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Abstract

As regional integration accelerates globally, green development has emerged as a pivotal
imperative for reconciling economic growth with environmental sustainability. This study
employs a Difference-in-Differences framework incorporating city and year fixed effects
to examine the impact of regional integration on green development efficiency in China’s
Yangtze River Delta. The empirical findings reveal that regional integration significantly un-
dermines green development efficiency, a conclusion corroborated by rigorous robustness
checks including parallel trends and placebo tests. Mechanism analysis demonstrates that
trade openness and digital economy development function as partial mediating channels
that modestly attenuate the direct adverse effect of regional integration, whereas the decline
in secondary industry agglomeration amplifies the negative impact. Notably, innovation
capability has yet to fully unlock its potential for green transformation, it intensifies the
negative effects of regional integration across all three mediating mechanisms. Building
on these findings, this study proposes policy recommendations including strengthening
multi-level green governance frameworks, integrating ecological compensation and car-
bon trading systems, advancing low-carbon trade structures, promoting the synergistic
development of digitalization and green transformation, facilitating the green transition
of secondary industries, and reinforcing green technology innovation. These insights pro-
vide empirical evidence and policy references for achieving coherence between regional
integration and sustainable development objectives.

Keywords: regional integration; green development efficiency; Yangtze River Delta; industrial
agglomeration; digital economy

1. Introduction

In the context of globalization, regional integration has become a strategic response
for countries and regions to address external uncertainties. By enhancing interregional
coordination, regional integration promotes more efficient resource allocation and strength-
ens economic performance. Nevertheless, the integration process often entails large-scale
agglomeration and the mobility of capital and labor, which may in turn exacerbate resource
consumption and environmental pressures. Against this backdrop, green development
efficiency (GDE), which reflects the balance between economic growth and environmental
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protection, has attracted considerable attention from both scholars and policymakers. How-
ever, whether regional integration contributes to enhancing green development efficiency
remains a subject of theoretical debate and empirical divergence.

China’s experience in this domain offers an especially representative case. In 2006,
energy conservation and emission reduction were, for the first time, incorporated into the
binding indicators of China’s national economic and social development plan. In 2007,
the concept of “ecological civilization” was officially established as a national strategic
priority, marking a fundamental shift in the country’s development paradigm. As one of the
most dynamic and economically vibrant regions in China, the Yangtze River Delta (YRD)
bears the dual responsibility of achieving high-quality economic growth while advancing
ecological sustainability. From the early establishment of the Urban Economic Coordination
Council to the elevation of YRD integration into a national strategy in 2018, the scope and
depth of regional cooperation have continued to expand. By 2024, the Yangtze River
Delta (YRD) region accounted for less than 4% of China’s land area but was concentrated
with nearly 17% of the national population and generated almost one-quarter of national
GDP. However, the Yangtze River Delta (YRD) region is characterized by intensive energy
consumption and carbon emissions, with environmental quality in certain cities yet to align
with their socioeconomic development. Advancing green development efficiency remains
an issue that requires deeper exploration.

The objective of this study is to provide a systematic examination of how regional
integration influences green development efficiency in the Yangtze River Delta (YRD). It
also aims to propose policy recommendations for optimizing regional integration strategies.
These strategies seek to maximize the efficiency of green development while minimizing
potential negative externalities. The main contributions of this study are as follows: it com-
prehensively accounts for the expansion in the number of cities and employs a quasi-natural
experimental framework based on the Difference-in-Differences (DID) method. Rather
than merely assessing the level or quality of green development, this study emphasizes the
impact of regional integration on urban green development efficiency. Moreover, this study
can reveal the dynamic evolution of regional integration’s effects on green development
across different stages. In contrast to conventional studies that focus primarily on factors
such as industrial structure and trade openness, this study incorporates the digital economy
and technological innovation as emerging production factors into the analytical framework,
and further examines the mediating and moderating mechanisms involved. This broadens
the theoretical pathways through which regional integration influences green development
efficiency. The results will provide data-driven evidence and targeted insights to improve
green development efficiency in the YRD and other similar regions.

The remainder of this paper is organized as follows. Section 2 reviews the relevant
literature. Section 3 develops the theoretical framework and research hypotheses. Section 4
describes the study area, model specification, variable description and data source. Section 5
presents the empirical results, including robustness checks and mechanism verification.
Section 6 discusses the findings. The final section concludes with key insights and policy
recommendations.

2. Literature Review
2.1. Regional Integration

Tinbergen [1] was among the first to explore the concept of integration from an
economic perspective. He argued that different countries or regions could achieve inte-
grated development by enhancing economic cooperation, reducing trade barriers, estab-
lishing common markets, and coordinating economic policies. Building on this foundation,
Haas [2] emphasized that economic cooperation could also drive institutional conver-
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gence. Subsequently, Balassa [3] provided a more systematic framework, proposing that
regional integration is a progressive process that begins with “trade integration”, advances
through “factor integration” and “policy integration”, and ultimately culminates in “com-
plete integration”. Various regions have pursued intercity integration to enhance global
competitiveness and promote sustainable development.

Scholars have adopted various approaches to measuring regional integration. Some
focus on single-dimensional indicators such as economic coordination, market integration,
or industrial linkage [4], while others employ multi-dimensional composite index systems
to provide a more comprehensive assessment of integration levels [5-8]. In recent years,
many scholars have employed the Difference-in-Differences (DID) method to assess the
effects of regional integration on economic performance, environmental outcomes, and
other dimensions. Feng et al. [9] found that the impact of regional integration on economic
resilience varies significantly across time periods, regions, and urban structures. Further re-
search indicates that while regional integration policies can effectively strengthen economic
resilience, they have limited influence on social and infrastructural resilience and may even
exert adverse effects on ecological resilience [10]. Another study applied a DID approach
to examine the effect of the YRD Economic Coordination Council on improvements in
energy efficiency across the urban agglomeration [11]. Guo et al. [12] applied a multi-period
DID model to panel data from 285 Chinese prefecture-level cities (2003-2018), finding that
government-led regional integration significantly boosted per capita GDP.

2.2. Green Development Efficiency

From an input-output perspective, green development efficiency (GDE) refers to the
comprehensive ability to optimize resource utilization efficiency under existing resource
input levels, thereby maximizing desirable outputs, such as economic benefits and ecologi-
cal improvements, while simultaneously minimizing undesirable environmental outputs.
Unlike traditional measures of economic efficiency, GDE emphasizes the reduction in
undesirable outputs, highlighting the balance between economic activity and ecological
protection [13]. The development of efficiency measurement methods such as Data Envelop-
ment Analysis (DEA) in the 1990s provided key methodological tools for quantifying GDE.
The Slack-Based Measure (SBM) model further refines traditional DEA by incorporating
input and output slacks, allowing for the inclusion of undesirable outputs in efficiency
evaluations [14].

A growing body of literature has examined the impact of regional integration on
green development efficiency. Hou and Song [15] demonstrates that market integration
significantly enhances regional green total factor productivity (GTFP). This positive impact
not only manifests directly within the region but also indirectly promotes GTFP growth in
neighboring areas. Wang et al. [16] finds that regional integration improves urban green
development efficiency, exhibits spatial spillover effects and heterogeneity across different
urban agglomerations. Feng et al. [17] reveals that regional integration in the Yangtze River
Economic Belt fosters inclusive green growth by urban innovation capacity.

In terms of traditional determinants, Lu et al. [18] identified industrial structure,
environmental regulation, and urbanization level as key drivers. Specifically, industrial
structure positively contributes to efficiency improvement, whereas environmental regula-
tion and urbanization have negative effects. Si et al. [19] highlighted that per capita GDP,
industrial structure, technological innovation, population density, education investment,
and transportation infrastructure all significantly influence green development efficiency.

Gu et al. [20] found that regional collaborative innovation not only directly enhances
urban green development efficiency but also positively moderates the impact of industrial
digitalization. Drawing on panel data from 2011 to 2021, Liu et al. [21] utilized panel data
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spanning 2011-2021 and employed a coupling coordination model to examine the mecha-
nism through which digital-physical integration influences regional green development
efficiency. Zhang et al. [22] highlighted that the digital economy enhances urban green
development efficiency by fostering the agglomeration of innovative human capital.

2.3. Summary

Although existing studies have made substantial contributions to the fields of re-
gional integration and green development efficiency, there remain gaps in methodological
approaches and mechanistic analysis. In the field of regional integration, most existing
studies rely either on single-dimensional indicators, or constructs multidimensional com-
posite indices, which struggle to capture the comprehensive impact of formal institutional
arrangements or isolate their specific effects. The limited studies applying the Difference-in-
Differences (DID) approach generally adopt a single policy implementation timeframe with
static control and treatment groups, thereby neglecting the dynamic expansion of regional
integration policies and failing to reflect the phased evolution and cumulative effects of the
integration process. In the domain of green development efficiency, the selection of input
and output indicators in DEA often lacks robust theoretical grounding, with some outputs
narrowly emphasizing economic benefits. Moreover, the efficiency scores generated by
DEA are typically used directly in regression analyses without sufficiently accounting
for the inherent uncertainty or potential estimation errors. More importantly, from the
perspective of urban agglomerations that are in the process of development and maturation,
the mediating and moderating mechanisms through which regional integration influences
green development efficiency have not been adequately explored.

3. Theoretical Analysis and Hypotheses Development

Both neoclassical growth theory and new economic geography generally suggest that
regional integration can reduce transaction costs and cross-regional frictions, thereby facili-
tating the spatial reallocation of production factors [23,24]. Regional integration promotes
healthy interregional competition and policy coordination [25], and contributes to improv-
ing the efficiency of green development. However, when regional integration prioritizes
economic growth over green development, local governments may shift environmental
governance responsibilities to other regions and adopt short-term growth strategies focused
on attracting investment and enhancing regional competitiveness. Moreover, throughout
the integration process, polluting and energy-intensive enterprises may relocate from
strictly regulated core cities to peripheral areas, creating a regional “pollution haven” effect.
The large population scale also entails intensive energy consumption, waste generation,
and land occupation, thereby exerting considerable strain on the region’s environmental
carrying capacity. When the development of green infrastructure fails to keep pace with the
rapid expansion of socioeconomic activities, it may even reduce the efficiency of green de-
velopment. This phenomenon aligns with Externalities Theory [26] and the Environmental
Kuznets Curve (EKC) hypothesis [27].

Although cities involved in regional integration have promoted green development
through increased investment and the expansion of green infrastructure, their excessive
reliance on factor inputs, coupled with the diseconomies of scale arising from population
agglomeration, has substantially raised the environmental cost per unit of output, thereby
leading to a pattern of high input but low efficiency in green development [28,29]. In
some cases, limitations in technology, policy, or managerial capacity during environmental
governance and industrial upgrading have also resulted in a temporary decline in green
development efficiency [30,31]. By contrast, cities that have prioritized green development
from the outset may not occupy a leading position in terms of overall green development
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levels due to scale and resource constraints, yet through structural transformation they can
still realize a latecomer advantage in green development efficiency [32,33]. Therefore, we
propose Hypothesis 1.

H1: Regional integration may undermine green development efficiency by privileging economic
growth, enabling pollution transfer, and perpetuating high-input development patterns.

From the perspective of trade structure [34], the Yangtze River Delta integration has
dismantled inter-provincial administrative barriers, lowered intra- and inter-regional trade
costs, and substantially increased the degree of trade dependence among cities. Yet the
resulting ‘competitive convergence,” as cities race to expand export-oriented industries, has
led to extensive duplication of construction, undermining resource allocation efficiency and
aggravating environmental pressures. In regions characterized by high trade openness, the
disproportionate concentration of energy-intensive and emission-intensive segments within
the value chain cultivates path dependence and institutional inertia, significantly escalating
the costs associated with transitioning to green technological innovations. Moreover,
excessive trade openness can erode green development efficiency through channels such
as ‘carbon leakage” and ‘embodied carbon transfer,” pushing regions into a ‘growth trap’
where the welfare gains of green development diminish [35]. The theory of ‘policy priority
sequencing’ [36] further suggests that, under resource constraints, trade expansion and
environmental protection objectives are inherently in competition. The prioritization of
trade can intensify environmental pressures, a phenomenon that is particularly pronounced
in regional integration processes that emphasize economic growth.

Regional integration in the Yangtze River Delta has driven the agglomeration of sec-
ondary industry enterprises in areas with convenient transportation, large markets, and
well-developed industrial linkages, enabling them to reap agglomeration benefits such
as economies of scale, knowledge spillovers, and shared labor markets from Marshallian
externalities [37]. However, secondary industries, particularly manufacturing and heavy
industries, are energy-intensive sectors. Strong path dependencies may reinforce a high-
energy-consumption growth model, and when such agglomeration surpasses the region’s
environmental carrying capacity, negative externalities arise, impeding the shift toward
green development [38]. In the context of regional integration, secondary industry agglom-
eration may also trigger broader “race-to-the-bottom” competition, reducing regional green
development efficiency, especially in stages where relevant green standards and regulations
are weak or ambiguous.

During the regional integration of the Yangtze River Delta, collaborative initiatives
have accelerated the development of digital infrastructure and enabled the cross-regional
flow of data as a critical production factor. Nevertheless, while reducing search, match-
ing, and transaction costs, the rise in the digital economy has simultaneously induced
an exponential surge in the scale of goods, services, and capital. The escalating resource
consumption, structural imbalances, and superficial application patterns arising from this
digital production and consumption model not only impose significant environmental
pressures but may also offset or even surpass the efficiency gains delivered by digital
technologies [39]. Furthermore, the inherently high energy consumption of digital infras-
tructure may result in a significant increase in carbon emission intensity. This effect is
particularly pronounced in cases where new infrastructure, such as data centers, 5G base
stations, and computing hubs, predominantly relies on fossil fuel-based energy sources.
Moreover, the efficiency gains driven by digital technologies in traditional industrial and
manufacturing sectors frequently translate into capacity expansion rather than green trans-
formation, which collectively undermine overall green development efficiency.

Therefore, we propose Hypothesis 2a, Hypothesis 2b, and Hypothesis 2c.
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H2a: Regional integration enhances trade openness, which subsequently exerts a negative mediating
effect on green development efficiency through mechanisms such as competitive convergence, carbon
leakage, and embodied carbon transfer.

H2b: The agglomeration of secondary industries driven by regional integration may gen-
erate negative externalities and path dependence, thereby exacerbating the decline in green
development efficiency.

H2c: When regional integration prioritizes economic scale expansion, the digital economy
may generate rebound effects and amplify the negative impact of regional integration on green
development efficiency.

Regional integration, by expanding markets and lowering transaction costs, creates
broader opportunities and scale economies for technological innovation and application.
Yet it may also trigger the Jevons paradox [40]. In contexts dominated by high trade open-
ness, secondary industry agglomeration, and rebound effects from the digital economy,
innovation can drive larger-scale production and increased energy use, ultimately under-
mining the efficiency of green development. Innovation activities often exhibit pronounced
path dependence [41], where established technological trajectories generate self-reinforcing
mechanisms. The competitive pressures induced by regional integration may drive cities
and enterprises to prioritize short-term comparative advantages over high-risk, long-term
transformative green technology innovation. When innovation resources within a region
are predominantly allocated to trade-oriented activities, traditional secondary industries,
or high-return but energy-intensive digital technological domains, a crowding-out effect
on green technology innovation may emerge. This technological bias is reinforced through
learning effects and network externalities, particularly when enterprises lack sufficient
environmental responsibility or face inadequate institutional and policy support for green
development. Consequently, enterprises may favor incremental improvements within
existing technological frameworks over disruptive green technological advancements.

Therefore, we propose Hypothesis 3.

H3: Although innovation is typically regarded as a key driver of green development, under the
mediating influences of low value-added trade, traditional secondary industry agglomeration, and
the rebound effects of the digital economy, it may also amplify the negative impact of regional
integration on green development efficiency.

The theoretical analysis framework is presented in Figure 1.
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Figure 1. Theoretical analysis framework.

4. Material and Methods
4.1. Study Area

The Yangtze River Delta (YRD) region, located along China’s eastern coastal area,
spans the provinces of Jiangsu, Zhejiang, and Anhui, along with Shanghai, covering a
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total area of approximately 358,000 square kilometers (Figure 2). As one of the country’s
earliest and most dynamic urban agglomerations, the YRD is characterized by a high
degree of trade openness, strong manufacturing agglomeration, and a pivotal role as a
national hub for technological innovation and the digital economy. In 1997, the Yangtze
River Delta City Economic Coordination Council was formally established, transforming
intercity cooperation from a spontaneous process into a structured mechanism supported
by the high-level “Mayors’ Joint Conference.” In its initial phase, the integration of the
YRD prioritized economic growth and industrial competitiveness as primary objectives.
The Regional Plan for the Yangtze River Delta (2010-2020), approved by the central gov-
ernment in 2010, identified 16 core cities, consistent with the membership of the City
Economic Coordination Council, while gradually incorporating ecological development
and environmental protection into the integration agenda through coordinated gover-
nance mechanisms. The Yangtze River Delta Urban Agglomeration Development Plan of
2016 expanded the scope to 26 cities. In 2019, the Outline of the Yangtze River Delta
Regional Integration Development Plan further extended coverage to all 41 cities across
Shanghai, Jiangsu, Zhejiang, and Anhui, and increased the number of designated core
cities to 27. The integration and expansion of the YRD region serves as a suitable empirical
foundation for applying a Difference-in-Differences (DID) analytical approach.
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Figure 2. Geographical location of the Yangtze River Delta. Note: The figure is produced using
ArcGIS 10.8.2 software based on the Standard Map with the review number GS5(2024)0650 from the
National Platform for Common GeoSpatial Information Services of China, with no modification to
the base map boundaries. The dotted lines indicate latitude-longitude grids.

4.2. Model Specification

This study adopts the DID method because regional integration policies constitute an
exogenous intervention with clearly defined temporal nodes and geographical boundaries.
The quasi-experimental framework of DID effectively isolates the policy’s causal impact
from confounding factors, enabling precise identification of the net effect of regional
integration on green development efficiency. In contrast, measuring regional integration
levels with composite indices may lead to inconsistent results due to differences in indicator
selection and weighting, while also raising potential endogeneity concerns. Whether
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comparing a city’s green development efficiency before and after regional integration, or
between the treatment and control groups, the estimates may be confounded by unobserved
time effects or individual heterogeneity, potentially leading to estimation bias. To mitigate
this issue, this study follows the methodological framework of Abadie [42] and employs a
multi-period Difference-in-Differences (DID) model to systematically evaluate the impact
of the YRD regional integration on green development efficiency. Grounded in theoretical
analysis, this study further develops a mediation effect model [43,44] and extends it by
incorporating moderating effects to provide a comprehensive assessment [45,46].

GDE;; = ag + ,B()RI” + ’)/oTcontTOlit +ui+ 1+ @)
M = ay + B1RI; + y{ Controly + p; + T + €4 2)
GDEj; = ay + BaRI; + 0o M;; + v, Controly + p; + T + €3¢ 3)

GDEj;; = a3 + B3RL; + 01 Mj; + 6Nit + ¢(RIy x Niy) + 73 Controly + pi +w + e (4)

In Equations (1)—(4), i represents a city; t represents a year; GDE;; denotes the depen-
dent variable, measuring a city’s green development efficiency; RI;; is the core explanatory
variable, equal to 1 if the city participates in the YRD integration in year ¢ and 0 other-
wise; Control;; is a vector of control variables; M;; denotes the mediating variables that
captures the mechanism through which regional integration may affect green development
efficiency; Nj; is the moderating variables that conditions the relationship between regional
integration and green development efficiency, while R1;; X Nj; represents the interaction
term used to test the moderating effect; a;(j = 0,1,2,3) represents the intercept term across the
different model settings; B;(j = 0,1,2,3) captures the effect of regional integration on green
development efficiency under each model; 0, §, and ¢ are the coefficients to be estimated
for the corresponding explanatory variables; 7T is the parameter vector associated with
the control variables; ; and 7; capture time and city fixed effects, respectively; and ¢;; is
the random error term. This approach provides a more nuanced understanding of how
these factors amplify or weaken the impact of regional integration, thereby offering more
targeted empirical evidence for optimizing integration policies and advancing sustainable
development. All empirical analyses were conducted using Stata 17.0 software.

4.3. Variable Description
4.3.1. Dependent Variable

The dependent variable is green development efficiency (GDE). Following Tone [14],
this study applies a super-efficiency slack-based measure (Super-SBM) model with un-
desirable outputs to evaluate regional GDE [47,48]. This approach accommodates input
and output slacks, incorporates undesirable outputs, and overcomes the inability of con-
ventional DEA models to differentiate decision-making units (DMUs) with an efficiency
score of one. However, treating DEA efficiency scores as deterministic inputs in regression
models overlooks the inherent sampling variability and statistical uncertainty embedded
in these estimates, violating the assumption that error terms must be independent and
identically distributed (i.i.d.) [49]. This leads to biased estimation results and invalidates sta-
tistical inference. To address these issues, this study employs the bootstrap bias correction
procedure proposed by Simar and Wilson [50,51]. Following the computation of initial DEA
efficiency scores, we perform 2000 bootstrap resamples with replacement, recalculating
DEA efficiency values for each resampled dataset. By comparing the efficiency estimates
from the bootstrap samples with the original efficiency values, we calculate the expected
systematic bias. Finally, this bias is subtracted from the original efficiency estimates (GDE¥)
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to derive the bias-corrected Green Development Efficiency (GDE) values, which serve as
the dependent variable in the Difference-in-Differences (DID) analysis.

The GDE input-output indicator system is shown in Table 1. Inputs are categorized
into capital, labor, land, and energy. Capital input is proxied by fixed asset stock, calculated
using the perpetual inventory method [52]. Labor input is measured by the year-end
number of employed persons [53,54]. Land input is represented by urban construction land
area, reflecting both land resources and their allocation in economic development [48,55].
Energy input includes total electricity consumption, total supply of liquefied petroleum
gas and natural gas, total available water resources [55,56]. Outputs comprise desirable
and undesirable components. Desirable outputs include: (i) GDP, indicating economic
performance; (ii) per capita disposable income of urban residents, reflecting social wel-
fare and living standards; and (iii) urban park green space area, representing ecological
construction level [53]. The undesirable output is carbon emission intensity, capturing the
environmental burden of production activities [56-58].

Table 1. GDE input-output indicator system.

Target Indicator

Primary Indicator Secondary Indicator Unit

Input

GDE*
and
GDE

Output

Energy input

Capital input Fixed asset stock 10,000 yuan
Labor input The year-end number of employed persons 10,000 people

Land input Urban construction land area Square kilometers
Total electricity consumption 10,000 KW-h
Total supply of liquefied petroleum gas and 10,000 tons
natural gas
Total available water resources 10,000 cubic meters
GDP 10,000 yuan

Desirable output Per capita disposable income of urban residents Yuan

Urban park green space area Square kilometers

Undesirable output Carbon emission intensity Tons /10,000 yuan

4.3.2. Explanatory Variable

The explanatory variable RI captures the policy intervention of the YRD regional
integration. Within the multi-period Difference-in-Differences (DID) framework, RI;; = 1 if
city i is in the treatment group in year f, and Rlj; = 0 if it is in the control group. Given
data availability and China’s policy timeline for advancing ecological civilization, the
sample period starts in 2006. Prior to the release of the Yangtze River Delta Regional Plan
(2010-2020) in 2010, 16 cities had already joined the YRD Economic Coordination Council
and initiated coordinated development; these are coded as 1, and all others as 0. Cities
included in the national plan in 2016 and 2019 are coded 1 from the year of inclusion, and
the remaining cities are coded 0. The cities incorporated into the YRD urban agglomeration
in each period are shown in Table 2.

Table 2. The expansion process of the YRD regional integration.

Approval Time

Cities Involved

2006
2016
2019

Shanghai, Nanjing, Wuxi, Changzhou, Suzhou(Jiangsu), Nantong, Yangzhou, Zhenjiang,
Taizhou(Jiangsu), Hangzhou, Ningbo, Jiaxing, Huzhou, Shaoxing, Zhoushan, Taizhou(Zhejiang)
Yancheng, Jinhua, Hefei, Wuhu, Ma’anshan, Tongling, Anqing, Chuzhou, Chizhou, Xuancheng
Bengbu, Huai’an, Huaibei, Huangshan, Fuyang, Quzhou, Suzhou(Anhui), Lu’an, Bozhou, Xuzhou,

Lianyungang, Sugian, Wenzhou, Lishui, Huainan
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4.3.3. Control Variables

Population size (POP) reflects the total number of people living in a city and serves
as a key indicator of a city’s resource demand and development intensity [57,59,60]. Eco-
nomic development level (PGDP) affects green development efficiency by shaping resource
allocation and the implementation of environmental policies [61,62]. Government fiscal
expenditure (GFE) plays a crucial role in determining green development efficiency through
its impact on environmental governance, green infrastructure development, and sustainable
technology promotion [63-65]. Environmental governance (EG) reflects the regional policy
intensity in environmental protection and the cleanliness of production practices [66,67].

The four control variables are represented by the permanent resident population,
GDP per capita, the amount of general government budgetary expenditure, and in-
dustrial SO, emissions, all of which are expressed in natural logarithms form in the
econometric analysis.

4.3.4. Mediating Variables

Drawing on the theoretical framework and existing literature, this study identifies
trade openness (TO) [68,69], secondary industry agglomeration (IAS) [70-72], and the
digital economy (DE) [73-75] as mediating variables to elucidate the pathways through
which regional integration influences green development efficiency.

Trade openness (TO) is measured as the ratio of total imports and exports to
GDP. Following prior studies and considering data availability [76-78], the digital econ-
omy (DE) is primarily based on the Peking University Digital Inclusive Finance In-
dex. Secondary industry agglomeration (IAS) is typically measured using the Loca-
tion Quotient (LQ) [70-72]. TO and DE are expressed in natural logarithms form in the
econometric analysis.

4.3.5. Moderating Variables

Innovation capacity (IC) comprises key components including technological progress,
knowledge accumulation, and human capital [59,79,80]. This study constructs a composite
indicator for each city-year, based on patent grants, the number of college students per
10,000 population, and investment in science and technology, thereby capturing regional
innovation capability.

4.4. Data Source

This study utilizes panel data covering 41 cities in the Yangtze River Delta from 2006
to 2021. Most of the data are drawn from the Express Professional Superior database
(EPS, http:/ /olap.epsnet.com.cn/; accessed on 10 October 2025), a specialized platform
for macroeconomic data analysis and forecasting. Carbon emissions data are obtained
from the China Enterprise Greenhouse Gas Emissions Accounting Platform (IPE, https:
//www.ipe.org.cn/; accessed on 20 September 2025). To ensure completeness, missing
values were supplemented with information from local statistical yearbooks, statistical
bulletins, and government work reports. The final dataset consists of 656 observations.

5. Empirical Results
5.1. Descriptive Statistics

Table 3 presents the descriptive statistics of the key variables. Green Development Ef-
ficiency (GDE and GDE*) exhibits regional variation. The explanatory variable RI indicates

that approximately half of the sample cities are in the treatment group. Other variables,
reflect pronounced differences in economic foundations and resource endowments among
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Yangtze River Delta cities, forming a solid empirical basis for the subsequent analysis of
how regional integration policies affect green development efficiency.

Table 3. Descriptive Statistics of Main Variables.

Variable Obs Mean Std. Dew. Min Max Unit
GDE* 656 0.766 0.232 0.3056 1.615 -
GDE 656 0.747 0.244 0.286 1.873 -
RI 656 0.550 0.498 0.000 1.000 -
POP 656 535.185 380.956 71 2489 10 thousand persons
PGDP 656 60,000.57 38,637.62 4473.426 187,218.4 yuan
GFE 656 522.505 915.508 20.591 8430.856 100 million yuan
EG 656 40,461.800 49,009.510 490.000 496,377.000 ton
TO 656 0.309 0.354 0.006 2.883 -
IAS 656 1.027 0.159 0.503 1.525 -
DE 656 155.077 97.160 8.477 359.683 -
IC 656 0.079 0.105 0.001 0.866 -

5.2. Baseline Regression Results

The core assumption of the Difference-in-Differences (DID) framework requires that,
in the absence of intervention, the trends in the outcome variable over time are identical for
the treatment and control groups [81,82]. Moreover, the selection of cities for the regional
integration policy was not randomly assigned but is instead correlated with city-specific
characteristics [83]. Consequently, this study employs a two-way fixed effects model,
utilizing city and year fixed effects to mitigate the influence of time-invariant omitted
variable bias and common time trends. Additionally, we apply city-level clustered robust
standard errors to address the underestimation of standard errors arising from serial
correlation and heteroskedasticity due to the persistence of policy effects, thereby ensuring
the reliability of causal inference [81,84]. To validate the model’s appropriateness, Table 4
presents the estimation results across four models: a simple DID model without fixed
effects (column 1), a model with only time fixed effects (column 2), a model with only city
fixed effects (column 3), and a two-way fixed effects model (column 4).

Table 4. Baseline regression results.

Variables @) 2) 3) @
RI —0.016 —0.013 —0.098 ** —0.097 **
(0.056) (0.063) (0.038) (0.040)
LNPOP 0.077 0.062 0.147 0.036
(0.082) (0.105) (0.174) (0.189)
LNPGDP 0.092 0.104 0.176 * 0.055
(0.079) (0.084) (0.103) (0.167)
LNGFE —0.057 —0.028 —0.123 * —0.205 *
(0.063) (0.089) (0.073) (0.105)
LNEG —0.041 ** —0.068 * —0.052 *** —0.051*
(0.017) (0.039) (0.014) (0.026)
Constant 0.031 0.096 —-0.773 1.664
(0.908) (0.942) (1.338) (2.418)
Observations 656 656 656 656
R-squared 0.031 0.033 0.076 0.066
City FE No No Yes Yes
Year FE No Yes No Yes

Note: The standard errors in this paper are all clustered robust standard errors clustered at the city level. Robust
standard errors in parentheses, *** p < 0.01, ** p < 0.05, * p < 0.1.
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The results show that the goodness of fit in column (1) is extremely low (0.031),
indicating that the model has very limited explanatory power when fixed effects are
not controlled for. Although column (2) incorporates year fixed effects, its explanatory
capacity remains weak. This suggests that while nationwide macroeconomic shocks are
accounted for, city-specific heterogeneity is still not addressed, thereby preventing accurate
identification of the net effect of regional integration. In contrast, the results in columns
(3) and (4) demonstrate that once city fixed effects are included, the explanatory power
of the model improves substantially. These findings are consistent with prior research
in Difference-in-Differences estimation [81,84]. Accordingly, the two-way fixed effects
specification is adopted as the benchmark model for the subsequent analysis.

In column (4), the coefficient of regional integration (RI) is negative (—0.097) and
statistically significant at the 5% level, indicating the inhibiting effect of RI on GDE persists
after accounting for demographic, economic, fiscal conditions, and environmental gover-
nance conditions. The coefficients of LNPOP and LNPGDP are not statistically significant,
suggesting that population size and economic level exert limited influence on GDE. By
contrast, LNGEFE has a negative and statistically significant coefficient (—0.205), implying
that increases in local government spending are associated with lower green development
efficiency. LNEG also have a negative and statistically significant coefficient indicating that
higher SO, emissions are associated with lower green development efficiency, highlighting
the critical role of environmental governance in promoting sustainable development.

5.3. Parallel Trend Test

A fundamental prerequisite for the Difference-in-Differences (DID) approach is that
the treatment and control groups satisfy the parallel trend assumption, meaning that their
variables exhibit similar trajectories prior to policy implementation. In this study, since
cities in the Yangtze River Delta (YRD) were incorporated into the regional integration (RI)
development plan in different years, the timing of treatment varies across cities. To account
for this, policy implementation is represented by a set of dummies, with key years identified
as 2006, 2016 and 2019. Specifically, the year immediately prior to implementation is coded
as prel, two years before as pre2, and so forth, with all years earlier than eight years before
the policy uniformly coded as pre8. Similarly, the year following the policy is coded as
postl, two years after as post2, and so on, with all years beyond eight years after the policy
grouped into post8.

Figure 3 illustrates that during the pre-treatment phase (pre8 to pre2), the confidence
intervals all include zero, indicating that the estimated coefficients for these time points are
statistically insignificant. This suggests that, prior to policy implementation, there were no
systematic differences in green development efficiency between the treatment and control
groups, thereby supporting the validity of the parallel trends assumption. The coefficients
for post2 to post5 are negative and statistically significant at the 10% level, with the negative
impact becoming more pronounced at post7. These findings indicate a delayed effect of
the policy, with green development efficiency significantly declining two years after the
implementation of regional integration. Furthermore, the results suggest that cities in the
implementation region (RI) do not necessarily exhibit higher green development efficiency
compared to those in the non-implementation (non-RI) regions.
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Figure 3. Parallel trend test results.

5.4. Placebo Test

The placebo test is utilized to eliminate spurious correlations and confirm model
robustness by simulating fictitious treatments [81,85]. This study employs a random
resampling to assign placebo treatment years for regional integration across 41 cities.
Fixed-effects regressions, incorporating control variables, are conducted over 1000 simula-
tions to estimate the coefficients, standard errors, and p-values of the placebo treatment
variable [86-88]. As shown in Figure 4, the estimated coefficients of the placebo integration
variable are clustered around zero, with most p-values exceeding 0.1. In contrast, the
baseline regression coefficient for regional integration (—0.097, p-value = 0.019, Table 4,
column 4) stands out as a significant outlier, suggesting that the observed effect is un-
likely to result from unobserved random factors, thereby reinforcing the robustness of the
study’s conclusions.
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Figure 4. Placebo test results.
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5.5. Mechanism Verification
5.5.1. Mediating Effect Analysis

Following the three-step regression approach proposed by Baron and Kenny [44]
and the results of the baseline model, this study investigates the mediating roles of trade
openness (LNTO), secondary industry agglomeration (IAS), and digital economy (LNDE)
in the impact of regional integration (RI) on green development efficiency (GDE). To ensure
the robustness of statistical inferences, the Sobel test [89] and a bootstrap method [90]
with 500 resampling iterations were employed to assess the significance of the mediation
effects. Detailed results are presented in Table 5. Columns (1), (3), and (5) of Table 5
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report the second-step regression results, showing the effects of regional integration on
trade openness (LNTO), secondary industry agglomeration (IAS), and digital economy
(LNDE), respectively. Columns (2), (4), and (6) present the third-step regression results
after incorporating these variables into the baseline model.

Table 5. Mediating effect analysis results.

. 1) 2) (3) 4) (5) (6)
Variables
LNTO GDE IAS GDE LNDE GDE
RI 0.205 *** —0.072* —0.039 * —0.117 *** 0.077 * —0.079 **
(0.056) (0.039) (0.021) (0.040) (0.039) (0.038)
LNTO —0.125**
(0.050)
IAS —0.354 ***
(0.124)
LNDE —0.237 ***
(0.068)
Constant 2.011 1.915 —2.352 ** 0.830 0.827 1.860
(3.535) (2.370) (0.887) (2.361) (2.621) (2.218)
Control Yes Yes Yes Yes Yes Yes
City FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
Sobel Z-statistics —3.211 *** 2.346 ** —2.662 **
Proportion mediated 26.2% —14.2% 18.7%
Bootstrap 95% CI for Mediation [—0.0435, —0.0138] [0.0049, 0.0312] [—0.0332, —0.0072]
R-squared 0.337 0.0907 0.346 0.0837 0.237 0.116
Observations 656 656 656 656 656 656

Note: The standard errors in this paper are all clustered robust standard errors clustered at the city level. Robust
standard errors in parentheses, *** p < 0.01, ** p < 0.05, * p < 0.1.

The findings indicate that regional integration significantly promotes trade openness
(0.205, 1%) and the development of the digital economy (0.077, 10%), while reducing the
agglomeration of secondary industries (—0.039, 10%). Upon incorporating the mediating
variables, all three mediators exhibit a significant negative impact on green development
efficiency. Compared to the baseline model, the inclusion of LNTO and LNDE reduces the
RI coefficient to —0.072 and —0.079, respectively, whereas the inclusion of IAS strengthens
the RI coefficient to —0.111. The Sobel test further confirmed the significance of these
mediating effects, with the indirect effects of trade openness (LNTO), secondary industry
agglomeration (IAS), and the digital economy (LNDE) accounting for approximately 26.2%,
—14.2%, and 18.7% of the total effect, respectively. In addition, the 95% bias-corrected
confidence intervals obtained from 500 bootstrap replications excluded zero and provide
further support for these findings.

These results collectively indicate that trade openness (LNTO), secondary industry
agglomeration (IAS), and digital economy (LNDE) serve as significant mediators in the
relationship between regional integration and green development efficiency.

5.5.2. Moderating Effect Analysis

Table 6 presents the results of the moderating effects of innovation (IC) and its interac-
tion with regional integration (RI), building on the three mediation mechanisms. Across
all models, the coefficients for IC are positive and statistically significant at the 1% or 5%
level (ranging from 2.422 to 2.628). The interaction term between RI and IC is consistently
negative and significant at the 5% level (ranging from —1.915 to —2.094). These findings
indicate that innovation capacity amplifies the negative direct effect of regional integration
on green development efficiency (GDE).
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Table 6. Moderating effect analysis results.

Variables @ @ ®)
GDE GDE GDE
RI 0.031 0.000 0.035
(0.068) (0.067) (0.064)
LNTO —0.114 **
(0.049)
IAS —0.338 ***
(0.121)
LNDE —0.239 ***
(0.066)
IC 2.422 ** 2.544 *** 2.628 ***
(0.908) (0.873) (0.803)
RI x IC —1.915 ** —2.037 ** —2.094 **
(0.900) (0.881) (0.818)
Constant 1.665 0.629 1.614
(2.408) (2.390) (2.230)
Control Yes Yes Yes
City FE Yes Yes Yes
Year FE Yes Yes Yes
R-squared 0.121 0.116 0.150
Observations 656 656 656

Note: The standard errors in this paper are all clustered robust standard errors clustered at the city level. Robust
standard errors in parentheses, *** p < 0.01, ** p < 0.05.

6. Discussion
6.1. The Adverse Effect of Regional Integration on Green Development Efficiency

In the baseline analysis, the coefficient of regional integration is negative and sig-
nificant. This finding supports Hypothesis 1, indicating that regional integration, which
prioritizes economic growth and high-input development models, may also hinder im-
provements in green development efficiency [16,91].

Population size and per capita GDP exhibit no significant effect on green development
efficiency, suggesting that in the Yangtze River Delta, the scale effects of population and
the associated increase in economic activities have only a limited direct influence [72,92].
Alternatively, the impact of population size and economic development level on green
development efficiency may be far more complex than anticipated, potentially exhibiting
nonlinear effects [59,93,94].

Consistent with the findings of [95], government budget expenditure has a significant
negative effect on green development efficiency. This may reflect that, in the context of
regional integration, government spending is disproportionately directed toward infras-
tructure and industrial support aimed at economic growth, while relatively less is allocated
to environmental technologies and green industries [96]. Consequently, such expenditures
have not been effectively translated into improvements in green development efficiency.
Certainly, another contributing factor is the reverse causal effect stemming from institu-
tional arrangements that grant greater expenditure authority to regions with lower green
development efficiency [93,97].

Environmental governance, as an institutional framework, imposes restrictions on
50, emission through emission standards, environmental taxes, and emissions trading
schemes. These measures can encourage firms to internalize pollution costs and foster the
development of clean production technologies [66,98]. However, if SO, emissions are not
effectively controlled, environmental carrying capacity may be compromised, ultimately
reducing the efficiency of green development.
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6.2. Heterogeneous Mediation by Trade Openness, Industrial Agglomeration, and Digital Economy
in Regional Integration’s Effects on Green Development Efficiency

Empirical results indicate that regional integration promotes trade openness, consistent
with hypothesis H2a. This is consistent with the findings of [99,100], the facilitation of cross-
border trade driven by regional integration. However, as highlighted by [101,102], due
to substantial variations in environmental regulatory standards and enforcement across
regions, trade openness within the framework of regional integration may undermine
green development efficiency by intensifying competition in energy-intensive imports.
Further analysis reveals that the indirect effect of trade openness slightly mitigates the
direct negative impact of regional integration on green development efficiency. In other
words, when the pathway of trade openness is not considered, the negative relationship is
partially overstated.

The mediating effect of secondary industry agglomeration shows that the deepening
of regional integration dismantles existing market fragmentation and geographical barriers,
facilitating the relocation of secondary industries and consequently reducing the degree of
agglomeration. However, as highlighted in the existing literature [103,104], the relocation
and agglomeration of secondary industries during the integration process can generate
significant negative externalities in the absence of effective environmental regulations and
cooperative mechanisms, thereby further suppressing green development efficiency. This
validates hypothesis H2b. Further analysis reveals that the mitigating effect of reduced
secondary industry agglomeration on the suppression of green development efficiency is
offset by the enhanced direct effect of regional integration.

The results of the digital economy’s mediating effect indicate that regional integra-
tion provides foundational support for digital economy development, thereby promoting
its growth. However, the digital economy intensifies the negative effect of regional inte-
gration on green development efficiency, reflecting its double-edged nature [105]. On the
one hand, digital technologies such as big data, cloud computing, and the Internet of Things
enhance information flows and resource allocation, thereby improving overall economic
efficiency [106]. On the other hand, the rapid expansion of the digital economy may trigger
a rebound effect during the integration process, intensifying environmental pressures [107],
thus validating hypothesis H2c. Further analysis reveals that the digital economy also acts
as a partial suppressing mediator, slightly offsetting the direct negative effect of regional
integration on green development efficiency. In other words, when the pathway of the
digital economy (LNDE) is not considered, the initial negative association is overstated.

6.3. Innovation and the Digital Economy as Reinforcers of the Negative Effect of Regional
Integration on Green Efficiency

Although innovation is typically regarded as a key driver of green develop-
ment [108,109], the moderating analysis reveals that, even when accounting for the media-
tion effects of trade openness, secondary industry agglomeration, and the digital economy,
innovation capacity amplifies the negative impact of regional integration on green de-
velopment efficiency. This aligns with Hypothesis H3, suggesting that under regional
integration, innovation-leading regions focus on technologies favoring economic growth,
thereby reinforcing the negative effects of low-end, high-input trade patterns. Addition-
ally, R&D resources are often allocated to technological fixes for high-carbon industries
within the non-digital economy. This indicates that green-oriented innovation has not yet
achieved sufficient scale effects or effective market application, thereby exacerbating the
adverse impact of regional integration on green development efficiency. These findings are
supported by relevant literature [110-112].
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7. Conclusions

The study reveals that regional integration (RI) in the Yangtze River Delta has a nega-
tive impact on green development efficiency (GDE), as reflected by a consistently negative
coefficient across DID models. The robustness of the findings is further supported by both
parallel trends and placebo tests. To reverse the negative impact of regional integration
on green development efficiency identified in this study, policy efforts should aim to em-
bed ecological priorities into the integration process. Capitalizing on the 2019 “Overall
Plan for the Yangtze River Delta Eco-Green Integrated Development Demonstration Zone”
and the 2023 “Yangtze River Delta Eco-Green Integrated Development Demonstration
Zone Territorial Spatial Master Plan (2021-2035)”, policy efforts should aim to establish
a cohesive, multi-level governance framework and collaborative mechanism to advance
green development. Green development efficiency indicators should serve as core evalua-
tion criteria to prevent a “race-to-the-bottom” effect. Priority should be given to regional
collaboration in green industries, including clean technologies, environmental protection
sectors, and pollution control initiatives. A comprehensive cross-regional ecological com-
pensation system should be implemented to internalize environmental costs, while existing
trading platforms for pollutant discharge and carbon emissions should be integrated into
a regional green factor trading center to enhance market-based allocation efficiency and
improve environmental governance levels. To align fiscal expenditure toward green pri-
orities, the Yangtze River Delta Economic Coordination Council can coordinate regional
green infrastructure development to optimize resources and minimize redundant invest-
ments. Government spending should increase fiscal support for environmental protection,
clean technology R&D, and ecological restoration. Tax instruments should be leveraged
to establish incentive-compatible mechanisms that amplify the impact of public fiscal re-
sources. Promote the comprehensive implementation of green building, sponge city, and
“15-min living circle” planning and construction across the region, while encouraging the
development of “near-zero carbons emission demonstration zones”.

The study reveals that regional integration in the Yangtze River Delta region, by
increasing trade openness and promoting the development of the digital economy, has led to
a decrease in green development efficiency, thereby generating a certain degree of negative
mediating effect. Additionally, regional integration partially amplifies the direct negative
impact on green development efficiency by reducing secondary industry agglomeration.
Moderation analysis further demonstrates that innovation capability amplifies the adverse
effects of RI on GDE. These results highlight the importance of targeted policies to reconcile
regional integration with green development objectives, emphasizing efficient resource
allocation, green-oriented innovation, and strengthened environmental regulations to
counteract the observed “high-input, low-output” dynamics during the integration process.
To mitigate the negative externalities of trade-oriented economies and secondary industry
agglomeration, optimize the integration of the digital economy with green development,
and transform innovation capacity into green innovation efficiency, the following policy
recommendations are proposed for reference. First, establish internationally aligned green
product standards and green supply chain management systems, prioritizing support
for low-carbon product exports to promote upgrading of trade structures toward greener
development. Second, implement a negative list for industrial relocation alongside a “green
access” system, and promote the development of “green digital factory” benchmarks. This
is particularly critical in high-energy-consumption sectors such as steel, chemicals, and data
centers, where digitalization and green transformation can mitigate the negative amplifying
effects of secondary industries while achieving dual goals of industrial upgrading and
emission reduction. Third, guide digital infrastructure in adopting clean energy sources
and green energy efficiency standards, thereby reducing the carbon footprint of the digital
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economy. Fourth, establish dedicated green technology innovation funds and incubators to
foster innovation oriented toward green development. Additionally, form green innovation
alliances to facilitate cross-city technology sharing. Finally, formulate tailored urban green
development and high-quality economic growth policies that align with regional integration
and leverage the unique resource endowments and strengths of individual cities.

Although this study examines the direct effects and mechanisms of the Yangtze River
Delta’s regional integration process on green development, the generalizability of these
findings warrants further validation through extension to other regional integration cases.
More refined indicator systems, possibly leveraging big data, could be employed to measure
the level of regional integration and green development efficiency. More detailed research
designs could be utilized to uncover specific or nonlinear transmission pathways and
mechanisms. In addition, future research could focus on the spatial spillover effects of
green development efficiency, as well as the synergistic and diffusion effects of regional
integration policies in conjunction with other green development policies.
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