technology dif-
fusion [56], and collaborative environmental governance [57], but it may also intensify
pollution transfer through industrial relocation and core-periphery specialization [58].
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Taken together, prior research has offered valuable insights into the economic and
environmental consequences of regional integration, yet several gaps remain. First, much
of the literature relies on single indicators, such as carbon emissions or pollutant emissions,
to evaluate environmental outcomes. Relatively limited attention has been given to urban
GLD efficiency, which integrates economic growth, resource inputs, pollution abatement,
and carbon-emission constraints within a unified analytical framework. Second, many
existing studies define YRD regional integration according to the spatial coverage estab-
lished in 2010, thereby giving insufficient consideration to its subsequent staged expansion.
Third, intra-regional differences within the YRD urban agglomeration remain underex-
plored, particularly across cities with different sizes, locations, and provincial affiliations.
Uneven green benefits between core and peripheral cities, together with the potential for
pollution transfer, also deserve further examination. To address these gaps, this study
treats the spatial expansion of YRD regional integration as a quasi-natural experiment and
investigates its effect on urban GLD efficiency, as well as the underlying mechanisms and
heterogeneous impacts.

3. Development Background and Theoretical Analysis
3.1. Development Background

In China’s broader modernization agenda, the YRD plays a leading role in driving the
development of the Yangtze River Economic Belt and the country as a whole, supported by
its strong advantages in technological innovation and industrial upgrading. Its regional
integration process is also embedded in a rich policy context, making it a representative
case for studying integrated development.

Since the Third Plenary Session of the 11th CPC Central Committee, the central govern-
ment has continued to explore reform and development paths for China’s economic system.
At the end of 1982, the State Council approved the establishment of the Shanghai Economic
Zone, with Shanghai as its core. The establishment of this zone was an important step
in breaking the traditional segmentation between administrative departments and local
governments. It also helped strengthen horizontal economic linkages and promoted an
urban agglomeration development model. More importantly, it represented the first major
attempt by the central government to promote YRD Regional Integration at the strategic
level. However, the effect of this early attempt was limited. During its implementation,
state-owned enterprises and traditional enterprises accounted for a relatively large share,
and the industrial structure remained rather simple. As a result, emerging private enter-
prises could not fully benefit from the institutional advantages created by the Shanghai
Economic Zone. Industrial development also lacked sufficient technological support and
failed to generate economies of scale. Because the reform did not provide enough market
autonomy, the overall effect of regional integration was not ideal.

The 2008 global financial crisis prompted a broader reassessment of the sustainability
of the YRD’s regional economic integration model. In September 2008, the State Council
issued the Guiding Opinions on Further Promoting Reform, Opening-up, and Economic
and Social Development in the YRD Region, the first national-level policy document
specifically addressing the economic and social development of the YRD. This document
called for coordinated urban–rural and regional development, together with stronger
resource conservation and environmental protection. However, cities within the YRD
differed substantially in their development stages and environmental regulatory intensity.
As a result, carbon-intensive industries, such as steel and chemicals, could shift from more
strictly regulated areas to places with relatively weaker regulation, thereby increasing the
transformation burden on receiving cities. Issues such as cross-regional energy allocation,
industrial relocation, and environmental externalities are difficult for any single city to
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manage independently. A region-wide integration framework is therefore needed to
strengthen coordination across administrative boundaries. Against this policy background,
the National Development and Reform Commission clarified the functional positioning
and spatial coverage of YRD regional integration in 2010, initially covering 16 cities (The
scope included 16 cities, namely Shanghai, Nanjing, Suzhou, Wuxi, Changzhou, Zhenjiang,
Yangzhou, Taizhou in Jiangsu Province, Nantong, Hangzhou, Ningbo, Huzhou, Jiaxing,
Shaoxing, Zhoushan, and Taizhou in Zhejiang Province), including Shanghai, Nanjing,
and Suzhou. In 2016, the State Council approved the Development Plan for the YRD
Urban Agglomeration, which incorporated another 10 cities (Another 10 cities were later
added, namely Yancheng, Jinhua, Hefei, Wuhu, Ma’anshan, Tongling, Anqing, Chuzhou,
Chizhou, and Xuancheng), including Yancheng, Jinhua, and Hefei, and emphasized the
construction of a networked, open, and integrated development pattern. The Outline of
the YRD Regional Integrated Development Plan, released in 2019, further extended the
integration scope to the entire administrative areas of Shanghai, Jiangsu, Zhejiang, and
Anhui. It also proposed improving institutional arrangements for integrated development
and enhancing joint capacity for ecological and environmental protection and governance.

This study therefore takes the urban scope of YRD Regional Integration defined by
national policy documents in 2010, 2016, and 2019 as the basis for policy evaluation. These
policy documents provide a systematic national-level arrangement for the spatial scope
and development direction of regional integration in the YRD. They also have strong policy
authority and institutional representativeness. Compared with local regional economic
coordination meetings, the city scope defined by national policy documents better reflects
the institutional arrangement and policy boundary of the regional integration strategy.
Accordingly, this study treats the spatial scope of YRD Regional Integration defined by
national policy documents as a quasi-natural experiment. It identifies the impact of regional
integration on urban GLD efficiency.

3.2. Theoretical Analysis

Advancing regional integration enables the YRD to explore new approaches to GLD
in both development practices and policy design. It also helps the region assume a leading
role in promoting energy transition, industrial transformation, and efficiency gains. In
addition, regional integration can convert ecological and environmental endowments into
broader socioeconomic advantages, thereby supporting the Yangtze River Economic Belt
and China as a whole in moving toward more environmentally sustainable development
pathways and a stronger balance between economic growth and environmental protection.
Against the background of China’s dual carbon goals and green development objectives,
Figure 1 presents the main channels through which YRD regional integration influences
urban GLD. These channels are discussed as follows:

First, regional integration may contribute to urban GLD by reshaping energy consump-
tion patterns and reducing pollution-related pressures. The optimization of the energy
structure is a key condition for advancing a low-carbon energy transition. China’s recent
progress in GLD has been closely associated with continuous efforts to adjust and upgrade
its energy system. As energy provides the basic input for socioeconomic production and
daily operation, improving energy efficiency, expanding the use of clean and renewable
energy, and forming a cleaner low-carbon consumption structure are essential for promot-
ing GLD [59]. In the context of regional integration, local governments can strengthen
monitoring and evaluation mechanisms for the low-carbon energy transition and introduce
incentive schemes that encourage green energy use. These policy arrangements may guide
energy-intensive industries to reduce dependence on fossil fuels. In the short run, they
help enterprises lower energy waste and improve energy-use efficiency. In the long run,
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they may stimulate technological breakthroughs in clean-energy production, thereby ac-
celerating the energy transition and supporting the coordinated development of regional
green energy systems. Accordingly, this study proposes the following hypothesis:

Hypothesis 1. Regional integration can optimize the urban energy consumption structure, improve
energy use efficiency, increase the use of green and clean energy, and thereby promote urban GLD.

 

Figure 1. Linkage mechanism of regional integration and urban GLD in YRD.

Second, regional integration may enhance GLD efficiency by reorganizing the regional
industrial structure. Industrial upgrading is commonly reflected in two interrelated di-
mensions: structural rationalization and structural advancement. Since China’s reform
and opening-up, the expansion of the export-oriented economy has stimulated investment
demand within the YRD urban agglomeration. Although this process supported urban
economic growth, it also produced a fragmented outward-oriented production system and
intensified industrial homogenization. At the present stage, YRD regional integration is
increasingly driven by region-wide consumption and investment demand. By promot-
ing a more coordinated industrial layout, integration can weaken fragmented production
patterns and reduce the duplication of similar industries across cities. In addition, the
National Development and Reform Commission and related departments have specified
the direction of industrial optimization and upgrading for urban agglomerations, including
the YRD. Local governments may employ tax incentives, subsidies, and other policy tools to
guide market actors away from industries characterized by high energy use, high emissions,
and low efficiency, while encouraging the growth of sectors with lower energy consump-
tion, fewer emissions, and higher efficiency. Such adjustments can increase technological
intensity and facilitate upward movement along the value chain. Nevertheless, existing
studies have reported mixed findings on the effects of industrial structure rationalization
and advancement, partly because of differences in research regions, environmental quality
indicators, and pollutant measurement standards [60–62]. Some scholars argue that both di-
mensions are conducive to improving urban GLD efficiency [63,64]. Others contend that the
advancement of industrial structure may induce horizontal industrial competition among
local governments, thereby generating adverse effects on GLD at the urban-agglomeration
level. Moreover, policy incentives from the central government and regional coordination
mechanisms often involve implementation lags and cyclical effects. Under time constraints
and performance-based incentives, local governments may attach greater importance to the
spatial reallocation of industries than to technology-driven upgrading. Therefore, the con-
tribution of industrial structure optimization to GLD efficiency may arise more from spatial
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redistribution than from technological progress [65]. Accordingly, this study proposes the
following hypothesis:

Hypothesis 2. Regional integration promotes the GLD of the overall urban agglomeration by
adjusting the industrial structure within the region.

Third, government attention reflects the priorities of local governance and the direc-
tion of policy allocation during a specific period. For many years, several YRD cities relied
heavily on an extensive growth model, under which local governments tended to prioritize
economic expansion and form performance-oriented competition centered on GDP growth.
Regional integration can weaken this growth-first competition logic by promoting coordi-
nation in environmental standards, ecological evaluation systems, and governance rules.
Such coordination requires cities at different development stages to move toward higher
standards of green governance. Meanwhile, stricter environmental regulations adopted
by core or more developed cities may be transmitted to medium-sized and less developed
cities through regional coordination mechanisms, thereby strengthening the overall orienta-
tion of regional green governance. As local governments attach greater importance to GLD,
policy attention can be converted into concrete governance measures, such as increasing
green fiscal expenditure, promoting clean energy use, strengthening environmental law
enforcement, and tightening constraints on pollutant emissions. These actions can improve
environmental governance capacity and accelerate the low-carbon transition, ultimately
enhancing cities’ GLD efficiency. Prior research has shown that government attention to
GLD exerts a positive influence on urban GLD [66]. In addition, stronger government at-
tention may encourage local governments to reduce pollutant concentrations and improve
labor productivity through stricter environmental regulation, thereby further advancing
GLD [67]. Accordingly, this study proposes the following hypothesis:

Hypothesis 3. Regional integration promotes GLD by increasing government attention to GLD.

Fourth, regional integration can promote GLD by improving the level of green in-
novation. Green innovation, also referred to as environmental innovation, differs from
general technological innovation in that it mainly involves environmentally friendly in-
novations in processes, procedures, systems, and products [68]. As one of China’s most
resource-rich regions for scientific and technological innovation, the YRD is home to two
comprehensive national science centers and 104 national key laboratories. Supported by
high-tech resources, the region has continuously improved production methods and the
ecological environment. On the one hand, green innovation can reduce carbon emissions
and pollutant emissions by improving production methods and technologies, thereby
lowering pollution treatment costs. On the other hand, it can inject new momentum into
economic development and improve economic efficiency [69]. Taken together, these effects
help form a GLD pathway that aligns economic growth with resource conservation and
environmental protection. Based on this logic, the following hypothesis is proposed:

Hypothesis 4. Regional integration can promote GLD by enhancing urban green innovation capacity.

4. Model Specification, Research Method, and Data Description
4.1. Model Specification

To evaluate the impact of YRD regional integration on urban GLD, this study constructs
a multi-period difference-in-differences model for empirical analysis. The model is specified
as follows:

Greeni,t = α + βDIDi,t + γXi,t + µi + τt + εi,t (1)

https://doi.org/10.3390/su18146945

https://doi.org/10.3390/su18146945


Sustainability 2026, 18, 6945 10 of 28

where Greeni,t denotes the GLD efficiency of city i in year t. DIDi,t indicates whether city i
had joined the YRD Urban Economic Coordination Conference in year t. Xi,t represents a
set of control variables. µi and τt denote city fixed effects and year fixed effects, respectively.
εi,t is the random error term. α, β and γ are model coefficients, where β captures the effect
of regional integration on urban GLD efficiency.

4.2. Variable Selection
4.2.1. Dependent Variable: Green and Low-Carbon Development Efficiency

The measurement of GLD efficiency in the YRD urban agglomeration is not identical
to conventional green total factor productivity indicators [70]. To capture the multidi-
mensional nature of GLD, this study develops an input–output indicator system based
on four objectives: carbon reduction, pollution reduction, ecological improvement, and
economic growth, as reported in Table 1. On the input side, the indicator system covers
labor, capital, natural resources, and energy, with natural resources mainly represented
by land and water resources [71]. On the output side, desirable outputs are reflected by
economic, social, and environmental benefits, which capture cities’ performance in promot-
ing ecological improvement and economic growth. Given the increasing importance of
coordinated governance between industrial waste treatment and carbon reduction, carbon
emissions are treated as an undesirable output. Together with sulfur dioxide emissions,
soot emissions, and wastewater discharge, this indicator reflects the outcomes of carbon
and pollution reduction [72]. Based on this framework, the SBM model with undesirable
outputs is employed to estimate the GLD efficiency of each city from 2006 to 2023 [73]. The
model is expressed as follows:

ρ = min

1 − 1
N ∑N

n=1
sx

n

xt′
k′n

1 +
1

M + I

(
∑M

m=1
sy

m

yt′
k′m

+ ∑I
i=1

sb
i

bt′
k′i

) (2)

s.t.
T

∑
t=1

K

∑
k=1

zt
kxt

kn + Sx
n =xt′

k′n, n = 1, . . . , N (3)

T

∑
t=1

K

∑
k=1

zt
kxt

km + Sy
m =yt′

k′m, m = 1, . . . , M (4)

T

∑
t=1

K

∑
k=1

zt
kbt

ki + Sb
i =bt′

k′i, m = 1, . . . , I (5)

zt
k ≥ 0, Sx

n ≥ 0, Sy
m ≥ 0, Sb

i ≥ 0, k = 1, . . . , K

where ρ denotes green development efficiency. N, M, and I represent the numbers of
inputs, desirable outputs, and undesirable outputs, respectively. Sx

n, Sy
m, and Sb

i denote the
slack variables for inputs, desirable outputs, and undesirable outputs, respectively. xt′

k′n,
yt′

k′m, and bt′
k′i represent the input and output values of the k′ decision-making unit in period

zt
k denotes the weight of each decision-making unit. The value of the objective function

ρ lies within the range 0 < ρ ≤ 1. When 0 < ρ < 1, the efficiency of the decision-making
unit can still be improved. When ρ = 1, the decision-making unit reaches the optimal
efficiency frontier.
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Table 1. Indicator system for measuring the GLD efficiency of cities.

Category Primary Indicator Secondary Indicator Notes

Input indicators

Labor input Number of employees in urban
units at year-end (10,000 persons).

1⃝ Capital stock is measured using the
perpetual inventory method, as follows:
Ki,t = Ki,t−1

(
1 − δi,t

)
+ Ii,t, where Ki,t denotes

the capital stock of city i in year t, δi,t denotes
the depreciation rate of capital, which is set at
9.6%, and Ii,t denotes the current investment of
city i. The initial capital stock is estimated
using the base-period fixed-asset investment
divided by the sum of the depreciation rate
and the average investment growth rate.
Fixed-asset investment is deflated to constant
prices to ensure comparability across years.
2⃝ Total energy consumption is calculated by

converting natural gas, liquefied petroleum
gas, and electricity consumption into standard
coal equivalent. The conversion coefficients are
taken from the General Principles for
Calculation of Comprehensive Energy
Consumption. According to the units of the
original data, the coefficients are 13.3 tce per
10,000 m3 for natural gas, 1.7143 tce per ton for
liquefied petroleum gas, and 1.229 tce per
10,000 kWh for electricity.
3⃝Carbon dioxide emissions are obtained from

the gridded emission estimates provided by the
EDGAR database. In this study, city-level CO2
emissions are obtained by spatially aggregating
EDGAR grid-cell emission data within the
administrative boundary of each city.

Capital input Capital stock (CNY 10,000).

Natural resource
input

Built-up area (km2);
Total water resources (10,000 m3).

Energy consumption
input

Total urban energy consumption,
10,000 tons of standard coal;

Desirable outputs

Economic benefits Gross domestic product
(CNY 10,000).

Social benefits

Total retail sales of consumer
goods (CNY 10,000);
Total wages of employed staff and
workers (CNY 10,000)

Environmental
benefits

Green coverage rate of built-up
areas (%);
Centralized treatment rate of
wastewater treatment plants (%);
Harmless treatment rate of
domestic waste (%).

Undesirable
outputs

Environmental
pollution

Carbon dioxide emissions
(10,000 tons);
Total industrial wastewater
discharge (tons);
Total industrial sulfur dioxide
emissions (tons);
Industrial soot emissions (tons).

4.2.2. Core Explanatory Variable: Regional Integration Intervention

The empirical identification in this study relies on changes in the spatial coverage
of YRD regional integration defined by relevant State Council policy documents. These
policy adjustments are treated as a quasi-natural experiment, and a city is assigned to the
treatment group once it is incorporated into the regional integration framework in a given
year. This status is represented by the binary variable DID. The variable takes the value of 1
if the city has been included in the scope of regional integration in a given year. Otherwise,
it takes the value of 0, indicating that the city belongs to the control group.

4.2.3. Mechanism Variables

To further examine the mechanisms through which YRD regional integration affects
green development efficiency, this study selects energy structure, industrial structure
transformation and upgrading, government attention to GLD, and green innovation as
mechanism variables.

1. Energy structure (energy): Energy structure is measured by the proportion of coal
consumption in a city’s total energy consumption.

2. Industrial structure transformation and upgrading: This is mainly captured from two
dimensions: industrial structure rationalization and industrial structure advancement.
First, industrial structure rationalization (structure1): existing studies have used var-
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ious methods to measure industrial structure rationalization. Following Yuan and
Zhu [74], this study adopts the Theil index for measurement. The formula is as follows:

theili,t =
3

∑
j=1

yi,j,tln

(
yi,j,t

li,j,t

)
, j = 1, 2, 3 (6)

where yi,j,t denotes the share of the output value of industry j in city i in year t in the
city’s total output value. li,j,t denotes the share of employees in industry j in city i in
year t in the city’s total employment. Industrial structure rationalization provides a
comprehensive measure of the coordination between the three major industries and
the employment structure of a city. A nonzero value indicates that the city’s industrial
structure is in an unbalanced state, whereas a value of zero indicates that the industrial
structure is balanced.
Second, industrial structure advancement (structure2): Beyond industrial structure
rationalization, industrial structure advancement represents another key dimension
of industrial transformation and upgrading. It describes the evolution of indus-
trial composition from the primary sector toward the secondary and tertiary sectors
as YRD regional integration progresses and regional economic development deep-
ens. In this study, industrial structure advancement is calculated according to the
following formula:

X0 = (x1,0, x2,0, x3,0); X1 = (1, 0, 0); X2 = (0, 1, 0); X3 = (0, 0, 1) (7)

θj = arccos

 ∑3
i=1
(

xi,j × xi,0
)

∑3
i=1

(
x2

i,j

) 1
2 × ∑3

i=1

(
x2

i,0

) 1
2

 , j = 1, 2, 3 (8)

W =
3

∑
k=1

k

∑
j=1

θj (9)

where x1,0, x2,0, and x3,0 denote the shares of the added value of the primary, secondary,
and tertiary industries in total output, respectively, which together form a three-
dimensional vector X0. θj denotes the angle between vector X0 and vector Xj. W
represents the level of industrial structure advancement. A larger value indicates a
higher degree of industrial advancement.

3. Government attention to GLD (attention): Government attention to GLD is shaped by
a range of policy and governance considerations. Conventional measures, such as
pollution-control expenditure or environmental R&D investment, capture only limited
aspects of environmental governance and cannot fully reflect the formulation and im-
plementation of environmental regulation policies. To address this limitation, this study
applies text-mining methods to government work reports and identifies terms associated
with GLD [75]. The frequency of these terms is then divided by the total word count of
each report to measure the degree of attention that each city government assigns to GLD.
This ratio-based approach reduces potential bias caused by differences in report length.
The selected terms are further grouped into five categories, as shown in Table 2.

4. Green innovation (innovation): Considering the lag between patent application and
patent grant, this study measures green innovation using the number of green inven-
tion patent applications and green utility model patent applications submitted by
each city in a given year [76]. The entropy method is then employed to construct a
composite green innovation index, which is used to capture the level of urban green
innovation [74].
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Table 2. Green and low carbon development related terms.

Category Keywords

Environmental
Conservation

Environmental protection, Environmental conservation, Environment, Pollution
prevention and control, Treatment, Pollution control, Pollution treatment, Remediation,
Treatment of pollution, Greening, Green, Green development, Low carbon, Clean
energy, Ecology, Wastewater treatment, Environmental impact assessment,
Environmental inspection, Domestic waste harmless treatment, Environmental quality,
Air quality.

Environmental Pollution

Carbon dioxide, Carbon dioxide emissions, PM2.5, Particulate matter, Ammonia,
Nitrogen oxides, Sulfur dioxide, Air pollution, Chemical pollutants, Pollutants, Dust,
Ash, Waste gas, Volatile organic compounds, Sewage, Emissions, Exhaust, Air,
Chemical oxygen demand, Carbon dioxide, PM10, Haze, Greenhouse gases, Pollution,
Discharge, Wastewater.

Energy
Conservation

Water resources, Energy consumption, Consumption, Natural resources, Energy
conservation, New energy, Clean energy, Coalbed methane, Coal gas, Coal-fired power
generation, Renewable energy, Utilization of waste heat, Recycling, Conservation.

Environmental
Co-governance

Environmental coordination, Coordinated development, Collaborative governance,
Joint governance, Departmental cooperation, Public participation, Cross-regional
cooperation, Sharing, Transfer, Joint prevention and control, Joint monitoring and
control, Joint governance, Regional coordinated development, Integrated management
of river basins, Regional cooperation, Benefit sharing, Collaborative action, Joint
promotion, Multi-stakeholder participation, Cooperative governance, Sustainable.

Other

Blue sky, Clear water, Clean soil, Green mountains, Forests, Rivers, River basins, Lakes,
Lake basins, Wetlands, Paddy fields, Residential areas, Buildings, Species, Green waters
and lush mountains, Ecological barriers, Water scarcity, Soil conservation, Afforestation,
Land degradation control, Natural forests.

4.2.4. Control Variables

Considering that GLD efficiency may be influenced by other city-specific factors, this
study includes the following control variables: 1⃝ Economic development level (ln_pgdp):
Measured by per capita GDP. 2⃝ Industrial structure (industry): Measured by the share of
secondary industry value added in GDP. 3⃝ Foreign direct investment (fdi): Measured as
the ratio of actual utilized FDI in a given year to city GDP. FDI denominated in US dollars
is converted to RMB using the average annual exchange rate. 4⃝ Technological innovation
(ln_patent): Measured by the number of patents granted in the city. 5⃝ Population density
(ln_population): Measured as the number of people per square kilometer. 6⃝ Urbanization
level (urban): Measured as the ratio of urban resident population to total city population.
7⃝ Human capital (human): Measured as the proportion of the population enrolled in gen-

eral higher education institutions relative to total city population. 8⃝ Financial development
(financial): Measured as the ratio of total loans from financial institutions to city GDP.

4.2.5. Sample Selection and Data Description

This study uses data from 281 prefecture-level cities in China from 2006 to 2023 as the
initial sample. The 41 cities included in the expanded scope of YRD Regional Integration
in 2010, 2016, and 2019 are treated as the treatment group, while the remaining 240 cities
are used as the control group. The data are obtained from the China City Statistical Yearbook
from 2007 to 2024, the China Urban Construction Statistical Yearbook from 2007 to 2024,
government work reports of prefecture-level cities, local statistical yearbooks, EDGAR
database, and the CNRDS database. Some missing values are supplemented using data
from the corresponding local statistical yearbooks. Descriptive statistics for the variables
are reported in Table 3.
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Table 3. Descriptive statistics for variables.

Variable Description Sample Size Mean Standard Deviation Min Max

Green Green and low-carbon development efficiency 5058 0.388 0.329 0.000 1.000

DID Regional integration policy intervention 5058 0.089 0.285 0 1

ln_pgdp Economic development level 5058 10.535 0.713 4.605 13.125

industry Industrial structure 5058 0.457 0.113 0.117 0.918

fdi Foreign direct investment 4884 0.018 0.019 0.000 0.201

ln_patent Technological innovation 5038 7.709 1.625 1.946 12.352

ln_population Population density 5058 8.012 0.721 5.517 10.023

urban Urbanization level 5038 0.538 0.161 0.153 1.000

financial Financial development 5058 0.993 0.620 0.075 9.715

human Human capital 5058 0.021 0.025 0.001 0.155

energy Energy structure 4496 0.814 0.147 0.040 0.997

structure1 Industrial structure rationalization 5058 0.330 2.914 0.000 208.403

structure2 Industrial structure advancement 5058 6.504 0.358 5.517 7.844

attention Government attention to GLD 5058 0.015 0.007 0.000 0.262

innovation Green innovation 5029 0.018 0.053 0.000 0.913

5. Empirical Results and Analysis
5.1. Baseline Regression

Table 4 presents the baseline estimates for the effect of YRD regional integration on
urban GLD efficiency. Column (1) reports the specification without year fixed effects or
control variables. Column (2) incorporates year fixed effects, while control variables are
still excluded. Column (3) further introduces the full set of control variables on the basis of
Column (2). Across these specifications, the estimated coefficient of regional integration
remains positive and statistically significant, indicating that the integration process in the
YRD contributes to higher urban GLD efficiency. In Column (3), the coefficient of DID is
estimated at 0.147. This result suggests that, after accounting for city fixed effects, year
fixed effects, and relevant control variables, YRD Regional Integration exerts a significant
positive impact on urban GLD efficiency (To address potential standard error bias caused by
a limited number of clusters, this study further applies the wild cluster bootstrap method
to test the robustness of the baseline regression results. The results show that the wild-
bootstrap p-value of the core explanatory variable remains within conventional significance
levels. This suggests that the baseline conclusion is highly robust).

Table 4. The impact of regional integration policies on the GLD efficiency of cities.

Variable
(1) (2) (3)

Green Green Green

DID 0.198 *** 0.160 *** 0.147 ***
(0.036) (0.038) (0.040)

Control variables NO NO YES
City fixed effects YES YES YES
Year fixed effects NO YES YES

Observations 5058 5058 4872
R-squared 0.508 0.532 0.532

Notes: *** p < 0.01. Standard errors are reported in parentheses and clustered at the city level.
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5.2. Robustness Test
5.2.1. Parallel Trend Test

A common pre-policy trend between the treatment group and the control group is
a necessary condition for the validity of the regression results from the staggered DID
model. Since the treatment cities were included in the scope of YRD Regional Integration
at different times, this study constructs dummy variables based on the relative time to each
city’s inclusion in the integration scope. The specific model is specified as follows:

Green = &α + β1 pre5i,t + β2 pre4i,t + β3 pre3i,t + β4 pre2i,t + β5current + β6a f ter1i,t + β7a f ter2i,t + β8a f ter3i,t
+β9a f ter4i,t + β10a f ter5i,t + γXi,t + µi + τt + εi,t

(10)

here, pre, current, and a f ter represent dummy variables for the n years before, the year
of, and the n years after a city in the treatment group is incorporated into the regional
integration framework, respectively. For cities in the control group, these dummy variables
take the value of 0. The meanings of α, α, Xi,t, µi, τt, εi,t are the same as in Equation (2).
Since the study period covers 2006–2023 and the critical points for regional integration are
2010, 2016, and 2019, the time span before and after policy implementation is relatively
long. Therefore, the time dummy variables are truncated, retaining only five periods before
and after each critical point. The period immediately preceding policy implementation is
excluded and used as the reference group to avoid multicollinearity. Figure 2 indicates that
the estimated coefficients for the pre-policy time dummies are near zero and statistically
insignificant. This suggests that, before the implementation of YRD regional integration,
there was no systematic difference in GLD efficiency between the treatment and control
groups. Therefore, the parallel trends assumption is supported. In the post-policy period,
the coefficients are mostly positive and statistically significant, implying that YRD regional
integration improves urban GLD efficiency and further supports the reliability of the
baseline estimates.

Figure 2. Parallel trend test results.

5.2.2. Placebo Test

In the baseline regression, this study controls for factors related to the economy,
human capital, and education of cities. However, some unobservable factors may still
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affect the estimated policy effect of YRD Regional Integration. To address this concern, this
study further conducts a placebo test by randomly assigning policy timing and treated
cities. Unlike a standard DID setting, the staggered DID design involves multiple policy
implementation years. It is therefore not appropriate to directly draw the same number
of treated cities from the full sample. This study randomly generates a pseudo policy
shock variable, postrandom, and a pseudo treatment group variable, treatrandom. Specifically,
1000 random simulations are conducted using the full city sample. In each simulation,
pseudo treated cities are randomly selected according to the actual number of cities and
timing in the three treatment groups. This generates 1000 sets of pseudo DID variables,
DIDrandom, defined as postrandom × treatrandom. Finally, this study plots the kernel density
distribution of the 1000 estimated βrandom values and their p-values. The results are shown
in Figure 3. The figure shows that the βrandom values generated from the 1000 random
treatments are mainly concentrated around zero. By contrast, the true DID coefficient is
0.147 and lies clearly outside the right tail of the simulated coefficient distribution. This
indicates that the positive policy effect identified in the baseline regression is unlikely to be
explained by random treatment assignment or sample randomness.

 

Figure 3. 1000 placebo test results.

5.2.3. PSM-DID Test

Because YRD Regional Integration does not constitute a natural experiment in the
strict sense, integrated and non-integrated cities may differ systematically in observable
characteristics, which may lead to sample selection bias. If such differences are not ad-
dressed, the estimated policy effect from staggered DID may be biased. Propensity score
matching helps reduce this concern by selecting control cities that are comparable to treated
cities in observable characteristics, except for their treatment status. Therefore, this study
further applies a year-by-year PSM-DID strategy to re-estimate the policy effect. With
the caliper set at 0.05, Columns (1), (2), and (3) of Table 5 present the results based on 1:2,
1:4, and 1:6 nearest-neighbor matching, respectively. The corresponding coefficients are
0.086, 0.087, and 0.085, and all are significantly positive. These findings suggest that, after
alleviating potential sample selection bias, YRD Regional Integration continues to exert a
significant positive effect on cities’ GLD efficiency.
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Table 5. Year-by-Year PSM-DID test and exclusion the influence of neighboring cities.

Variable
PSM-DID Excluding the Influence of Neighboring Cities

(1) (2) (3) (4)
Green Green Green Green

DID 0.086 * 0.087 ** 0.085 ** 0.145 ***
(0.047) (0.041) (0.040) (0.040)

Control variables YES YES YES YES
City fixed effects YES YES YES YES
Year fixed effects YES YES YES YES

Observations 1488 2156 2552 4610
R-squared 0.541 0.514 0.516 0.528

Notes: *** p < 0.01, ** p < 0.05, * p < 0.10. Standard errors are reported in parentheses and clustered at the city level.

5.2.4. Excluding the Influence of Neighboring Cities

To address the concern that spatial spillovers from YRD Regional Integration may
affect the estimated results, an additional robustness check is conducted by removing
neighboring cities outside the YRD from the sample. Specifically, the baseline model is
re-estimated after excluding 15 adjacent cities, including Rizhao, Linyi, and Zaozhuang. As
shown in Column (4) of Table 5, the coefficient of the regional integration variable remains
positive and statistically significant, both with and without control variables. This result
suggests that the baseline estimates are unlikely to be driven by spillover effects from
nearby cities. It also provides further evidence that YRD Regional Integration contributes
to improving urban GLD efficiency.

5.2.5. Controlling for the Effects of Other Policies

Other policy interventions related to GLD may have occurred during the sample
period in parallel with YRD Regional Integration. To strengthen the credibility of the
baseline results, this study further incorporates controls for relevant concurrent policies
into the baseline specification. First, the Low-Carbon City Pilot policy was designed to
explore low-carbon development pathways and facilitate the low-carbon transition through
mechanisms such as technological innovation. The National Development and Reform
Commission introduced two batches of low-carbon provincial and city pilots in 2010 and
2012, and the pilot coverage was further extended in 2017. Second, the Emissions Trading
Scheme pilot policy affects the low-carbon development of the manufacturing sector by
directly restricting firm-level carbon emissions and defining carbon emission rights through
market-based mechanisms. This study sets 2013 and 2016 as the effective response years
for this policy. Third, the Green Finance Reform and Innovation Pilot Zone policy aims to
strengthen financial support for green technology R&D, clean production, and low-carbon
industries through the development of green financial products and the expansion of green
financing channels. In 2017, China introduced this pilot policy in nine cities, including
Guangzhou and Huzhou, and Lanzhou was subsequently included as a Green Finance
Reform and Innovation Pilot Zone in 2019. Fourth, the River Chief System affects ur-
ban ecological improvement by clarifying responsibilities for river and lake governance,
strengthening cross-regional water environment governance, and improving pollution
prevention and control. Since 2008, Zhejiang Province has taken the lead in exploring the
River Chief System at the provincial level. Other local governments have also carried out
similar practices, and the system was eventually implemented nationwide in 2016. Fifth, the
National Ecological Civilization Construction Demonstration Zone policy aims to improve
the efficient and circular use of resources, promote energy conservation and emission re-
duction, and reduce carbon emission intensity. Since 2017, China has gradually established
a number of National Ecological Civilization Construction Demonstration Zones.
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Based on the above considerations, five policy dummy variables are constructed.
Columns (1)–(5) of Table 6 present the corresponding estimation results. After each of
these policy controls is introduced separately, the estimated coefficient of YRD Regional
Integration remains positive and statistically significant at the 1% level. This finding
indicates that the baseline results are unlikely to be explained by other concurrent green
and low-carbon policies. It further supports the conclusion that YRD Regional Integration
contributes to higher urban GLD efficiency.

Table 6. Results after controlling for the effects of other policies.

Variable
(1) (2) (3) (4) (5)

Green Green Green Green Green

DID 0.149 *** 0.153 *** 0.147 *** 0.123 ** 0.146 ***
(0.040) (0.039) (0.040) (0.049) (0.040)

did_carbon 0.022
(0.028)

did_trade 0.049
(0.044)

did_fin 0.035
(0.102)

did_river 0.065
(0.046)

did_stwm 0.016
(0.053)

Control variables YES YES YES YES YES
City fixed effects YES YES YES YES YES
Year fixed effects YES YES YES YES YES

Observations 4872 4872 4872 4872 4872
R-squared 0.533 0.533 0.532 0.533 0.532

Notes: *** p < 0.01, ** p < 0.05. Standard errors are reported in parentheses and clustered at the city level.

5.2.6. Heterogeneous Treatment Effects

Because the treatment cities entered the YRD Regional Integration framework in dif-
ferent years, the coefficient estimated by a conventional staggered DID model represents,
in essence, a weighted average of treatment effects across cohorts and time periods. When
treatment effects vary across groups, however, some comparisons may be assigned inap-
propriate or even negative weights, even though the total weights add up to one. This issue
may weaken the credibility of the staggered DID estimates. To assess whether the baseline
results are affected by this weighting problem, this study employs the Goodman-Bacon
decomposition [77]. Figure 4 shows that the main identifying variation comes from compar-
isons between treated cities and never-treated cities, which account for 92.73% of the total
weight. In contrast, comparisons among groups treated at different times contribute 5.32%,
while comparisons within treated groups account for only 1.95%. These decomposition
results indicate that potentially problematic comparisons play only a limited role in the
overall estimates. Thus, the baseline findings are unlikely to be driven by the weighting
structure of the staggered DID model and can be considered robust.

To further address potential bias arising from heterogeneous treatment effects,
four modern staggered DID estimators are adopted. First, following Callaway and
Sant’Anna [78], this study estimates group-time average treatment effects and further
evaluates the dynamic treatment patterns. Columns (1)–(4) of Table 7 present the overall
average treatment effect and the group-specific average treatment effects for the 2010, 2016,
and 2019 cohorts, respectively. Figure 5 displays the corresponding dynamic effects, show-
ing that the pre-treatment trends are broadly comparable. Second, the imputation estimator
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proposed by Borusyak et al. is used [79]. This estimator relies on a two-step procedure
and avoids using earlier-treated units as controls, thereby improving the reliability of the
robustness check. Third, following Sun and Abraham [80], group-period dynamic effects
are estimated and then aggregated into average dynamic effects by event time. Fourth,
from the perspective of stacked regression, this study applies the stacked DID estimator
proposed by Cengiz et al. [81], where each stack contains observations from the treated
cohort and the never-treated control group within the same event window. Columns (5)–(7)
of Table 7 report the results from the latter three estimators. Across these alternative esti-
mators, the coefficients remain consistent with the baseline estimates, suggesting that the
main conclusion is not sensitive to heterogeneous treatment effects.

Figure 4. Multi-period DID weight share test.

Table 7. Results of heterogeneous treatment effects.

Variable

(1) (2) (3) (4) (5) (6) (7)
csdid csdid csdid csdid did_imputation eventstudyinteract stackedev

Green Green Green Green Green Green Green

DID 0.192 *** 0.204 *** 0.174 ** 0.154 * 0.093 *** 0.188 *** 0.155 ***
(0.033) (0.055) (0.070) (0.089) (0.032) (0.033) (0.039)

Control variables YES YES YES YES YES YES YES
City fixed effects YES YES YES YES YES YES YES
Year fixed effects YES YES YES YES YES YES YES

Observations - - - - - 4872 13,140
R-squared - - - - - 0.533 0.546

Notes: *** p < 0.01, ** p < 0.05, * p < 0.10. Standard errors are reported in parentheses and clustered at the city level.
The csdid and did_imputation regressions do not report items other than the estimated results. The larger sample
size in Column (7) is due to the stackedev command, which stacks the sample for estimation.
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Figure 5. Overall parallel trend test.

5.3. Heterogeneity Analysis
5.3.1. Differences Across Cities of Different Sizes

Cities with different population scales may respond differently to regional integration
policies, leading to heterogeneous policy effects. This study therefore examines whether the
impact of regional integration on urban GLD efficiency varies across city-size groups. The
corresponding results are presented in Table 8. Overall, YRD Regional Integration is found
to improve GLD efficiency across different city-size categories, although the magnitude of
the effect differs substantially. The coefficient is highest for megacities, implying that these
cities benefit most from regional integration in terms of GLD efficiency improvement. Type I
large cities also show a relatively strong positive response, suggesting that they are able to
convert the institutional coordination and market integration advantages brought by regional
integration into better GLD performance. In contrast, the coefficient for medium-sized cities is
positive, but the corresponding promoting effect has not yet become fully evident.

Table 8. The impact of Yangtze River Delta regional integration on the GLD efficiency in different
sizes cities.

Variable

(1) (2) (3) (4) (5)
Megacity

(>10 Million)
Extra-Large

(5–10 Million)
Type I Large
(3–5 Million)

Type II Large
(1–3 Million)

Medium
(0.5–1 Million)

Green Green Green Green Green

DID 0.397 *** 0.135 ** 0.298 *** 0.144 ** 0.026
(0.079) (0.061) (0.079) (0.059) (0.074)

Control variables YES YES YES YES YES
City fixed effects YES YES YES YES YES
Year fixed effects YES YES YES YES YES

Observations 4188 4206 4260 4440 4314
R-squared 0.549 0.554 0.546 0.545 0.552

Notes: *** p < 0.01, ** p < 0.05. Standard errors are reported in parentheses and clustered at the city level.

These results indicate that the effect of regional integration on the GLD efficiency of
cities does not simply increase with city size. Instead, megacities benefit the most, followed
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by type I large cities, while the effect on medium-sized cities appears more delayed. On the
one hand, megacities usually have stronger industrial agglomeration capacity, technological
innovation capacity, and environmental governance capacity. They can respond more
quickly to regional integration policies and convert the institutional and market advantages
brought by integration into GLD performance. On the other hand, medium-sized cities
may also benefit from improved market accessibility and factor inflows under regional
integration. However, their innovation capacity, industrial absorption capacity, and green
governance foundation are relatively weaker. As a result, the policy effect may take longer
to emerge and has not yet become significant. It is worth noting that the policy effect
is significantly positive for type II large cities, and the estimated coefficient for medium-
sized cities is not negative. This suggests that regional integration has not reduced the
GLD efficiency of smaller cities. One possible explanation is that regional integration has
raised environmental governance standards across the region. When smaller cities receive
industries and participate in regional industrial specialization, they are often subject to
stricter environmental standards. This can offset the potential negative effects of pollution
transfer. In addition, some highly polluting and high-emission industries may have been
transferred to cities outside the scope of YRD Regional Integration. This also helps explain
why the estimated effects remain positive.

5.3.2. Differences Across Cities by Location

The YRD urban agglomeration shows clear center-periphery characteristics. The
Guiding Opinions of the State Council on Promoting the Development of the Yangtze River
Economic Belt by Relying on the Golden Waterway, hereafter referred to as the Opinions,
also states that the region will form a multi-triangle and radial pattern of integrated
development, namely a multi-center development pattern. This study defines Shanghai,
Nanjing, Hangzhou, Hefei, Wuxi, Suzhou, Changzhou, and Ningbo as central cities, and
the remaining 33 cities as non-central cities. The results are reported in Columns (1) and (2)
of Table 9. The coefficients are significantly positive for both groups, suggesting that the
green and low-carbon effects of regional integration are not limited to core cities. However,
the effect is stronger for central cities. This indicates that central cities are better able to
absorb and transform the institutional dividends and factor mobility advantages brought
by regional integration. Future YRD Regional Integration should place greater emphasis
on narrowing the green development gap between central and non-central cities.

Table 9. The impact of YRD regional integration on the GLD efficiency in central-peripheral cities.

Variable

(1) (2) (3) (4) (5) (6)
Central Cities Peripheral Cities Shanghai Jiangsu Zhejiang Anhui

Green Green Green Green Green Green

DID 0.290 *** 0.122 *** 0.489 *** 0.216 *** 0.262 *** 0.031
(0.071) (0.044) (0.029) (0.044) (0.057) (0.065)

Control variables YES YES YES YES YES YES
City fixed effects YES YES YES YES YES YES
Year fixed effects YES YES YES YES YES YES

Observations 4278 4728 4152 4368 4332 4422
R-squared 0.545 0.540 0.552 0.541 0.550 0.551

Notes: *** p < 0.01. Standard errors are reported in parentheses and clustered at the city level.

5.3.3. Differences Across Provinces

To examine whether the policy effect differs across provincial units, this study conducts
a heterogeneity analysis for Shanghai, Jiangsu, Zhejiang, and Anhui. The estimation results
are presented in Table 9. Clear provincial variation is observed in the impact of YRD
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Regional Integration on urban GLD efficiency. The coefficient for Shanghai reaches 0.489
and is statistically significant at the 1% level, suggesting that Shanghai gains the largest
GLD efficiency improvement from regional integration. The estimated coefficients for
Jiangsu and Zhejiang are 0.216 and 0.262, respectively. The stronger effect observed in
Zhejiang relative to Jiangsu may be associated with its more developed private economy
and stronger digital economy foundation. In contrast, the effect for Anhui is relatively
limited and has not yet become fully evident. As a late-developing province within the
YRD, Anhui has received industrial relocation and factor inflows during the integration
process. However, its comparatively weaker environmental governance capacity may
expose some cities to greater environmental pressure. This may help explain why the GLD
effect of regional integration has not yet fully materialized in Anhui. Future policy efforts
should further facilitate the diffusion of green technologies, innovation resources, and
environmental governance experience to late-developing cities in Anhui, thereby better
aligning industrial relocation with green transition and improving the coordination and
sustainability of regional integration.

6. Mechanism Analysis
The preceding results indicate that regional integration improves GLD in the YRD

urban agglomeration overall and across different city groups within the region. To clarify
the channels underlying this effect, this study further tests and compares several poten-
tial mechanisms using the empirical data. The corresponding results are reported in
Tables 10 and 11.

Table 10. Mediation effect test (I).

Variable
(1) (2) (3) (4) (5)

Green Green Green Green Green

DID −0.064 *** 0.130 * 0.034 0.003 * 0.022 ***
(0.023) (0.076) (0.024) (0.002) (0.007)

Control variables YES YES YES YES YES
City fixed effects YES YES YES YES YES
Year fixed effects YES YES YES YES YES

Observations 4400 4872 4872 4872 4846
R-squared 0.714 0.002 0.950 0.360 0.690

Notes: *** p < 0.01, * p < 0.10. Standard errors are reported in parentheses and clustered at the city level.

First, energy structure. The results in Column (1) of Tables 10 and 11 show that the
coefficients are negative and significant at the 1% level. This suggests that YRD Regional
Integration helps reduce dependence on highly polluting and high-carbon energy sources.
It also promotes the optimization of the energy consumption structure, which provides
important support for improving the GLD efficiency of cities. Hypothesis 1 is supported.

Second, industrial structure. The results in Columns (2) and (3) of Tables 10 and 11
suggest that YRD Regional Integration affects cities’ GLD efficiency mainly through indus-
trial reallocation and changes in regional industrial specialization, whereas the industrial
upgrading channel has not yet obtained significant empirical support. In both tables, the
coefficient reported in Column (2) is significantly positive. This result can be explained
by the fact that, as regional integration advances, administrative barriers among cities
are gradually reduced and the cross-city movement of industries and production factors
becomes more efficient. Central cities or cities with strong production capacity may relocate
part of their industrial activities to peripheral and late-developing cities, which can induce
short-term changes in local industrial structures. Such reallocation may also improve
resource-use efficiency in receiving cities, thereby contributing to higher GLD efficiency. By
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contrast, the coefficient in Column (3) is positive but statistically insignificant in both tables,
indicating that technological upgrading and changes in production modes may require
a longer period to materialize. Therefore, Hypothesis 2 is mainly supported through the
industrial restructuring mechanism.

Table 11. Mediation effect test (II).

Variable
(1) (2) (3) (4) (5)

Green Green Green Green Green

energy −0.328 ***
(0.079)

structure1 0.001 ***
(0.000)

structure2 0.058
(0.076)

attention 0.989 **
(0.423)

innovation 1.390 ***
(0.168)

Control variables YES YES YES YES YES
City fixed effects YES YES YES YES YES
Year fixed effects YES YES YES YES YES

Observations 4400 4872 4872 4872 4846
R-squared 0.549 0.527 0.527 0.527 0.543

Notes: *** p < 0.01, ** p < 0.05. Standard errors are reported in parentheses and clustered at the city level.

Third, government attention to GLD. The results in Column (4) of Tables 10 and 11
show that regional integration has a positive effect on government attention to GLD. As
regional development goals and a coordinated environmental governance system gradually
take shape, local governments attach greater importance to GLD. Inter-city competition
has also shifted from a narrow focus on economic growth to a broader competition that
also considers green performance and low-carbon transition. Hypothesis 3 is supported.

Fourth, green innovation. The results in Column (5) of Tables 10 and 11 indicate
that regional integration policies significantly stimulate urban green innovation, thereby
contributing to improvements in GLD efficiency. By enlarging market size, facilitating
knowledge diffusion, and deepening cross-city innovation collaboration, regional inte-
gration creates more favorable conditions for the development and application of green
technologies. Stronger green innovation can also upgrade production technologies, lower
pollution-control costs, and improve resource-use efficiency. In this sense, green innova-
tion serves as a key mechanism through which regional integration advances GLD. Thus,
Hypothesis 4 is supported.

Overall, the two-step regression results indicate that YRD Regional Integration en-
hances cities’ GLD efficiency mainly through energy structure adjustment, industrial re-
structuring, greater government attention to GLD, and stronger green innovation.

7. Discussion and Conclusions
This study takes cities within the YRD regional integration framework as the research

sample and employs a multi-period difference-in-differences model to evaluate the effect
of regional integration on urban GLD. It further examines the mechanisms through which
this effect operates. The empirical results show that YRD regional integration significantly
improves urban GLD efficiency and contributes to the transition toward low-carbon urban
growth. The policy effect is heterogeneous, with more pronounced impacts in megaci-
ties and core cities. The mechanism analysis further indicates that regional integration
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promotes GLD mainly through energy structure optimization, industrial restructuring,
stronger government attention to GLD, and green innovation. Based on these findings, this
study proposes the following policy implications for deepening regional integration and
advancing urban GLD in the YRD.

First, regional green integration should be further strengthened. The empirical ev-
idence suggests that regional integration is an effective pathway for improving urban
GLD efficiency and can support the achievement of carbon peaking and carbon neutrality
goals under the combined pressures of pollution reduction and high-quality development.
Future policies should place greater emphasis on deepening green coordination across
cities, improving ecological governance, and building more livable and environmentally
friendly urban spaces. Specifically, the responsibilities and regulatory boundaries of each
city in ecological governance should be clarified, with greater attention given to collabo-
rative pollution prevention and control. Unified standards for ecological governance and
restoration should be implemented more strictly, and monitoring and evaluation systems
related to environmental protection, carbon reduction, and pollution control should be
improved to strengthen mutual supervision among cities. In addition, ecological compen-
sation and incentive mechanisms should be further explored. Subsidies or other forms
of support can be provided to enterprises or local governments that generate positive
environmental externalities, thereby encouraging broader participation in environmentally
beneficial practices.

Second, the leading role of central cities should be further strengthened to support
GLD in late-developing cities. The heterogeneity analysis shows that the coefficients for
medium-sized cities and cities in Anhui are positive but not yet statistically significant.
Therefore, a cross-provincial negative list for industrial relocation should be established.
Core cities should concentrate on R&D, headquarters functions, design services, and
high value-added manufacturing, whereas peripheral cities should apply strict standards
for environmental carrying capacity, energy efficiency, and total pollutant control when
undertaking manufacturing relocation. Such arrangements can help prevent the transfer
of low-end and pollution-intensive industries and guide regional integration from simple
spatial expansion toward coordinated green development.

Third, policy efforts should focus on the key mechanisms that drive GLD. The empiri-
cal results show that regional integration improves urban GLD efficiency mainly through
energy structure optimization, industrial rationalization, stronger government attention,
and green innovation. Future integration policies should promote the wider use of low-
carbon energy in transportation, construction, agriculture, industry, services, and household
consumption, while increasing the R&D and application of renewable and clean energy
sources such as wind, solar, and biomass. In addition, a green industrial system with
lower energy consumption and lower pollution intensity should be developed by reduc-
ing the share of high-energy and high-pollution sectors and expanding low-energy and
low-pollution industries. Local governments should also strengthen ecological awareness
and align policy implementation with green development objectives, so that ecological
protection can be better integrated with economic growth. Furthermore, urban green
innovation should be promoted by mobilizing regional resources, concentrating innovation
factors, and developing green industrial chains, thereby supporting the YRD in becoming a
world-class demonstration region for green innovation.

This study has several limitations that provide directions for future research. First,
although a robustness test is conducted by excluding neighboring cities, the direction,
intensity, and spatial range of spillover effects require further examination. Second, the
analysis focuses on the YRD, a region with distinctive institutional arrangements, industrial
characteristics, and governance capacity. Whether the conclusions can be extended to other
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regional integration contexts should therefore be assessed by considering differences in
development stages and policy environments. Third, future studies may conduct com-
parative analyses across multiple urban agglomerations to further explore how regional
integration influences GLD efficiency in different types of urban agglomerations.
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38. Udemba, E.N.; Keleş, N.İ. Interactions among urbanization, industrialization and foreign direct investment (FDI) in determining

the environment and sustainable development: New insight from Turkey. Asia-Pac. J. Reg. Sci. 2022, 6, 191–212. [CrossRef]
39. Ullah, A.; Kui, Z.; Pinglu, C.; Sheraz, M. Effect of financial development, foreign direct investment, globalization, and urbanization

on energy consumption: Empirical evidence from Belt and Road Initiative partner countries. Front. Environ. Sci. 2022, 10, 937834.
[CrossRef]

40. Gurbuz, E.C. The impacts of economic growth, foreign direct investment inflows, and energy usage on air pollution through
globalization in China: A vector error correction model approach. Energy Environ. 2026, 37, 511–539. [CrossRef]

41. Cheng, E.W.; Tong, K.-L. Variegated city-region governance: Centralised design, localised implementation and asymmetric
integration in China’s Greater Bay Area. Territ. Polit. Gov. 2025, 13, 716–736. [CrossRef]

42. Anguelov, D.; Peck, J.; Zhang, J.; Su, X. Rezoning at the threshold of two systems: Regionalised party-statecraft in China’s Greater
Bay Area. Reg. Stud. 2024, 58, 565–582. [CrossRef]

43. Li, Y.; Jonas, A.E.G. Small cities and towns in global city-centred regionalism: Observations from Beijing-Tianjin-Hebei region,
China. Trans. Plan. Urban Res. 2023, 2, 103–114. [CrossRef]

https://doi.org/10.3390/su18146945

https://doi.org/10.1016/S0014-2921(97)00063-9
https://doi.org/10.1080/14631377.2010.498681
https://doi.org/10.1556/032.2024.00016
https://doi.org/10.1080/15256480.2025.2477238
https://doi.org/10.1016/j.ecosys.2023.101169
https://doi.org/10.3390/su16177678
https://doi.org/10.1007/s12053-023-10178-6
https://doi.org/10.1016/j.econmod.2024.106816
https://doi.org/10.1016/j.jrurstud.2023.02.010
https://doi.org/10.1007/s00168-022-01190-2
https://doi.org/10.1007/s10290-024-00528-6
https://doi.org/10.3389/frsc.2023.1100685
https://doi.org/10.3390/su13137250
https://doi.org/10.1111/j.1467-9396.2005.00514.x
https://doi.org/10.1080/00343400500449085
https://doi.org/10.3390/land14010156
https://doi.org/10.1016/j.landusepol.2021.105939
https://doi.org/10.1177/0042098019898143
https://doi.org/10.1016/j.tra.2024.103978
https://doi.org/10.1016/j.jtrangeo.2025.104170
https://doi.org/10.3390/su11185000
https://doi.org/10.1007/s41685-021-00214-7
https://doi.org/10.3389/fenvs.2022.937834
https://doi.org/10.1177/0958305X241244490
https://doi.org/10.1080/21622671.2025.2492189
https://doi.org/10.1080/00343404.2023.2242381
https://doi.org/10.1177/27541223231157225
https://doi.org/10.3390/su18146945


Sustainability 2026, 18, 6945 27 of 28

44. Chen, S.; Du, Y.; Liu, Y. Regional integration and urban green and low-carbon development: A quasi-natural experiment based
on the expansion of the Yangtze River Delta urban agglomeration. Sustainability 2025, 17, 3621. [CrossRef]

45. Shen, Y.; Sargani, G.R.; Wang, R.; Jing, Y. Unveiling the spatio-temporal dynamics and driving mechanism of rural industrial
integration development: A case of Chengdu–Chongqing Economic Circle, China. Agriculture 2024, 14, 884. [CrossRef]

46. He, D.; Yin, Q.; Zheng, M.; Gao, P. Transport and regional economic integration: Evidence from the Chang-Zhu-Tan region in
China. Transp. Policy 2019, 79, 193–203. [CrossRef]

47. Zhao, H.; Xiang, Y.; Gong, F.; Xu, T.; Chen, Y.; Li, X. Enhancing sustainability through regional integration: A quasi-natural
experiment on green innovation of listed firms in the Yangtze River Delta. Sustainability 2025, 17, 10841. [CrossRef]

48. Zhen, Y.; Shi, D.; Lu, Y. The impact of regional integration strategies on the formation of city regions and its agglomeration
shadow: Evidence from the Yangtze River Delta, China. Land 2023, 12, 1053. [CrossRef]

49. Li, T.; Tao, S. Did China’s regional planning policies promote employment in the science and technology services sector? Humanit.
Soc. Sci. Commun. 2025, 12, 285. [CrossRef]

50. Yang, Y.; Ma, G. How can HSR promote inter-city collaborative innovation across regional borders? Cities 2023, 138, 104367.
[CrossRef]

51. Sun, A.; He, Q.; Xiao, C.; Hua, Y.; Zhang, J. The spatial spillover effects of regional integration on carbon emissions. Int. Rev. Econ.
Financ. 2024, 95, 103447. [CrossRef]

52. Sadik-Zada, E.R.; Ferrari, M. Environmental policy stringency, technical progress and pollution haven hypothesis. Sustainability
2020, 12, 3880. [CrossRef]

53. Jiang, Y.; Guo, Y.; Bashir, M.F.; Shahbaz, M. Do renewable energy, environmental regulations and green innovation matter for
China’s zero carbon transition: Evidence from green total factor productivity. J. Environ. Manag. 2024, 352, 120030. [CrossRef]
[PubMed]

54. Yin, S.; Zhou, Y.; Zhang, C.; Wu, N. Impact of regional integration policy on urban ecological resilience: A case study of the
Yangtze River Delta region, China. J. Clean. Prod. 2024, 485, 144375. [CrossRef]

55. Li, L.; Luo, N. Is market integration conducive to carbon reduction? Evidence from Chinese cities. Econ. Anal. Policy 2025, 87,
1595–1611. [CrossRef]

56. Li, L.; Ma, S.; Zheng, Y.; Ma, X.; Duan, K. Do regional integration policies matter? Evidence from a quasi-natural experiment on
heterogeneous green innovation. Energy Econ. 2022, 116, 106426. [CrossRef]

57. Fu, C.; Xu, Y.; Zhou, F. Environmental collaborative governance of urban agglomeration in China: Influencing factors and drivers.
Environ. Sci. Pollut. Res. 2023, 30, 38363–38379. [CrossRef] [PubMed]

58. Zhao, H.; Liu, Y.; Lindley, S.; Meng, F.; Niu, M. Change, mechanism, and response of pollutant discharge pattern resulting
from manufacturing industrial transfer: A case study of the Pan-Yangtze River Delta, China. J. Clean. Prod. 2020, 244, 118587.
[CrossRef]
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