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Abstract

The deep integration of green finance and the digital economy serves as a critical lever for
achieving the “dual carbon” goals and the “Digital China” strategy. This study constructs a
“Technology—Capital-Environment” (TCE) analytical framework and integrates a coupling
coordination degree model with a dynamic Qualitative Comparative Analysis (QCA)
approach. Based on panel data of the Pearl River Delta urban agglomeration from 2014 to
2023, we investigate the synergistic development level, multiple pathways, and dynamic
evolution between the two systems. Key findings include: (1) The coupling coordination
degree of the two systems has steadily increased, yet significant spatial heterogeneity
persists. The average annual growth rate of potential catch-up cities (3.37%) surpasses
that of core leading cities (1.77%). (2) Four equifinal driving pathways are identified,
which can be summarized into three patterns: technology-dominated institutional synergy,
human capital-policy dual-core guidance, and technology—infrastructure synergistic driven.
(3) Dynamic analysis reveals that pathways embedded with digital human capital and
new infrastructure exhibit stronger resilience to shocks, whereas pathways reliant on
institutional synergy demonstrate higher vulnerability. (4) Guangzhou and Shenzhen
have already exhibited “ecosystem-level” synergistic characteristics, rendering existing
configurational models limited in explanatory power. This study provides a theoretical
foundation for promoting regionally differentiated deep integration of green finance and
the digital economy and for building a resilience-oriented synergistic development system.

Keywords: green finance; digital economy; coupling coordination; dynamic QCA; Pearl
River Delta (PRD)

1. Introduction

Governments worldwide face the dual challenge of advancing digital transformation
while meeting climate commitments—a balancing act between economic growth and
emission reduction. This tension between fostering a new digital economy and constraining
a carbon-intensive one is not unique to any single country; it is a defining dilemma of our
time. China, as the world’s largest emerging economy and carbon emitter, represents a
critical test case for how these two imperatives can be integrated. It has embedded these
dual imperatives into its national development strategies, translating them into binding
targets for regional transformation. The former imposes constraints on carbon emissions;
the latter expands the role of data as a factor of production. This is evident in its latest
national strategies, such as China’s 15th Five-Year Plan period [1], which for the first time,
mandates the integration of these two policy trajectories by linking emission controls
with digital infrastructure and financial allocation. As a result, green finance and the
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digital economy in China have moved beyond being merely encouraged toward a mode of
mandatory integration.

Both sectors in China have reached impressive scale. By late 2024, the outstanding bal-
ance of green loans exceeded 30 trillion CNY, ranking first globally; the scale of the digital
economy surpassed 56 trillion CNY, accounting for over 44% of GDP, while cumulative
investment in new infrastructure such as 5G base stations and data centers also ranks first
worldwide. However, “scale” has not automatically translated into “synergy”. The “capital
allocation” of green finance and the “data allocation” of the digital economy still operate
along “parallel tracks”. Green credit allocation remains primarily based on traditional
project assessments, lacking real-time carbon footprint data; although digital platforms
amass vast amounts of emission data, they lack standardized, asset-ready financial inter-
faces. This results in a broken “data-capital” positive feedback loop, preventing the full
release of policy dividends [2].

However, the policy loop has yet to be matched by a corresponding research loop.
Existing literature predominantly proceeds along a “single-curve” trajectory: green finance
research focuses on linear causality between financing constraints and emission reduction
performance, while digital economy research emphasizes elasticity estimates of ICT pen-
etration and total factor productivity. The two strands remain “non-intersecting” at the
model level, leaving significant gaps. These include mechanism gaps—how, for instance,
do capital allocation and data allocation interact to produce synergistic emission reduc-
tion effects where “1 + 1 > 2”?—and evaluation gaps, such as the absence of an official
integration index, where traditional scale-based indicators fail to capture the depth of
“synergistic transformation”.

To elucidate how green finance and the digital economy can achieve synergistic devel-
opment, a comprehensive “Technology-Capital-Environment” (TCE) analytical framework
is established in this study. By situationally reconstructing the “Organizational” dimension
of the classical TOE framework, this framework transforms it into a “Capital Support” di-
mension at the regional level, elucidating the driving mechanisms and realization pathways
of their integrated development from three dimensions: technological innovation, capital
support, and external environment [3]. Methodologically, a hybrid strategy integrating the
coupling coordination degree model and dynamic QCA is employed: first, the synergistic
development level of green finance and the digital economy across nine Pearl River Delta
cities (2014-2023) is quantified via the coupling coordination degree model, subsequently
revealing its spatiotemporal evolution characteristics; second, with “high coupling coordi-
nation degree” set as the outcome variable, the dynamic QCA method is utilized to identify
multiple configurational pathways driving high-level synergy. Through inter-configuration
consistency analysis, this approach delineates the temporal evolution of each pathway and
their differential resilience to external perturbations, including the COVID-19 pandemic,
thereby overcoming the “temporal blind spot” inherent in conventional static analyses.

The theoretical contributions and innovations of this work, relative to the extant
literature, are manifested in three primary domains: First, innovation in the theoretical
framework. Existing studies often approach the topic from a single dimension or linear
perspective, lacking systematic analysis of multi-factor interaction and symbiosis. To
overcome the limitations of prior research that overemphasizes single factors or linear
relationships, this study reframes the TOE framework into a regional-level TCE framework.
This reconceptualization elucidates the independent mechanisms and interactive effects
of technological innovation, capital support, and the external environment within the
context of green finance—digital economy synergy. Second, a breakthrough in research
methodology. Current literature predominantly remains at the level of measuring coupling
coordination degrees, failing to answer core questions such as “how regional disparities
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form” or “what driving combinations constitute high-level synergy.” In the context of green
finance—digital economy synergy, this study pioneers the application of the dynamic QCA
method. Through indicators such as consistency between configurations and consistency
within configurations, it effectively identifies multiple concurrent causal relationships and
spatiotemporal evolutionary patterns, while revealing the resilience differences in various
driving pathways when facing external shocks. Third, deepened research findings. The
Pearl River Delta urban agglomeration, rather than provinces or nations as examined
in most existing studies, is selected as the research sample, from which three types of
equifinal driving pathways are identified: technology-dominated institutional synergy;,
human capital-policy dual-core guidance, and technology—infrastructure synergistic driven.
It also reveals that Guangzhou and Shenzhen have reached an “ecosystem-level” stage
of synergistic development, a finding that offers fresh insights into the intricate synergy
mechanisms operating within megacities.

The findings are intended to inform policy implementation during China’s 15th Five-
Year Plan period: first, by providing regulators with a measurable, comparable integration
index to address gaps in current statistical systems; second, by designing differentiated,
context-sensitive pathways for local governments to avoid one-size-fits-all policies that
could create new regional divides. More broadly, the analytical framework developed
here offers a reference for other economies facing similar challenges of aligning green
finance and digital transformation. Ultimately, this research aims to support institutional
refinement by providing empirical evidence on how declining emissions, stable growth,
and vibrant finance can be pursued simultaneously—a challenge relevant not only to China
but to economies worldwide navigating the dual transition.

Why should the global academic and policy community pay attention to the experience
of China’s Pearl River Delta? This research offers insights that extend far beyond its
geographical focus for three compelling reasons. First, China’s scale and policy ambition
make it a global bellwether. The sheer size of its green loans and digital economy means that
success or failure here has tangible implications for global climate goals and technological
standards. Second, the Pearl River Delta functions as a microcosm of global diversity. Its
internal structure—featuring core megacities like Guangzhou and Shenzhen alongside
rapidly industrializing and catch-up areas—mirrors the uneven development patterns
found within and between nations worldwide. Understanding how different parts of
this single region achieve synergy provides a powerful analog for cross-national learning.
Finally, our configurational approach and findings are designed to be portable. Instead of
offering a single blueprint, we identify multiple, context-specific pathways to success (e.g.,
technology-driven vs. policy-driven). This “toolkit” approach allows policymakers from
Southeast Asia to Latin America to diagnose their own resource endowments and select
the most relevant pathway, rather than attempting to replicate a one-size-fits-all model.

2. Literature Review

Green finance and the digital economy are increasingly recognized as two core drivers
of sustainable economic development. As both fields continue to expand and evolve,
understanding how they interact and potentially reinforce each other has emerged as an
important area of scholarly inquiry. Against the backdrop of global efforts to address climate
change and promote low-carbon transitions, the synergy between these two domains is
seen not only as a critical pathway for managing environmental constraints and optimizing
resource allocation, but also as a potential source of new growth dynamics. Existing
research has developed along multiple dimensions, focusing primarily on three major
aspects: interactive impact mechanisms, measurement of coordination levels, and extension
into practical applications.
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2.1. Research on the Interactive Correlation Between Green Finance and the Digital Economy

Academic exploration of the interaction between the two has extended from one-
way influences to the realms of mutual empowerment and synergistic effects, yielding a
relatively rich body of theoretical and empirical findings. Furthermore, with innovations
in research methodologies and the increasing granularity of data, the robustness and
explanatory power of related conclusions have been continuously enhanced.

In terms of the enabling mechanisms through which the digital economy supports
green finance, research generally agrees that the deep penetration of digital technologies
is reshaping the service models and operational efficiency of green finance. Digital tech-
nologies including big data, artificial intelligence and blockchain boost the effectiveness
of green finance via diverse channels: Firstly, they address the problem of information
asymmetry. By leveraging massive data mining and dynamic tracking, they enable pre-
cise assessment of green projects” environmental benefits and investment risks, which
in turn helps cut down the due diligence costs for financial institutions. Secondly, they
optimize resource allocation efficiency. Digital platforms break geographical barriers, ex-
panding the reach of green credit and green bonds [4]. Digital technologies such as Al and
blockchain serve as key drivers in enhancing the transparency, efficiency, and scalability
of green financial instruments such as carbon finance and green bonds, thus effectively
lifting these core operational dimensions in green finance. This alleviates corporate financ-
ing constraints and ultimately contributes to environmental improvement by enhancing
energy efficiency [5]. Thirdly, they foster innovative financial product formats. Digital
finance encourages financial institutions to explore standards and product innovations for
financially supporting industrial green development, giving rise to green digital finance
tools. The synergistic effect of green finance and technological innovation boosts energy
efficiency, exemplified by blockchain-based carbon allowance trading platforms and Al-
driven green investment advisors, enriching the service scenarios of green finance. Further
research confirms that corporate digital transformation curbs greenwashing by easing
financing constraints, improving information transparency, and strengthening internal
controls [6]. Empirical studies indicate that the impact of the digital economy on green
innovation exhibits regional heterogeneity and financial regional heterogeneity. In regions
with higher levels of digital finance and more optimized industrial structures, capital
allocation efficiency is greater, and the driving effect exerts a more pronounced impact on
green innovation. Some studies also indicate that a firm’s digitalization level exerts an
“inverted U-shaped” effect on carbon emissions. Beyond the inflection point, corporate
carbon emissions decrease as the level of digitalization increases [7].

With respect to how green finance underpins the digital economy, existing research
focuses on two core functions: capital supply and sustainability orientation. Green fi-
nance delivers sustained, long-term funding to facilitate the green transition of digital
infrastructure (e.g., energy-saving technology upgrades, decarbonization of computing
power networks), using instruments including green credit, green investment, and green
insurance. Simultaneously, it guides the digital industry towards eco-friendly upgrades via
environmental incentive and penalty policies. By advancing the disclosure of data assets,
fostering cooperation between industry and academia, and mitigating innovation-related
risks, it enhances high-quality collaborative innovation [8]. Tang et al. point out that the
in-depth integration of green finance and digital technology not only exerts a marked direct
impact on enhancing carbon emission performance, but its synergistic effect is especially
notable in the central and western regions, areas with loose environmental regulation,
and regions with underdeveloped commercial credit systems [9]. Such outcomes are
mainly realized through three channels: accelerating industrial upgrading, easing financial
misallocation, and mitigating information asymmetry.

https://doi.org/10.3390/su18063118


https://doi.org/10.3390/su18063118

Sustainability 2026, 18, 3118

5o0f 41

At the level of synergistic effect research, scholars are gradually moving beyond the
analytical framework of one-way influence to focus on the “1 + 1 > 2” effect generated by
the integration of the two. Some studies have begun to examine their synergistic effects,
indicating that digital finance is able to drive green economic development via three di-
mensions: coverage breadth, usage depth, and degree of digitalization. Furthermore, green
finance exerts a notable mediating function between the digital economy and economic
resilience [10,11]. Concurrently, incorporation of digital technologies can expedite the green
transformation process of polluting enterprises [12]. Additionally, synergistic effects exhibit
characteristics of spatial spillover. Research by Fang et al. shows that digital finance exerts
a positive spatial spillover effect on industrial green transformation [13]. The advancement
of green digital finance in core regions can drive factor mobility and technology diffusion
to surrounding areas, facilitating the formation of coordinated regional development and
narrowing regional development imbalances.

2.2. Research on the Measurement and Evaluation of Coordination Levels of Green Finance and
Digital Economy

As research deepens, scholars have widely adopted quantitative methods such as the
Coupling Coordination Model—a tool for measuring systemic synergy—and the Dagum
Gini Coefficient, applying them to systematically evaluate the synergistic development
level of the two from spatial and temporal dimensions. This has yielded comparative
analytical results across multiple regions and over long time series. Furthermore, the
research scale has progressively descended from the provincial and urban agglomeration
levels to the prefecture-level city level, continuously enhancing analytical precision [14,15].

Regarding the overall trend of coordinated development, most empirical studies
confirm that, although China’s current coupling coordination development level is in a
primary coordination stage, the coupling coordination degree between green finance and
the digital economy shows a consistent upward trajectory. Empirical research focusing
on the Yangtze River Economic Belt shows that during the period from 2013 to 2022, the
level of coupling coordination among green finance, the digital economy, and carbon
emission intensity across the region presented a steady rising trend. The overall Gini
coefficient decreased by 31%, the average development level of the digital economy rose
nearly 1.6 times, the average level of green finance development improved by about 67%,
and carbon emission intensity continuously declined, providing strong momentum for
low-carbon coordinated regional development. Inter-provincial data at the national level
also show that with the advancement of initiatives such as the “Broadband China” policy
and the construction of the green financial system, the synergistic compatibility between
the two has continuously strengthened [16,17].

Regarding spatial distribution patterns, regional disparity constitutes a core finding in
the measurement of coordination levels. The eastern region, leveraging advantages such as
well-developed digital infrastructure, active financial markets, and strong policy support,
exhibits a significantly higher coupling coordination degree compared to central and
western regions. This nationwide gradient pattern has been corroborated in multiple studies
evaluating coupling coordination levels [18]. In key regions including the Yangtze River
Economic Belt, the coordination level presents a distinct spatial pattern that diminishes
from downstream to upstream areas, underscoring unbalanced development inside the
region [19]. Research by Liu et al. on the coupling nexus between the digital economy
and low-carbon transition reveals that the spatial distribution of this coordination degree
presents distinct watershed gradient characteristics, as its gravity center shifts toward the
middle reaches of the Yangtze River [20]. Such spatial heterogeneity patterns are common
findings in coupling coordination research, with similar methods also applied in assessing
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the relationships between systems like green finance and clean energy [21] or ecosystem
service demand [22].

Concerning the dynamic evolution of these disparities, a positive convergence trend is
emerging. For instance, research by Tao et al. using the Dagum Gini coefficient showed
that the overall disparity in the coupling coordination degree among the three systems of
carbon emission reduction, pollution reduction, and economic growth decreased during
the sample period, indicating a gradual narrowing of inter-regional gaps [23]. Empirical
research by Zhang et al. based on regional panel data also found that while the synergistic
development level of digitalization and greening is higher in the east, the regional gap is
steadily narrowing [24]. This phenomenon of “gap convergence” is not isolated; similar
trends of enhanced spatial coordination have also been identified in research focusing on
the synergistic nexus between green finance and agricultural green development [25].

In analyzing the factors affecting the coordinated development of the two, exist-
ing research has gradually shifted from exploring correlations to conducting in-depth
analysis of their underlying mechanisms. Studies have consistently identified a series
of key driving factors: financial development level and regulatory efficacy, information
technology—infrastructure, industrial structure upgrading, and environmental regulation
intensity have been confirmed to have significant positive impacts on the synergy between
digital finance and green innovation [26-29]. Among these, a well-developed financial
system and high-quality human capital can effectively reduce transaction costs, accelerating
the integration and application of digital technologies in green finance scenarios. Regarding
the mechanism pathways, digital finance primarily drives green technology innovation
through three channels: alleviating financing constraints, enhancing the transparency of
environmental information, and incentivizing R&D investment. Furthermore, the attraction
of high-quality Foreign Direct Investment (FDI) and the enhancement of regional techno-
logical innovation capabilities have also been revealed as important transmission pathways
through which digital finance improves energy and environmental efficiency.

It is noteworthy that government intervention exerts a complex function throughout
this process. Research demonstrates that the facilitation effect of digital inclusive finance on
urban green technology innovation does not follow a simple linear relationship; instead, it
presents a significant double-threshold effect [9]. The intensity and outcome of its influence
undergo structural changes depending on the degree of government intervention [30,31]. In
the context of heterogeneity analysis, studies have revealed the non-uniform characteristics
of the aforementioned influences across diverse dimensions. Cheng points out that while
internet development facilitates green technology innovation across all regional types,
the enabling role of digital finance is more distinct in the developed eastern regions of
China [32]. Lee further deepens this understanding, confirming that the influence of
digital finance on green technology innovation displays clear regional and industrial
heterogeneity: the impact is particularly significant among manufacturing enterprises
and demonstrates stronger force in specific regions like Zhejiang Province and certain
central-western areas [33]. These findings provide diversified explanatory perspectives for
understanding the disparities in green technology innovation capabilities across Chinese
regions and imply the necessity for differentiated policy design.

2.3. Literature Review and Research Gaps

Existing research has provided a solid foundation for understanding the nexus be-
tween green finance and the digital economy. Nevertheless, marked limitations still exist in
terms of theoretical depth, research methodologies, and analytical perspectives, which calls
for further breakthroughs:
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First, theoretical perspectives are fragmented, with insufficient depth in analyzing
synergistic mechanisms. Studies predominantly focus on single variables or simple additive
effects, lacking a systemic framework that captures the interactive symbiosis of multiple
elements such as data, capital, technology, and policy. This renders it challenging to
uncover the “multiple concurrent” causal relationships and dynamic feedback mechanisms
involved [28,34]. Although some studies have identified mediating pathways like green
industries and green total factor productivity, there is insufficient attention paid to the
interactions among multiple pathways and their contingent conditions, failing to establish
a systematic theoretical analytical framework.

Second, research methodologies are overly descriptive, lacking depth in exploring
driving pathways. Much of the work remains at the level of measuring coordination de-
grees, failing to address core questions such as “how regional disparities are formed” and
“what configurations drive high-level synergy.” Traditional econometric models struggle
to capture the complex pathways formed by combinations of multiple factors and the
structural changes across different developmental stages. While methods like the gener-
alized random forest model introduced by Hu et al. address issues of endogeneity and
sample selection bias, existing research still lacks in-depth investigation into the dynamic
evolutionary pathways of synergistic development, hindering the revelation of structural
changes in driving factors across stages [35].

Third, analytical frameworks are static and detached from practice. Reliance on
cross-sectional data fails to reflect long-term evolutionary patterns; policy research is
fragmented, lacking differentiated assessments; and studies on spatial spillover effects
and cross-regional coordination mechanisms are inadequate, making it difficult to provide
support for precisely targeted policymaking.

In light of these gaps, to overcome these limitations, this study: (1) constructs an inte-
grated “technology—capital-environment” analytical framework that reveals the internal
mechanisms of green finance-digital economy synergy from a system coupling perspective,
addressing the shortcomings of existing research that overly focuses on single elements or
linear relationships; (2) applies dynamic QCA to integration pathway research, effectively
identifying multiple concurrent causal relationships and spatiotemporal evolution patterns,
thereby breaking through the “temporal blind spot” of traditional static analysis; (3) pro-
poses the theoretical proposition of an “ecosystem-level synergy development stage” by
identifying the low coverage phenomenon of megacities such as Guangzhou and Shenzhen
in the configurational model, offering a new analytical lens for future research.

3. Analytical Framework

An open, dynamic, and complex ecosystem is constituted by the integrated develop-
ment of green finance and the digital economy—two critical subsystems within a modern
economic system. Guided by green and low-carbon objectives and empowered by digital
technologies, this system achieves the organic unification of economic, environmental, and
social benefits through the interaction, symbiosis, and synergy of its internal elements.
Existing studies often approach this topic from a single dimension or linear perspective,
which proves insufficient for comprehensively revealing the intrinsic mechanisms of their
synergistic development.

Within organizational and management scholarship, the Technology-Organization-
Environment (TOE) framework ranks among the most influential classical models [3].
According to this framework, technological, organizational, and environmental factors
collectively shape an organization’s engagement with technological innovations. Recent
scholarship has frequently employed the TOE framework to investigate corporate green in-
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novation adoption [36], green financing strategies [37], and the drivers of digital technology
empowering sustainable finance [38].

However, the “organizational” dimension within the TOE framework primarily fo-
cuses on firm-level internal characteristics, such as enterprise scale, governance structure,
and managerial support. At the regional scale, the absence of clearly corresponding orga-
nizational entities limits the direct applicability of the organizational dimension within
research on green finance-digital economy synergy. Based on this, this study situationally
reconstructs the TOE framework, transforming it into an integrated “Technology—Capital—-
Environment” (TCE) analytical framework. The theoretical foundation for this transfor-
mation lies in the following: First, the capital support dimension serves as an extension
and substitution for the “organizational” dimension within the TOE framework—at the
regional level, financial capital, as the core carrier of resource allocation, assumes functions
analogous to resource allocation within enterprise organizations, acting as the pivotal hub
connecting technological innovation and the external environment [39]. Second, systems
coupling theory and ecological economics emphasize that the integrated development of
economic subsystems requires the synergistic interaction of three forces: technological
driving force, resource supporting capacity, and environmental constraining force [40].
The TCE framework emerging from these theoretical foundations delineates the driving
mechanisms and realization pathways that govern the integrated development of green
finance and the digital economy. Three core dimensions within this framework, along with
their interrelationships, are delineated below regarding their connotations.

(1) Technological Innovation Dimension

Technological innovation constitutes the primary engine behind the convergence of
green finance and the digital economy. This dimension corresponds to the “Technology”
dimension in the TOE framework, focusing on technology empowerment capabilities and
the foundation for knowledge creation. According to endogenous growth theory [41],
human capital constitutes the endogenous source of technological innovation, with R&D
activities and knowledge accumulation directly dependent on the stock and quality of hu-
man capital [42]. Human capital’s external effects, it further emphasizes, constitute the core
drivers underpinning technological progress and economic growth. Therefore, this dimen-
sion selects technological innovation capability and human capital level as key variables:
technological innovation capability reflects a region’s R&D investment and innovation
output strength, while human capital level embodies the regional knowledge accumulation
foundation and future innovation potential—together constituting the intellectual foun-
dation for systemic integration [43]. On one hand, digital technologies—including big
data, artificial intelligence, and blockchain—enhance the information transparency, risk
management capacity, and service efficiency of green finance. For example, blockchain
technology can enhance the traceability of carbon trading [44], and artificial intelligence can
optimize green credit approval processes. On the other hand, green technological innova-
tion provides low-carbon pathways for the digital economy, fostering the greening of digital
infrastructure, including energy-efficient data centers and sustainable cloud computing.

(2) Capital Support Dimension

The capital support dimension constitutes the key reconstruction of the TOE frame-
work within the TCE framework. In the TOE framework, the “organizational” dimension
focuses on firms’ internal resource allocation capabilities [3]. At the regional level, fi-
nancial capital, as the core carrier of resource allocation, assumes analogous resource
allocation functions and serves as the critical link connecting green projects with digi-
tal applications [28]. Green finance guarantees funding for the digital economy’s green
transformation via diversified instruments—credit, bonds, and funds; concurrently, the
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digital economy expands green finance’s coverage breadth and service depth, thereby im-
proving capital allocation efficiency and broadening green investment channels. It should
be emphasized that the capital support dimension and the environmental dimension are
theoretically independent and irreducible to one another: the capital dimension focuses
on the “instrumental rationality” of resource allocation—reflecting the financial system’s
ability to channel resources toward green-digital integration; whereas the environmental
dimension concerns the “normative constraints” of institutions and markets—the incentive
structures shaped by regulatory pressures and market demands. Together, they constitute
the driving forces and boundary conditions for systemic integration, yet their mechanisms
of action are fundamentally distinct. This dimension selects financial infrastructure and
policy support intensity as core variables, capturing both the maturity of regional financial
systems and the government’s guiding role in green-digital integration. Together, these
variables establish the capital and institutional foundation for systemic integration [45].

(3) External Environment Dimension

The external environment dimension corresponds to the “Environment” dimension in
the TOE framework, focusing on institutional and market factors external to organizations.
Environmental regulation, market demand, and institutional culture collectively constitute
the external ecosystem for systemic integration [3,46]. Stringent environmental regulations
create stable demand for green transformation, stimulating enterprises’” willingness to
invest in green technologies and digital solutions; active market demand drives synergistic
innovation from the application side; and a favorable institutional environment provides
stable policy expectations and legal safeguards for integrated development. This dimension
selects environmental regulation intensity and market demand level as key variables,
respectively reflecting regional environmental constraints and openness to the external
world. Together, these variables shape the external incentives and market space for systemic
integration [47].

In summary, the theoretical contributions of the “Technology—Capital-Environment”
(TCE) framework are threefold: First, by reconstructing the “Organizational” dimension of
the TOE framework into a “Capital” dimension, it achieves a theoretical migration from
firm-level analysis to regional-level analysis, expanding the applicability boundaries of
the classical framework. Second, it clearly distinguishes the independent mechanisms of
action between capital support (resource allocation tools) and environmental constraints
(institutional and regulatory pressures), avoiding conceptual confusion. Third, grounded in
configurational theory, it emphasizes the “multiple conjunctural causation” and “equifinal
substitution” effects among the three dimensions [48].

Configurational theory posits that outcomes of social phenomena are often not deter-
mined by any single factor independently, but rather result from the interdependence and
joint action of multiple factors—namely, “causal complexity” [49]. Equifinality refers to the
phenomenon wherein multiple configurations of conditions can lead to an identical out-
come. This theoretical perspective has been widely applied in organizational management
and regional development research.

Based on this, high-level synergistic development between green finance and the
digital economy, as proposed by Lin et al. [50], arises not from any single condition’s “net
effect” but from complex causal relationships jointly induced by multiple elements across
the three dimensions: technological innovation, capital support, and external environment.
Different regions, according to their resource endowments and institutional environments,
can achieve the “equifinal” goal of integrated development through differentiated path-
ways. This proposition aligns closely with the methodological foundation of the dynamic
QCA approach employed herein, thereby establishing the theoretical groundwork for the
subsequent empirical analysis.
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Technological innovation, human capital, financial infrastructure, policy support, en-
vironmental regulation, and market demand—these six antecedent conditions collectively
determine, in conclusion, the extent of coupling coordination in green finance and the
digital economy. Their theoretical foundation lies in the multi-factor synergistic effects
emphasized by systems coupling theory and the TOE framework. A “1 + 1 > 2” synergistic
effect arising from the convergence of the digital economy and green finance has been
confirmed by existing research [51], implying that such synergistic development relies on
the joint action of multiple factors.

The notions of causal complexity and equifinality from configurational theory provide
the theoretical grounding for adopting a configurational perspective to examine how
these six conditions jointly influence CCD. The synergistic effects characterizing green
finance—digital economy synergy manifest typical configurational characteristics, and
regional heterogeneity implies that different cities may achieve high-level synergy through
varied pathways [52]. Therefore, from a configurational perspective, this study identifies
the multiple pathways driving high-level synergy and their evolutionary patterns (See
Figure 1).

\ * Financial infrastructure
Coupling

S “1 * Policy support intensity HIgh/LOW COUpling
coordination | Configurational X .
] gurationa dinat

degree J effect cooraination

/ degree
* Environmental regulation

intensity

* Market demand level

Figure 1. Conceptual Framework.

4. Research Design

A combined research strategy integrating the coupling coordination degree model with
dynamic QCA is employed herein. First, the coupling coordination degree model is utilized
to calculate the synergy characterizing the two systems—green finance and the digital
economy—across cities in the Pearl River Delta. Second, with “high coupling coordination
degree” set as the outcome variable, the dynamic QCA method is utilized to identify its
driving configurations [53]. Qualitative Comparative Analysis (QCA) is a method that,
drawing upon set theory and Boolean algebra, analyzes the logical relationships between
conditions and outcomes in terms of set membership relations [54,55]. Traditional QCA
methods (csQCA, sQCA, mvQCA) exhibit notable limitations—they struggle to effectively
incorporate the temporal dimension and case heterogeneity. The temporal dimension
acknowledges the possibility of condition variables’ effects evolving across various periods;
case heterogeneity refers to the possibility that the mechanisms of action for the same
condition may differ across individuals. As traditional QCA is predominantly based on
cross-sectional data for static analysis, researchers often treat configurational pathways
identified at a single time point as temporally stable universal conclusions, overlooking the
dynamic evolutionary characteristics of causal relationships.

To overcome this limitation, various methodological extensions incorporating the tem-
poral dimension into QCA have been developed. However, some struggle to systematically
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observe cross-period effects, while others exhibit deficiencies in information utilization
efficiency. In 2016, Garcia-Castro and Arifio proposed Panel Data QCA (PD-QCA), extend-
ing the traditional consistency concept into three types: aggregate consistency (overall
average effect), between-entity consistency (time effect), and within-entity consistency
(individual effect) [56]. By calculating these three types of consistency and their adjustment
distances, the dynamic evolutionary patterns of causal conditions across temporal and
spatial dimensions can be systematically assessed.

The PD-QCA method is employed herein with consideration of the following aspects:
First, the sample comprises panel data of nine Pearl River Delta cities from 2014 to 2023
(90 “city-year” observations). PD-QCA can fully utilize its temporal and cross-sectional
information to effectively capture the dynamic evolution of configurations across time and
space, thereby addressing the “temporal blind spot” problem inherent in static analyses [57].
Second, the study aims to reveal the dynamic evolutionary patterns of driving pathways
and their differential resilience under external shocks, and the between-entity consistency
analysis of PD-QCA aligns closely with this objective. Third, this method has received
widespread application and empirical support across disciplines including organizational
management and regional development.

4.1. Coupling Coordination Degree (CCD) Model

Data for calculating the coupling coordination degree are drawn from multiple sources
spanning 2014-2023: municipal statistical yearbooks, the China City Statistical Yearbook,
the Peking University Digital Financial Inclusion Index (a joint compilation by the Institute
of Digital Finance at Peking University and Ant Group), and government bulletins at
various levels. Both postal and telecommunications business revenue data for Zhongshan
City in 2023 were missing and were estimated using the linear interpolation method. This
method estimates reasonable values for the missing years based on the average annual
growth trend of the city’s data from 2014 to 2022, thereby minimizing estimation bias while
maintaining temporal continuity. The linear interpolation method is widely used in panel
data processing [58], offering advantages such as simplicity, transparency, and no strict
requirements regarding data distribution.

4.1.1. Green Finance Indicator System

Green finance development levels are comprehensively measured in this study, cov-
ering diversified instruments including green credit, insurance, securities, funds, socially
responsible investment, environmental securitization, and carbon finance. A comprehen-
sive evaluation indicator system for green finance development is constructed in this study,
drawing upon prior research approaches [59,60], and guided by data availability and
indicator representativeness. This system encompasses seven dimensions—green credit,
investment, insurance, bonds, support, funds, and equity—thereby holistically reflecting
the diverse practices and comprehensive levels of regional green finance development.

The rationale for each dimension of green finance is explained below, beginning with
green credit—the most central financing instrument in this domain, which reflects the
intensity of financial institutions’ credit support for environmental protection initiatives.
A key indicator for measuring green investment scale is provided by the ratio of environ-
mental pollution control investment to GDP, which reflects the investment intensity of
both local governments and social capital in pollution abatement. Environmental pollution
liability insurance represents an important risk management tool in green finance, reflecting
the extent of market coverage for environmental risks. Green bonds serve as a source of
long-term stable funding for environmental initiatives, with their market scale reflecting
the depth and maturity of green finance. Fiscal environmental protection expenditure
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embodies the government’s direct support for green development and serves as an im-
portant supplement to the green finance system. Green funds guide social capital toward
green industries, reflecting the degree of capital market participation in green investment.
The environmental rights trading market represents an innovative area of green finance,
with its activity level indicating the development degree of market-based environmental
governance mechanisms (see Table 1).

Table 1. Green Finance Index Indicator System.

Compr'ehenswe Flrst.-Level Measurement Method Variable Attribute Weight
Indicator Indicator
Green Credit Green credit project 1(())ans/ Total loans X1 N 0.1805
x 100%
Environmental pollution control
Green Investment investment/GDP x 100% X2 + 0.1341
Environmental pollution liability
Green Insurance insurance premium income/Total X3 + 0.1574
premium income x 100%
Green Green Bonds Green b‘i’;i;s;azc%g;j’tal bond X4 + 0.1357
Finance Fiscal environmental protection
Index Green Support expenditure/General fiscal budget X5 + 0.1304
expenditure x 100%
Green Funds Green fund market value/Total fund X6 N 01553
market value x 100%
(Carbon trading volume + Energy use
rights trading volume + Pollutant
Green Equity discharge rights trading X7 + 0.1067

volume)/Total equity market trading
volume x 100%

4.1.2. Digital Economy Indicator System

This research undertakes a thorough evaluation of digital economy development
levels. Drawing on the indicator construction logic and methods from existing research,
it incorporates the approach of using mobile phone-related indicators to measure urban
internet development levels, thereby integrating digital infrastructure into the indicator
system. It also adopts the methodology of using telecommunications and software business-
related indicators to reflect information technology output, establishing the digital industry
foundation dimension. Simultaneously, it incorporates the framework idea of constructing
a digital economy evaluation system from multiple dimensions—"carrier-industrialization-
environment”. Combining the core connotation and practical characteristics of digital
economy development, the study ultimately identifies five core dimensions: the Digital
Inclusive Finance Index, Digital Infrastructure, Digital Industry Foundation, Human Re-
source Support, and Economic Development Foundation, to construct a comprehensive
evaluation index system for digital economy development. In this system, higher indicator
values for each dimension represent a more solid foundation and higher level of regional
digital economy development (see Table 2) [35,61].

The Peking University Digital Financial Inclusion Index serves as an authoritative
metric for digital inclusive finance development [62], capturing the coverage breadth, usage
depth, and digitization level of digital financial services. Mobile phone penetration rate
is a fundamental indicator measuring regional digital infrastructure coverage, reflecting
residents’ capacity to access digital networks [63]. Postal services (particularly courier ser-
vices) constitute important support for e-commerce and digital trade, reflecting the physical
distribution capacity of the digital economy. A core indicator for digital industrialization is
represented by telecommunications revenue, which captures both the scale and activity
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level of regional information and communication industries. Per capita GDP serves as
both an indicator of overall regional economic development and a foundational condition
supporting digital economy growth. The tertiary industry (especially producer services)
serves as the main application scenario for digital technologies, with industrial structure
upgrading closely related to digitalization levels.

Table 2. Digital Economy Index Indicator System.

Comprehensive

Indi Tier-1 Indicator Tier-2 Indicator & Unit of Measurement Variable Attribute Weight
ndicator
Digital Inclusive Peking University Digital Financial X8 N 0.0513
Finance Index Inclusion Index (direct adoption) ’
Digital Number of mobile phone subscribers at X9 N 02176
Infrastructure year-end (10,000 households) ’

Digital Economy  Digital Industry

Index

Postal business revenue (10,000 yuan) X10 + 0.3416
Telecommunications business revenue

Foundation (10,000 yuan) X11 + 0.1929

Economic Per capita GDP (yuan) X12 + 0.0975
Development Value added of tertiary industry/Gross

Foundation regional product x 100% X13 * 0.0991

Being an objective weighting technique, the entropy method assigns weights entirely
according to the dispersion degree of indicator data, which may not fully reflect the theoret-
ical a priori importance of indicators. Nevertheless, the entropy method is chosen for the
reasons outlined below: First, the entropy method operates by assigning weights on the
basis of indicator data dispersion, remaining free from the biases that subjective weighting
techniques (e.g., Delphi method and analytic hierarchy process) may introduce. Second,
in contrast to the equal weighting method—which implies an “all indicators are equally
important” assumption—the entropy method distinguishes indicator importance based on
the data’s inherent information content, making it more suitable for multi-dimensional com-
prehensive evaluation in the context of green finance and the digital economy. Third, unlike
principal component analysis—which imposes no requirement for linear relationships
among indicators—the entropy method yields weights with clear information-theoretic
meaning: the greater the indicator variation, the more information it contains, and the
higher its weight. This characteristic aligns closely with this study’s focus on regional
disparities and dynamic evolution. To address the inherent limitations of the entropy
method, content validity of the indicator system is ensured during the selection phase via
comprehensive literature review; additionally, the equal weighting method is employed
in robustness tests to recalculate the composite index, thereby examining the sensitivity
of conclusions to weight settings. Robustness tests indicate that after recalculating the
composite index using the equal weighting method, the core conclusions do not undergo
substantive changes (see Section 5.7).

The entropy method determines the weights for the composite index, which are
subsequently applied to the standardized indicator values to derive the comprehensive
development indices for green finance and the digital economy. The specific steps include:

@® Data standardization: Due to differences in the dimensions, magnitudes, and pos-
itive/negative orientations of various indicators, the original data must undergo
standardization. The treatment of positive versus negative indicators employs distinct
standardization methods, detailed as follows.

For positive indicators:

X = (Xij — minX;)/ (maxX; — minX;) (1)
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For negative indicators:
Xj; = (maxX; — X;j)/ (maxX; — minX;) ()
@ Calculate the proportion of the value of the j-th indicator in the i-th year:
Yij = Xi;/ Y, X )
(® Calculation of indicator information entropy:
ej=—kY " (Vi xInY;) (4)
Letk = ﬁ, then 0 < e; <1, and when Yij =0, set Yj; x lnYi]- =0.
(®» Calculation of information entropy redundancy:
d] =1- 6]' (5)
(® Determination of indicator weights:
wi=di/ Yy dj (6)

Explanation of the Rationale for Key Proxy Variables: For digital infrastructure mea-
surement, the “number of mobile phone subscribers at year-end” serves as a proxy variable,
based primarily on the following considerations: First, mobile phone penetration rate is
a fundamental indicator measuring regional digital infrastructure coverage, effectively
reflecting residents’ capacity to access digital networks and the breadth of digital technol-
ogy application [63]. Second, at the Pearl River Delta urban agglomeration level, mobile
phone subscriber data exhibits good availability and cross-year comparability, whereas
more granular infrastructure indicators (for instance, 5G base station density and fiber-
to-the-home penetration rate) suffer from extensive missing data during the early sample
period. Third, existing studies commonly adopt this indicator to measure urban-level
digital infrastructure, and its validity has been widely verified. Similarly, “postal business
revenue” and “telecommunications business revenue” serve as proxy variables for the
digital industry foundation, effectively reflecting the scale and activity level of e-commerce,
digital trade, and information and communication industries. These are commonly used
indicators for measuring the level of digital industrialization [64].

4.1.3. Coupling Coordination Degree

To analyze the mutual relationship linking green finance and the digital economy, we
utilize the Coupling Coordination Degree (CCD) model. This model can analyze the mutual
influences and coordination among elements within a system. The coupling coordination
degree model is formulated as follows:

C=2x {[f(X):g(X)]z}z )

T =af(x)+pg(x) ®)
D=vVCxT ©)

In the model, the coupling degree between green finance and the digital economy
is denoted by C, where f(x) and g(x) are the comprehensive scores of green finance and
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the digital economy, respectively. A higher value of C indicates better coupling. In the
model, let T denote the comprehensive coordination index for green finance and the digital
economy, while « and 3 are undetermined coefficients. Against the backdrop of China’s
“dual carbon” goals coupled with its digital economy strategy, green finance and the digital
economy are explicitly positioned as “dual-wheel drivers” for high-quality development.
Policy documents consistently emphasize their synergistic development and bidirectional
empowerment. For instance, the 14th Five-Year Plan for Digital Economy Development
and the Guidance on Building a Green Finance System accord both sectors the same
strategic priority. A bidirectional reinforcing dynamic exists between green finance and the
digital economy: on one hand, the digital economy supplies technological tools—such as
blockchain for green bond tracing and big data for environmental risk assessment—to green
finance; on the other, green finance provides capital support enabling the digital economy’s
green transition [65]. This bidirectional interaction precludes arbitrarily assigning higher
weight to either subsystem. The assumption of equal importance between green finance
and the digital economy is adopted herein, with « = § = 0.5. The coupling coordination
degree, denoted by D, reflects the synergy between green finance and the digital economy,
with higher values indicating stronger synergistic effects. Table 3 details the 10-level
classification of coupling coordination degree used in this study [66,67].

Table 3. Classification of Coupling Coordination Degree Types.

Interval Level Type of Coupling Coordination
[0,0.1) Level 1 Extreme Dysregulation
[0.1,0.2) Level 2 Severe Dysregulation
[0.2,0.3) Level 3 Moderate Dysregulation
[0.3,0.4) Level 4 Mild Dysregulation
[0.4,0.5) Level 5 Imminent Dysregulation
[0.5,0.6) Level 6 Barely Coordinated
[0.6,0.7) Level 7 Primary Coordination
[0.7,0.8) Level 8 Intermediate Coordination
[0.8,0.9) Level 9 Good Coordination
[0.9,1.0] Level 10 High-quality Coordination

4.2. Dynamic QCA Variable Design

The outcome variable is the coupling coordination degree between the green finance
and digital economy systems. Based on the theoretical framework, six antecedent condi-
tions are selected as follows (see Table 4):

(® Ascited in the Report on the Development Achievements of China’s Industrial Inter-
net by the China Academy of Information and Communications Technology [68], the
average annual growth rate method is utilized for index forecasting. This approach
constructs an indicator system from three dimensions—R&D investment, innovation
outputs, and innovation carriers—to comprehensively measure the annual changes
in regional innovation activity-related indices (such as the Industrial Internet Devel-
opment Achievement Index). Based on the average growth rate of time series data,
it extrapolates the evolutionary trend of future innovation capacity. Specifically, this
method begins with a base period index value (e.g., setting 2020 as 100), then computes
the average annual compound growth rate across years, and subsequently applies
this rate to forecast future index levels, thereby quantifying technological innovation’s
evolutionary trend and driving potential.

@ Human Capital: This indicator is measured by the number of students enrolled in
regular institutions of higher education in each city. Human capital, which is com-
monly measured by the number of university students at the urban level [69], serves
as a fundamental carrier of regional innovation capacity and technological absorption
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capability. This indicator effectively reflects the regional talent supply potential: in the
field of green finance, high-quality human capital enhances professional capacity for
green project risk assessment and environmental benefit identification; in the digital
economy domain, human capital accumulation directly influences the efficiency of
digital technology R&D, application, and diffusion [70]. Moreover, employing the
number of university students to measure human capital offers high data availability
and demonstrates strong theoretical alignment with research themes such as green
innovation and digital transformation. The groundbreaking study by Atiqur Rahman
et al. points out that the higher the level of human capital, the faster the speed of
technological catch-up and innovation [71].

Financial Infrastructure: Measured by “the ratio of year-end deposits and loans balance
of financial institutions to regional GDP in each city.” The deposits and loans balance
of financial institutions captures the financial sector’s service to the real economy;,
thereby serving as a measure of regional financial development level through its
ratio to GDP, which reflects fund aggregation capacity and allocation efficiency [72].
Within the green finance sector, well-developed financial infrastructure helps reduce
financing costs for green projects and expand green bond issuance channels; in the
digital economy domain, a developed financial system can provide sustained and
stable financial support for digital infrastructure construction and digital industry
cultivation [73].

Policy Support: Regarding the measurement of policy support, in the absence of
quantifiable policy metrics for the digital economy, this study collects and examines
local government work reports to determine the occurrence frequency of terminology
pertaining to the digital economy. Python 3.13.0 is used to perform textual analysis on
government work reports, with the frequency of digital economy-related terminology
statistically analyzed to gauge policy support intensity [74,75]. The keyword dictio-
nary includes: digital economy, intelligent economy, information economy, knowledge
economy, smart economy, digital information, modern information networks, infor-
mation and communication technology, ICT, communication infrastructure, internet,
cloud computing, blockchain, Internet of Things, digitalization, digital village, digital
industry, e-commerce, 5G, digital infrastructure, artificial intelligence, Al, big data,
datafication, industrial digitalization, digital industrialization, data assetization, smart
city, cloud services, cloud technology, cloud computing, e-government, mobile pay-
ment, online, information industry, software, information infrastructure, information
technology, digital life, etc. Finally, standardization is achieved by computing the
ratio of digital economy policy term frequency to the annual report’s total word count,
multiplied by 100, thereby controlling for text length variation.

Environmental Regulation: Reflecting China’s top-down governance framework and
the government’s key role, this study utilizes the frequency share of environmental
protection-related terms in government work reports to gauge regional environmental
regulation intensity [76,77]. Specifically, the proportion of environmental term fre-
quency refers to the proportion of sentences containing environment-related terms to
the entire content of government work reports. Government work reports, formulated
during the “Two Sessions” at the beginning of each year, aggregate the demands
and consensus of multiple social sectors, serving as a definitive guide for that year’s
governmental work. Environmental emphasis in government work reports mirrors
that year’s governance efforts and overarching policy landscape, thereby meeting
exogeneity conditions. The keyword dictionary includes: environmental protection,
environment, green, low-carbon, ecology, air pollution, sulfur dioxide, chemical oxy-
gen demand, haze, particulate matter, carbon dioxide, energy consumption, bulk coal,
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coal combustion, pollutant discharge, emission reduction, exhaust, energy conserva-
tion, emission reduction, desulfurization, denitrification. Finally, standardization is
also performed to obtain the final data.

(® Market Demand (F) is operationalized as the share of actually utilized foreign capital
in regional GDP. While this indicator primarily captures external market openness
rather than domestic demand, it serves as a theoretically appropriate proxy for market
demand in the Pearl River Delta context for two reasons. First, FDI inflows embody
demand for host-country investment opportunities, technology transfer, and market
access—particularly relevant for green-digital integration where foreign-invested en-
terprises often lead technology adoption [78]. Second, extensive empirical research on
China’s regional development uses FDI intensity to capture external market demand
and technology spillover effects [79]. For the globally integrated Pearl River Delta, FDI
reliably reflects the market pull for sophisticated green financial services and digital
transformation solution.

Table 4. Variable Description.

Type Variable Name Measurement Indicator Indicator Interpretation
Coordination Degree
Outcome Variable between Green Finance Calculated based on Formula (9)

Condition Variables

and Digital Economy

Technological Innovation

Human Capital

Financial Infrastructure

Prediction Index based on
Average Growth Rate of
Historical Indices
Number of University Students
Enrolled in Each City
Ratio of Year-end Deposit and
Loan Balances of Financial
Institutions to Gross Regional

Measures the innovation
capability of a region
Measures the scale and potential
of regional talent supply

Measures the financial
development level of a region

Product (GRP) in Each City
Word Frequency Related to
Digital Economy in Government
Work Reports
Proportion of Word Count in
Sentences Containing
Environmental Keywords to Total
Word Count of Government Work
Report in Each City
Ratio of Actually Utilized Foreign
Capital to Gross Regional Product
(GRP)

Government'’s focus on the digital

Policy Support economy

Measures the intensity of

Environmental Regulation . .
environmental regulation

Measures regional market

Market Demand demand

4.3. Data Sources, Processing, and Calibration

This study utilizes panel data covering nine Pearl River Delta cities over 2014-2023.
Data are drawn from multiple sources, including city-level statistical yearbooks and the
China City Statistical Yearbook. To guarantee data comparability and measurement rigor,
standardization is applied to address unit inconsistencies across the collected secondary
data. On this basis, indicator weights are determined via the entropy method. The cal-
culation process of the entropy method involves the transformation of proportions of the
standardized data and natural logarithm operations.

On this basis, the entropy method is first applied to determine the weights of secondary
indicators within each subsystem; secondly, the comprehensive development indices for the
digital economy and green finance systems are derived via weighted summation. Following
standard practices in QCA calibration [80], we used Excel to determine the membership
anchors for each standardized variable. The 95th percentile, median (50th percentile), and
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5th percentile of the sample distribution were set as the thresholds for full membership [81],
the crossover point, and full non-membership, respectively. The underlying assumption of
this calibration strategy is that the sample distribution provides a valid representation of the
empirical reality. Consequently, the upper tail, median, and lower tail of this distribution
serve as appropriate proxies for the qualitative states of full membership, the crossover
point, and full non-membership, thereby converting the raw data to fuzzy-set scores within
[0, 1] [82]. Table 5 presents the specific calibration values.

Table 5. Variable Calibration.

Variable Category Variable Name Indicator Menflllellship Cr;))(s)s;ﬁ:/er Non-Ml:lrllﬂaership

Outcome Variable ~ S0ordination between Green Y 0.832 0.495 0.349
Finance and Digital Economy
Technological Innovation A 2066.630 96.140 8.004
Human Capital B 1,123,029.850 94,688.500 38,942.500

Condition Financial Infrastructure C 0.1776 0.0918 0.0533
Variables Policy Support D 39.550 20.000 7.000
Environmental Regulation E 1.168 0.819 0.513
Market Demand F 51.643 8.038 0.253

The core formula system of the PD-QCA method is as follows:

Within the set-theoretic analytical framework, consistency serves as the core indicator
measuring the extent to which condition X constitutes a subset of outcome Y. Ragin [83]
formally defines it as:

XN min(X;, V)

Consistency(X; < Y;) = == (10)
i i Zf\il Xi

where X; and Y; represent the membership scores of case i in condition set X and outcome
set Y, respectively. This indicator captures the degree of sufficiency of X as a subset of Y,
with values closer to 1 indicating stronger explanatory power of X for Y.

When the research context expands from cross-sectional data to panel data, the con-
notation of consistency undergoes structural divergence. Assuming panel data comprises
N observed individuals (i=1, ..., N) and T observed periods (t =1, ..., T), three types of
consistency indicators can be defined as follows:

(1) Pooled Consistency: Treating all N x T “individual-period” observations as a whole,
the calculated consistency is termed pooled consistency:

YN Y min(Xy, Yi)

Pooled Consistency(Xy < Yj) =
T YR Tl Xi

(11)

This indicator reflects the overall average effect disregarding temporal and individual
differences, equivalent to the result of merging all cross-sectional consistencies [84].

(2) Between Consistency:
XN min(Xy, Yir)

(Xit <Yj) = (12)
1 l 21121 Xz't

For each time period t: t=1, ..., T.

Between consistency measures the stability of causal relationships across different
time points, i.e., the time effect. Significant fluctuations in annual between consistency
values indicate structural changes in the relationship between conditions and outcomes as
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periods evolve. In existing literature, between consistency is commonly referred to simply
as “consistency” and represents the most frequently used indicator in traditional QCA
studies [85].

(3) Within Consistency:

Y{_y min(X;, Yit)
Zthl Xit

Within Consistency (X < Yj) = (13)

For each individual i:i=1, ..., N.

Within consistency refers to the stability characterizing a given case’s condition-
outcome relationship over time—i.e., the individual effect. Substantial variation in within
consistency values across different individuals indicates significant case heterogeneity in
the causal mechanisms.

5. Empirical Results and Analysis

5.1. Spatiotemporal Evolution Analysis of the Coupling Coordination Degree
5.1.1. Overall Level Analysis

The entropy method and coupling coordination degree model are employed to com-
pute the coupling coordination degree between green finance and the digital economy, with
results presented in Table 6. The 2014-2023 period witnessed a rise in the mean coupling
coordination degree of the Pearl River Delta from 0.453 to 0.599, with the coordination level
advancing from the verge of imbalance to barely coordinated. This trend aligns with studies
on the national level and the Yangtze River Economic Belt, confirming the continuously
strengthening interactive relationship between the two systems [86,87].

Table 6. Overall Characteristics of the Coupling Coordination Relationship between Green Finance
and the Digital Economy.

. Comprehensive Coupling Coordination Type of Couplin
Year Coupling Degree (C) Coordina}:’tion Index (T) ’ ngree (D) ygoordinat%)on ®
2014 0.879 0.252 0.453 Imminent Dysregulation
2015 0.923 0.274 0.478 Imminent Dysregulation
2016 0.893 0.274 0.481 Imminent Dysregulation
2017 0.914 0.320 0.524 Barely Coordinated
2018 0.910 0.344 0.548 Barely Coordinated
2019 0.938 0.363 0.562 Barely Coordinated
2020 0.923 0.382 0.577 Barely Coordinated
2021 0.935 0.352 0.559 Barely Coordinated
2022 0.921 0.399 0.592 Barely Coordinated
2023 0.926 0.407 0.599 Barely Coordinated

Although the broader eastern region has achieved primary coordination, the Pearl
River Delta, its core area, lags at the barely coordinated stage (0.5-0.6) and has yet to make
the overall leap. This phenomenon of “leading region, lagging coordination” warrants
attention [88]. The reason lies in the fact that the two systems are still in a transitional
period from “quantitative accumulation” to “qualitative synergy”—green credit relies on
traditional project assessments, the emission data accumulated by digital platforms have
not yet formed standardized financial interfaces, and the “data-capital” positive feedback
loop remains unestablished. This echoes the assessment that “the effects of digital-green
integration need to be gradually released through intermediate channels such as industrial
upgrading and mitigation of financial misallocation” [11].
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5.1.2. Analysis of Coupling Coordination Degree in the Pearl River Delta

Table 7 reveals significant spatial heterogeneity within the Pearl River Delta, presenting

a gradient declining pattern of “core leading—key development—potential catch-up,”

consistent with Ma et al. [89].

Table 7. Coupling Coordination Degree of the Three Major Regions in the Pearl River Delta.

Core Leading Cities

Key Development Cities

Potential Catch-Up Cities

Year Guangzhou Shenzhen Dongguan  Foshan Zhuhai Zhongshan Huizhou Jiangmen Zhaoqing
2014 0.762 0.719 0.461 0.440 0.419 0.324 0.380 0.352 0.220
2015 0.719 0.804 0.509 0.479 0.363 0.417 0.277 0.378 0.358
2016 0.781 0.690 0.431 0.393 0.523 0.442 0.421 0.381 0.263
2017 0.814 0.777 0.446 0.478 0.493 0.504 0.480 0.349 0.378
2018 0.766 0.685 0.591 0.610 0.533 0.447 0.526 0.415 0.360
2019 0.890 0.815 0.672 0.553 0.492 0.473 0.441 0.349 0.377
2020 0.904 0.845 0.639 0.476 0.518 0.521 0.470 0.464 0.352
2021 0.768 0.763 0.665 0.605 0.541 0.418 0.453 0.446 0.372
2022 0.787 0.917 0.623 0.575 0.553 0.527 0.497 0417 0.429
2023 0.794 0.925 0.639 0.582 0.560 0.523 0.508 0.423 0.439
Mean 0.799 0.794 0.568 0.519 0.500 0.460 0.445 0.397 0.355

The first tier (core leading type): Guangzhou (0.799) and Shenzhen (0.794) are in an
intermediate coordination state. In 2022, Shenzhen ascended to high-quality coordination,
validating the assertion of Song et al. regarding “the more prominent empowerment effect
of digital finance in the eastern region [90]”.

The second tier (key development type): Dongguan (0.568), Foshan (0.519), and
Zhuhai (0.500) are in a barely coordinated state, exhibiting what has been referred to as
“industry heterogeneity in digital finance empowerment”—the digital transformation of
manufacturing is rapid, while supporting green finance measures lag behind [91].

The third tier (potential catch-up type): Zhongshan (0.460) and Huizhou (0.445) are
on the verge of imbalance, while Jiangmen (0.397) and Zhaoqing (0.355) are in a mild
imbalance state. However, their average annual growth rates significantly exceed those of
the first two tiers, exhibiting characteristics of “latecomer catching up,” which echoes the
conclusion of Zhou regarding “narrowing regional disparities [92]”.

In terms of the average annual growth rate of the coupling coordination degree, the
potential catch-up cities exhibit a “late-comer catching-up” characteristic: Zhaoqing has
the highest growth rate, followed by Huizhou and Jiangmen, while the growth rates of
core leading and key development cities are relatively lower. This phenomenon indicates
that the spatial disparities among the three tiers of cities in the PRD exhibit typical gradient
differentiation. The underlying reasons lie in the fact that potential catch-up cities still have
incomplete digital infrastructure deployment and insufficient depth in the integration of
next-generation information technologies with the real economy. The innovative supply
and scenario application of green financial products and services are also relatively lagging,
preventing the synergistic enabling effect of the two major fields from being effectively
realized. In contrast, core leading cities, capitalizing on first-mover advantages, have
established a virtuous cycle in digital infrastructure, industrial synergy, and institutional
innovation, further consolidating their leading position in coordinated development.

Figure 2 displays the evolution of green finance and digital economy coordination
across the Pearl River Delta between 2014 and 2023. Regarding trends, green finance—digital
economy coordination among all three tiers follows a generally rising path, reflecting
enhanced synergistic and co-progressive capacities across the region. Looking at average
annual growth figures, core leading cities post 1.64%, key development cities 3.37%, and
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potential catch-up cities 4.69%. This indicates that potential catch-up cities grow most
rapidly, core leading cities rank next, and key development cities sustain steadier expansion.
Different tiers exhibit differentiated characteristics in the speed of synergistic development,
all exceeding the overall regional development expectations.
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Figure 2. Change Trend of Green Finance-Digital Economy Coupling Coordination Degree in the
Pearl River Delta Region, 2014-2023.

In terms of the tier averages, the coordination level of the core leading cities
(Guangzhou, Shenzhen) has consistently remained within the 0.7-0.8 range, rising from
0.7089 in 2014 to 0.8336 in 2023, classifying as a High-quality Coordination type. Addi-
tionally, it surpassed the 0.8 threshold in 2022-2023, advancing into a High Coordination
phase and establishing these cities as regional exemplars for green finance—digital econ-
omy synergy. The average coordination of key development cities (Dongguan, Foshan,
Zhuhai, Zhongshan) increased from 0.4480 in 2014 to 0.5453 in 2023, remaining within the
0.4-0.6 range, progressing from Primary Coordination to Intermediate Coordination, with
the foundation for synergistic development continuously strengthening. The average coor-
dination of potential catch-up cities (Huizhou, Jiangmen, Zhaoqging) grew from 0.3381 in
2014 to 0.4615 in 2023, staying within the 0.3-0.5 range, advancing from Mild Dysregulation
towards Primary Coordination. Although there is still room for improvement, synergistic
momentum has been significantly released under strengthened factor supply.

Overall, the three tiers exhibit a differentiated development pattern characterized
by “core leading type leading the way, key development type catching up, and potential
catch-up type gathering momentum,” with the coordination levels of each tier showing an
upward trend year by year. This indicates that the overall momentum for the synergistic
development of green finance and the digital economy in the Pearl River Delta is positive,
with cities across different tiers continuously advancing the integration and coordination
of the two systems at their respective development levels.

5.1.3. City-Level Analysis

Figure 3 illustrates a typical “core-periphery” structure in the coordination degree
across the Pearl River Delta. In 2014, only Guangzhou and Shenzhen achieved intermediate
coordination; by 2023, Shenzhen had ascended to high-quality coordination, Guangzhou
maintained intermediate coordination, and most cities in the core area entered barely
coordinated status, forming a contiguous coordination zone. This corroborates the find-
ing of Kharb et al. regarding “the spatial spillover effects of green digital finance [93].”
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However, western peripheral cities remain below 0.50: Jiangmen (0.423) and Zhaoqing
(0.439) are both on the verge of imbalance, facing three types of constraints identified in the
literature—low industrial hierarchy, insufficient innovation resources, and weak accessi-
bility to green finance. Peripheral cities need to explore characteristic pathways based on
their endowments—Zhaoqing can achieve catch-up through “human capital-policy dual-
core guidance” (Configuration 2), while Jiangmen can rely on “technology-infrastructure
synergistic driven” (Configurations 3/4) [94].
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Figure 3. Spatial Distribution Pattern of Coupling Coordination Degree.

5.2. Necessary Condition Analysis of Single Conditions

Similar to the procedure for testing necessary conditions in traditional QCA, two
indicators—consistency and coverage—are employed to verify whether individual condi-
tion variables constitute sufficient or necessary conditions. Generally, consistency levels of
0.8-0.9 indicate that X is sufficient for Y, while values above 0.9 denote necessity. When
the adjustment distance falls below 0.2 in panel data QCA, pooled consistency demon-
strates greater precision and provides stronger support for judgment outcomes [56]. For
adjustment distances above 0.2, conditional necessity must be further examined.

Table 8 reveals that for high green finance and digital economy coordination, the
pooled consistency of all condition variables fails to reach 0.9, indicating that no individual
condition is necessary for high-level regional innovation capacity. For low green finance
and digital economy coordination, the pooled consistency of “low technological innovation
(~A)” and “low human capital (~B)” exceeds 0.9, and their pooled coverage significantly
exceeds 0.5, indicating they constitute necessary conditions for low-level regional inno-
vation capacity. Other condition variables fall below the judgment threshold and do not
constitute necessary conditions.
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Table 8. Analysis of Necessary Conditions.
High Coordination Between Green Finance and the Digital Low Coordination Between Green Finance and the Digital
Economy (Y) Economy (~Y)
Condition
Variable Between- Within- Between- Within-
Consistency Coverage Group Group Consistency Coverage Group Group
Consistency  Consistency Consistency  Consistency
A 0.764 0.925 0.243 0.143 0.369 0.479 0.632 0.654
~A 0.569 0.457 0.200 0.461 0.942 0.811 0.076 0.122
B 0.689 0.838 0.076 0.434 0.418 0.545 0.302 0.692
~B 0.626 0.501 0.080 0.444 0.876 0.751 0.022 0.210
C 0.457 0.482 0.451 0.556 0.768 0.868 0.258 0.245
~C 0.875 0.778 0.153 0.129 0.542 0.517 0.342 0.493
D 0.752 0.735 0.262 0.189 0.552 0.578 0.378 0.413
~D 0.568 0.542 0.345 0.409 0.747 0.764 0.269 0.136
E 0.614 0.634 0.298 0.346 0.621 0.687 0.287 0.357
~E 0.697 0.632 0.229 0.276 0.669 0.65 0.203 0.308
F 0.402 0.448 0.196 0.794 0.717 0.857 0.218 0.482
~F 0.872 0.742 0.102 0.297 0.538 0.491 0.163 0.549

For reader comprehension, a brief explanation of two core QCA concepts is provided:
A necessary condition is defined as one that is required for the outcome to occur, yet
its existence does not ensure that the outcome will inevitably materialize. A sufficient
condition is defined as one that by itself guarantees the outcome, although the outcome
may also be achieved through alternative pathways. In QCA, conditions with consistency
above 0.9 can be regarded as necessary conditions, while sufficiency analysis focuses on
how multiple conditions combine to form sufficient pathways for the outcome.

Causal combinations with between-entity consistency adjustment distances exceeding
0.2 undergo further analysis, as presented in Table 9. As shown by the findings, for
Cases 2-5,7,9, 12,13, and 15, between-entity consistency remains below 0.9 across all years;
thus, no necessity is established. Secondly, although Case 1 exhibits consistency levels
above 0.9 in 2022 with coverage greater than 0.5, the X-Y scatter plot test indicates that
this condition variable does not constitute a necessary condition; however, it satisfies the
necessary condition in 2023 [80]. Similarly, as shown in Figure 4, through plotting scatter
diagrams for Case 6 for 2015 and 2018, the condition variable also fails the necessity test.
Case 8 fails the test in 2016 and 2021; Case 11 fails in 2014 and 2019. Additionally, Case 14
in 2020 and Case 16 in 2023 both fail the necessity test.

Finally, through the between-entity consistency of Case 1 (A—Y), Case 2 (A—~Y), and
Case 6 (~C—~Y) shown in Table 9, the dynamic evolutionary trends of three key causal
relationships are demonstrated. These changes carry profound institutional implications.
For Case 1 (A—Y), consistency steadily increased from 0.567 in 2014 to 0.954 in 2023.
This enhanced driving effect of technological innovation signals the Pearl River Delta’s
increasingly mature regional innovation system: whereas its contribution to synergy was
relatively dispersed initially, improvements in digital infrastructure and green financial in-
struments have rendered this empowering effect systematic and stable, reflecting structural
institutional maturity. For Case 2 (A—~Y), consistency rose from 0.108 to 0.734, indicating
that the absence of technological innovation is increasingly becoming a key obstacle to
synergistic development, reflecting the enhanced dependence of regional development
on innovation factors. For Case 6 (~C—~Y), consistency increased from 0.421 to 0.834,
revealing that the constraining effect of absent financial infrastructure intensifies over time,
confirming the increasingly prominent foundational supporting role of the financial system
in green-digital integration. Overall, these dynamic evolutions reflect both the institutional
maturity of the regional innovation system and the structural shifts in factor dependency.
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Table 9. Causal Combinations with an Adjusted Distance for Between-Group Consistency Greater

than 0.2.
Causal
Case Combination Indicator 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Situation

Consistency ~ 0567 0542 0588  0.591 0.64 0785 0857 089 0.93 0.954
Case 1 A=Y Coverage 0961 0968 0928 0907 098 0971 0941 0851 0922 0902
Consistency ~ 0.108  0.131  0.176 03 0352 0388 0617 0598 0715  0.734
Case 2 A=Y Coverage 0.42 0433 0501 0544 0462 0454 0.54 0502 0471 0434
Consistency ~ 0.658  0.683  0.684 0703  0.648 0559 0581 0479 0466  0.401
Case 3 ~AY Coverage 0243 0298 0315 0.46 0538 0491 0655 0576 0711 0707
Consistency ~ 0228 0299 0318 0474 0475 0441 0555 048 0614 051
Case 4 B~ Coverage 0558 0585 0593 0668 0533 0506 0551 0499 0509 0489
Consistency ~ 0528 0661 0715 0726 0617 0514 0367 0344 0222 0173
Case 5 C=Y Coverage 0284 0337 0.41 0535 059 0548 0594 0597 0612  0.626
Consistency ~ 0.739 0944 0807 0875 0955  0.841 0748  0.638 0.52 0.423
Case 6 Co-Y Coverage 0914  0.888 0837 0761 0792 0.85 0965 0973 0951 0956
Consistency ~ 0421 0295 0431 0465 0513 0553 0685 0736 0787  0.834
Case7 ~CoY Coverage 0672 0616 0732 0667 0534 0519 0463 0496 0402 0387
Consistency 0371 0798 0913  0.823 0593 0626 0643 0916  0.882  0.844
Case 8 D=Y Coverage ~ 0761 0593 0543 0795 0837 0909 0774  0.623 0768  0.897
Consistency ~ 0.181 0465  0.662 0574 0.5 0408 0607 0893 0736  0.728
Case9 D=-~Y Coverage 0856  0.639 0711 0655  0.606 0561 0583 0534 0426 0485
Consistency ~ 0.93 0514 0513 0643 0721 0698 0654 0315 0341 0515
Case 10 ~D=Y Coverage 0331 0342 0457 0561 0627 0554 0676 0771 0.66 0.752
Consistency ~ 0949 0704 0574 0821 0865 0934 0765 0369 0.6 0.845
Case 11 ~D=-Y Coverage 0776  0.866 0923 0846  0.646 0703 0631 0794 0771 0772
Consistency ~ 0557  0.822  0.648 0589 0725  0.658 0257 0468  0.829  0.629
Case 12 E=Y Coverage 0.411 0.61 0.427 0.52 0642 0682 0763 0753 0819 0767
Consistency 0492 0463 0668 0736 0808 0724 0352 0516 0722  0.862
Case 13 E=~Y Coverage 0835  0.635 0795 0767 0614 071 0835 0729 0474  0.658
Consistency ~ 0.777 0509 0689 0736 0564 0721 0944 0832  0.468 0.72
Case 14 ~E=Y Coverage 0.4 0339 0535 0702 0774 0734 0646 0662 0717 0893
Consistency ~ 0.653 0716 0518 0539 0529  0.676 0.9 0825 0724  0.696

Case 15 ~E=-Y Coverage 0772 0881 0727 0607 062 0652 0491 0576 0737 054

Consistency ~ 0457 0549 0674 0747 0706 0837 0816 0858 0.89 0.9
Case 16 Fo~Y Coverage ~ 0964 098 0971 0915 089 0889 0835 0811 0736 0677

A noteworthy finding from the necessity analysis (Table 8) is that for high coordination
between green finance and the digital economy (Y), the pooled consistency of condition
absence states (~C, ~E, ~F) exceeds that of their presence states (C, E, F). This calls for
interpretation along two dimensions: the logical underpinnings of QCA necessity analysis
and the heterogeneous structure of the Pearl River Delta sample.

First, necessity analysis reveals “background characteristics” rather than “causal ef-
fects.” In QCA, necessity addresses the question: “When outcome Y occurs, is condition
X always present?” The high consistency of ~C (0.875) indicates that among the cases
achieving high coordination in the Pearl River Delta, the vast majority occurred in cities
with weak financial infrastructure. This does not equate to “weak financial infrastructure
promotes synergy,” but rather reflects the distribution characteristic that “cities with weak
infrastructure constitute the majority” in the sample. As shown in Table 7, among the nine
Pearl River Delta cities, core leading cities with well-established financial infrastructure
(Guangzhou, Shenzhen) account for only two, while key development cities with relatively
weak financial infrastructure (Dongguan, Foshan, Zhuhai) and potential catch-up cities
(Zhongshan, Huizhou, Jiangmen, Zhaoqing) account for seven in total. It is precisely these
cities, which constitute the majority of the sample, that have achieved improved coordi-
nation through compensation mechanisms involving other conditions, thereby elevating
the consistency level of ~C in the necessity analysis. Similarly, the high consistency of ~E
and ~F also results from potential catch-up cities with lax environmental regulations and
inactive market demand constituting the majority in the sample.
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Figure 4. Necessary Condition Test Scatter Plots.
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Second, the high consistency of ~C, ~E, and ~F constitutes a statistical mapping

of the “core-periphery” gradient pattern in the Pearl River Delta. A combined analysis

of Figures 2 and 3 reveals significant spatial differentiation characterized by “high in

the center, low in the periphery.” Core leading cities (Guangzhou, Shenzhen), by virtue

of well-established factor endowments, have long maintained coordination levels that

fluctuate within the 0.7-0.9 range, spanning both intermediate and good coordination. Key

development cities (Dongguan, Foshan, Zhuhai) are in the 0.5-0.6 barely coordinated stage,
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with their development foundations continuously being consolidated. Potential catch-
up cities (Zhongshan, Huizhou, Jiangmen, Zhaoqing), despite generally facing practical
constraints such as weak financial infrastructure (~C), inactive market demand (~F), and
lax environmental regulations (~E), exhibit a strong “latecomer catching up” momentum—
their average annual coordination growth rate reaches 3.37%, far exceeding core leading
cities (1.77%) and key development cities (2.14%). Therefore, the high consistency of ~C,
~E, and ~F essentially provides a statistical depiction of the prevalent phenomenon wherein
potential catch-up cities achieve rapid advancement under multiple constraints.

Third, this finding provides a crucial foundation for the subsequent configurational
analysis. Precisely because key development and potential catch-up cities, constituting
the majority of the sample, exhibit shortcomings in ~C, ~E, and ~F, they require strong
combinations of other conditions to achieve a “compensation effect.” This constitutes the
core finding revealed by the configurational analysis in Table 10:

Table 10. Configuration Analysis Results.

Antecedent Conditions

Y ~Y
Configl Config2 Config3 Config4 Config5 Config6 Config7 Config38

m g N W >

F

Consistency
Coverage
PRI

Inter-configuration consistency

adjustment distance

Intra-configuration consistency

adjustment distance
Unique coverage
Overall consistency
Overall coverage
PRI

® o ® ® X

® o ® ® ® X
® ° ° ° o ° o
[ [ ) [ ° ®
° ® ® ® ° )
® ° X ® ®
0.973 0.972 0.968 0.949 0.982 0.983 0.956 0.950
0.316 0.233 0.274 0.286 0.329 0.452 0.573 0.507
0.906 0.858 0.851 0.780 0.946 0.968 0.914 0.887
0.028 0.023 0.023 0.034 0.005 0.004 0.01 0.013
0.093 0.082 0.076 0.088 0.033 0.032 0.057 0.059
0.000 0.047 0.000 0.002 0.004 0.022 0.018 0.029
0.966 0.936
0.629 0.763
0.932 0.879

Note: @ and ® indicate the presence or absence of a condition; blank cells indicate irrelevance. Large and small
circles denote core and peripheral conditions, respectively.

5.3. Inter-Configuration Analysis

Configuration 2 (B~CD), with Foshan and Zhaoqing as typical cases, demonstrates
how human capital and policy support can “compensate for hardware with software,”
addressing deficiencies in financial infrastructure. Configuration 1 (A*~F), with Huizhou
as a typical case, illustrates how technological innovation can drive synergy ahead
of market demand activation. Configurations 3 and 4 (AC~F), with Jiangmen as a
typical case, demonstrate how synergy between technological innovation and financial
infrastructure can achieve breakthroughs under the dual constraints of human capital
and market shortcomings.

In other words, the high consistency of ~C, ~E, and ~F precisely confirms the “equifinal
substitution” and “compensation mechanisms” emphasized by the TCE framework—under
realistic conditions of uneven resource endowments, cities across different tiers can achieve
“equifinal” synergistic development through differentiated combinations of factors. Par-

https://doi.org/10.3390/su18063118


https://doi.org/10.3390/su18063118

Sustainability 2026, 18, 3118

27 of 41

ticularly, potential catch-up cities, with their fastest growth rates, verify the existence of
“compensatory catch-up pathways under constraint shortcomings”.

In summary, the high consistency of ~C, ~E, and ~F does not contradict theoretical
expectations; rather, it represents a deepened understanding of the connotations of QCA
necessity analysis and an empirical validation of the unbalanced regional development and
diversified catch-up pathways in the Pearl River Delta.

5.4. Configurational Sufficiency Analysis
5.4.1. Sufficiency Analysis for High CCD

At its core, QCA identifies how various combinations of conditions jointly influence
the outcome, with the sufficiency consistency level of conditional configurations serving as
the key criterion. The parameter thresholds are set following the prevailing standards of
the QCA method [80]: the consistency threshold is set at 0.80, above the classic lower limit
of 0.75, to ensure that the identified configurations possess sufficient causal explanatory
power; the frequency threshold is set at 1, balancing the characteristics of a small-to-medium
sample with the richness of theoretical findings; the PRI threshold is set at 0.75 to avoid
contradictory configurations caused by simultaneous subset relationships. Robustness tests
indicate that after raising the consistency threshold to 0.90 and the PRI threshold to 0.80,
the core configurational logic remains stable, demonstrating the reliability of the parameter
selection [95]. The study employs R 4.5.1 software for data processing, obtaining both
intermediate and parsimonious solutions. Using the intermediate solution as the primary
basis and the parsimonious solution as a supplementary reference, and considering causal
asymmetry, configurational pathways for high-level coordination are screened. Table 10
presents the specific results. Four configurational pathways emerge from the analysis for
achieving high-level coordination in green finance and the digital economy. Encompassing
three types, they illustrate how different regions can attain coordinated development given
varying resource endowments and institutional environments.

(1) Configuration 1: Technology-Dominated Institutional Synergy Type

This pathway corresponds to Configuration 1, exhibiting a consistency level of 0.973
and coverage of 0.316, which explains 31.6% of the sample cases, indicating high ex-
planatory power and a certain degree of typicality. This model features the presence of
technological innovation (A) and the absence of market demand (F) as core conditions,
supplemented by the presence of policy support (D) and environmental regulation (E),
while the absence of human capital (B) serves as a peripheral background condition. This
pathway reveals a developmental reality: even when market demand is not yet fully ac-
tivated and human capital is relatively scarce, strengthening indigenous technological
innovation capabilities and supplementing them with institutional synergy from policy
support and environmental regulation makes it possible to achieve effective green finance—
digital economy coordination under constrained conditions. This model underscores both
the foundational role of technological innovation—serving as a core driving force—and the
compensatory synergistic effect of institutional factors (policy + regulation) in offsetting
market and human capital deficiencies.

(2) Configuration 2: Human Capital-Policy Dual-Core Guidance Type

This pathway corresponds to Configuration 2, with a consistency level of 0.972 and
coverage of 0.233, explaining 23.3% of the sample cases, indicating high explanatory
power. This model features the presence of human capital (B), the absence of financial
infrastructure (C), and the presence of policy support (D) as core conditions, supplemented
by the presence of environmental regulation (E) and market demand (F). This pathway
reveals a developmental reality: under conditions of weak financial infrastructure, through
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the dual-core guidance of human capital empowerment and policy support, combined
with the pull of market demand and synergy with environmental regulation, a “software
compensating for hardware” pathway to coordinated development is formed. This model
highlights that when hardware facilities are insufficient, human capital and institutional
factors (policy, regulation, market) can form effective complementarities, jointly driving
such synergy.

(3) Configuration 3: Technology—Infrastructure-Policy Synergy Type

This pathway corresponds to Configuration 3, with a consistency level of 0.968 and
coverage of 0.274, explaining 27.4% of the sample cases, indicating high explanatory power
and a certain degree of typicality. This model features the presence of technological innova-
tion (A) and the absence of market demand (F) as core conditions, supplemented by the
presence of financial infrastructure (C) and policy support (D), while the absence of human
capital (B) serves as a peripheral background condition. This pathway reveals a develop-
mental reality: under conditions of relatively scarce human resources and insufficiently
activated market demand, through the synergistic drive of technological innovation and
financial infrastructure, supplemented by institutional guarantees from policy support, the
shortcomings in talent and market can be compensated to a certain extent, achieving effec-
tive coordination in this domain. This model highlights the complementary reinforcement
effects of the synergy among technological factors, hardware facilities, and policy support
in driving systemic integration.

(4) Configuration 4: Technology-Infrastructure Foundation Type

This pathway corresponds to Configuration 4, with a consistency level of 0.949 and
coverage of 0.286, explaining 28.6% of the sample cases, indicating high explanatory
power and a certain degree of typicality. This model features the presence of technological
innovation (A) and the absence of market demand (F) as core conditions, with the presence
of financial infrastructure (C) as a supplementary condition, while the absence of human
capital (B) and environmental regulation (E) serve as peripheral background conditions, and
policy support (D) does not participate. This pathway reveals a special route to coordinated
development under multiple constraints: against the backdrop of insufficient market
demand, scarce human capital, lax environmental regulation, and absent policy support,
merely relying on the “technology—-infrastructure” foundational structure—composed of
technological innovation and financial infrastructure—can still leverage effective green
finance—digital economy coordination. This model highlights the strong adaptability of
technological innovation as a core driving force and the foundational supporting role
played by financial infrastructure in the absence of institutional support—together, they
constitute the minimum structural foundation for systemic synergistic development.

Through the analysis of the above four models, it is evident that technological inno-
vation (A) appears as a core condition in Configurations 1, 3, and 4, demonstrating its
foundational position in systemic coordination. The absence of market demand (F) serves
as a stable core condition in Configurations 1, 3, and 4, reflecting that the pull effect of
domestic demand has not yet been fully unleashed at the current stage, and the realization
of coordinated development still primarily relies on supply-side promotion and institu-
tional design. The varied configurations of core and peripheral elements across pathways
embody the principles of “multiple conjunctural causation” and “equifinality” within green
finance—digital economy synergy, offering diverse strategic options across regions with
distinct resource profiles.

Synthesizing the configurational findings, the driving logic for high-level green
finance-digital economy synergy can be encapsulated as: technological innovation is a uni-
versal engine, but its fuel needs to be deployed according to local conditions. Specifically,
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Configurations 1, 3, and 4 all center on technological innovation, but the former requires
institutional synergy (policy + regulation) to compensate for human capital shortcomings,
while the latter relies on financial infrastructure for foundational support—this is akin to
the same engine, which can focus on technological breakthroughs in human-capital-rich
regions but requires institutional protection in human-capital-scarce regions; in regions
with well-established infrastructure, the dual wheels of technology and facilities alone can
drive progress. Configuration 2 demonstrates another logic: when financial infrastructure
is weak, human capital and policy support can constitute a “software compensating for
hardware” alternative, much like compensating for poor road conditions with high-quality
drivers and traffic rules. These four pathways collectively reveal that such synergy has
no standard formula but rather represents the optimal combination of multiple elements
under different resource endowments.

5.4.2. Sufficiency Analysis for Non-High CCD

Based on considerations of causal asymmetry, this study further conducted sufficiency
analysis for non-high CCD. Table 10 also presents the configurations leading to non-high
CCD. Comparison of intermediate and parsimonious solutions reveals the core conditions
leading to non-high CCD. Parsimonious solution analysis shows that five combinations—
C-F ~A-~B-F, C-~D-E, D-~E-E, and ~A-~B-C-~E—constitute the most parsimonious path-
ways leading to non-high CCD. Among these, C and F appear as core conditions in multiple
pathways, indicating they play key roles in the formation of non-high CCD. Peripheral
conditions such as D, E, and A play roles in specific contexts, enriching our understand-
ing of the formation mechanisms of non-high CCD. These pathways reveal the multiple
concurrent causal mechanisms leading to non-high CCD, standing in stark contrast to the
pathways for high CCD and confirming the causal asymmetry of QCA—the condition
combinations that lead to the occurrence of an outcome are not simple mirror images of
those that lead to its non-occurrence.

5.5. Inter-Configurational Results Analysis

To overcome the temporal blind spot inherent in traditional QCA methods, this study
employs between-configuration consistency analysis to investigate the temporal dynamic
effects of each conditional configuration. As shown in Figure 5, the between-configuration
consistency of the four configurations remained above 0.85 throughout 2014-2023, far
exceeding the 0.75 criterion. Meanwhile, the adjustment distance of between-configuration
consistency for each year remained below 0.2, indicating that these configurations main-
tained stability over time without significant temporal effects.

This study takes 2019 as the pre-pandemic baseline, 2020 as the core impact period,
and 2021 as the recovery period, measuring the dynamic consistency characteristics of the
four configurations (see Figure 5).

The 2020 pandemic served as a “screening test” for configurational resilience, behind
which lies the differentiated transmission of shocks through specific channels. From the
demand side, economic contraction impacted expectations of green project cash flows. Con-
figuration 1, relying on institutional synergy to compensate for human capital shortcomings,
exhibited the highest vulnerability (relative decline of 4.39%) as policy resources tilted
toward emergency response and environmental regulations were temporarily weakened
during the early pandemic, becoming the only pathway that failed to achieve full recovery.
From the supply side, impeded factor flows affected synergistic efficiency. However, Con-
figurations 3 and 4, embedded in digital infrastructure, maintained stable service capacity
through their “zero-contact” characteristics, coupled with accelerated new infrastructure
deployment across regions, achieving “exceeding expectations recovery” (relative increase
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of 1.04%). From the policy response perspective, digital epidemic response policies and
green recovery plans produced differentiated impacts: relief policies resonated with the
policy elements of Configuration 2, causing it to rise rather than fall during the impact
period (relative increase of 1.64%) and maintain sustained high-level stability.

1 1.000 1.000 1.000
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0\978
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Figure 5. Changes in Inter-Configuration Consistency Levels.

This differentiation reveals the “factor dependence” characteristic of systemic
resilience—pathways embedded with digital human capital and new infrastructure (Con-
figurations 2, 3, and 4) demonstrated stronger shock resistance, constituting risk-resistant
configurations. In contrast, Configuration 1, relying on institutional synergy, belongs to the
shock-sensitive type. This heterogeneous response provides crucial evidence for exploring
the risk-resistance mechanisms of different configurations.
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5.6. Intra-Configuration Coverage Analysis

Within the four configurations for high-level green finance-digital economy coordina-
tion, the intra-configuration coverage of city cases exhibits significant spatial differentiation
characteristics, reflecting the differential adaptability of various driving models at the
regional level. Statistical analysis of city coverage across configurational paths reveals a
distinct gradient structure and geographic agglomeration pattern in case distribution.

Specifically, different cities demonstrate clear pattern attribution and distinct typi-
cality in high-level coordination pathways: spatially, typical cities achieving high-level
coordination are primarily concentrated in the Pearl River Delta core area (e.g., Foshan,
Dongguan, Zhuhai) and its closely connected peripheral nodes (e.g., Huizhou, Jiangmen,
Zhaogqing), presenting a “core-periphery” multi-path regional coordinated development
dynamic. Notably, Guangzhou and Shenzhen—the regional innovation hubs—show low
typicality under existing configurational frameworks, revealing structural imbalances and
path complexity in intra-regional synergy mechanisms.

Taking Huizhou (0.506), the city with the highest coverage in Configuration 1
(Technology-Dominated Institutional Synergy Type), as an example, leveraging its solid
foundation in the electronic information industry and its locational advantage adjacent to
Shenzhen, the city has established an industry-university-research synergy mechanism cen-
tered around leading enterprises and supported by innovation platforms. By constructing
high-level innovation platforms such as the Tonghu Eco-Smart Zone and the China-Korea
(Huizhou) Industrial Park, it compensates for talent shortcomings with policy resources.
Relying on stringent environmental standards and green industry guidance policies, it
promotes the green agglomeration of emerging industries, including new energy batteries
and intelligent connected vehicles. This pathway, characterized by “technological innova-
tion as the core, institutional synergy as the wings,” has enabled Huizhou to achieve deep
integration between green financial instruments and emerging industries under the dual
constraints of human capital and market demand, forming a virtuous cycle of “technology
R&D—achievement transformation—financial empowerment.” In the future, Huizhou
should continue to deepen industrial collaboration with the Guangzhou-Shenzhen Science
and Technology Innovation Corridor, improve talent enclave mechanisms to offset local
human capital deficiencies, explore cross-regional green finance cooperation to expand
market space, and propel the “technology-dominated institutional synergy” model toward
a higher level.

Zhaogqing (0.723), a typical case of Configuration 2 (Human Capital-Policy Dual-
Core Guidance Type), as a potential catch-up city in the Pearl River Delta, faced dual
constraints of weak financial infrastructure and insufficient market demand. Through es-
tablishing green industry development guidance funds and promoting differentiated credit
instruments—including “carbon efficiency loans” and “photovoltaic loans”—it fully lever-
aged governmental guidance in industrial policy and green finance innovation, thereby
driving the green agglomeration of emerging industries such as new energy vehicles and
electronic information. Simultaneously, relying on local vocational colleges and an indus-
trial worker training system, Zhaoqing strengthened the supporting role of human capital
in green technology absorption and re-innovation, forming a triple-driven synergy pathway
of “policy—human capital—industry.” In the future, Zhaoging should further strengthen
the synergy between human capital and the institutional environment, deepen the gradi-
ent division of labor with the Guangzhou-Shenzhen Science and Technology Innovation
Corridor, and construct a more resilient and inclusive regional green development model.

Jiangmen (0.611, 0.652), which exhibits relatively high coverage in both Configura-
tion 3 (Technology—Infrastructure-Policy Synergy Type) and Configuration 4 (Technology—
Infrastructure Foundation Type), demonstrates dual advantages in infrastructure support
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and institutional adaptation. Building on its solid manufacturing foundation and its strate-
gic location as a key Pearl River Delta node, Jiangmen actively deploys new infrastructure,
including industrial internet and big data centers. Simultaneously, by establishing green
industry development guidance funds and exploring models like “carbon accounts + green
credit,” it provides solid institutional guarantees for technology-driven coordination path-
ways. In the future, Jiangmen should continue to deepen industrial collaboration with the
Guangzhou-Shenzhen Science and Technology Innovation Corridor, foster a cross-regional
innovation community characterized by “R&D and incubation in Guangzhou-Shenzhen,
transformation and landing in Jiangmen,” and further improve the institutional environ-
ment for green finance-digital economy synergy.

The pathways driving regional green finance—digital economy coordination are
found to exhibit multiple concurrency, primarily manifesting as three typical models:
the “Technology-Dominated Institutional Synergy Type,” the “Human Capital-Policy
Dual-Core Guidance Type,” and the “Technology-Infrastructure Synergistic Driven Type.”
Among these, the “Technology-Infrastructure Synergistic Driven Type” encompasses
Configuration 3 (Technology-Infrastructure-Policy Synergy Type) and Configuration 4
(Technology—-Infrastructure Foundation Type), both sharing the core conditions of the pres-
ence of technological innovation and the absence of market demand. This jointly reveals a
developmental reality: under conditions of relatively scarce human capital, effective coor-
dination can still be achieved by relying on the synergy of technology and infrastructure,
supplemented by flexible policy adaptation.

However, it is noteworthy that Guangzhou and Shenzhen, as regional development
poles, generally exhibit low coverage across the three existing configurational models. This
phenomenon reflects that the synergistic development in Guangzhou and Shenzhen may
have transcended the factor-driven stage dependent on specific condition combinations,
entering an advanced “ecosystem” stage characterized by comprehensive high-quality
development of all elements and complex nonlinear interactions within the system. On
one hand, this confirms the universal explanatory power of this study’s configurational
models for cities at ordinary development levels; on the other hand, it reveals the necessity
for separate, in-depth case studies on the development mechanisms of top-tier megacities.
Future research should strengthen the deep deconstruction of the complex synergy mecha-
nisms in megacities like Guangzhou and Shenzhen, explore the construction of integrated
theoretical models combining complex systems theory and network analysis, and provide
more targeted decision-making references for regional overall synergistic development.

5.7. Robustness Tests

Following existing research practices [95], alternative calibration anchors were first
selected by adjusting the crossover point to 45% and 55% [96]. The 45% anchor yielded 7 con-
figurations, but the core driving logic remained unchanged. All configurations could be
categorized into the three baseline-identified models: “Technology-Dominated Institutional
Synergy Type,” “Human Capital-Policy Dual-Core Guidance Type,” and “Technology—
Infrastructure Synergistic Driven Type,” with technological innovation (A) and the absence
of market demand (~F) remaining core conditions and the synergistic role of human capital
(B) persistently evident. The 55% anchor streamlined the configurations to 3, with the most
parsimonious expression being A*~F + B*~C*D, fully consistent with the baseline result
of A*~F + B*~C*D. The logical core of the three primary models remained stable. Second,
raising the consistency threshold from 0.8 to 0.9 resulted in no substantive changes to the
configurational pathways and core conditions. In summary, the configurational analysis
results demonstrate strong robustness.
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To test the model’s sensitivity to weight settings, the weights assigned to green finance
and the digital economy were varied from the original « = 3 =0.5to « =0.4, $ = 0.6 and
o =0.6, 3 = 0.4, respectively, with configurational analysis then re-conducted. The results
show that all core configurations (such as B*~C*D*E*F, A*~B*D*E*~F, A*B*~C*~E*~F, etc.)
were retained under the three weight settings. The solution coverage (covS) ranged between
0.597 and 0.635, and solution consistency (inclS) ranged between 0.962 and 0.977, with
fluctuation ranges all below 0.04. The case distribution remained generally consistent. This
indicates that the model is insensitive to weight settings, and the research conclusions
possess strong robustness.

6. Conclusions and Implications
6.1. Research Conclusions

Drawing on the “Technology—-Capital-Environment” (TCE) analytical framework, this
investigation utilizes the coupling coordination degree model and dynamic QCA method
on 2014-2023 panel data from the Pearl River Delta urban agglomeration to systematically
examine the coordinated development level and driving pathways of green finance-digital
economy coupling coordination. Key findings include:

(1) Green finance—digital economy coupling coordination in the Pearl River Delta exhibits
a steady upward trend, marked by significant spatial differentiation. Over the sample
period, the region’s mean coupling coordination degree rose from 0.453 in 2014 to
0.599 in 2023, progressing from the verge of imbalance to barely coordinated. Core
leading cities (Guangzhou, Shenzhen) have entered the intermediate coordination
stage (average 0.799, 0.794); key development cities (Dongguan, Foshan, Zhuhai)
are in the barely coordinated stage (average 0.500-0.568); potential catch-up cities
(Zhongshan, Huizhou, Jiangmen, Zhaoqing) remain on the verge of imbalance or in
mild imbalance (average 0.355-0.460). The average annual growth rate of potential
catch-up cities reaches 3.37%, significantly higher than that of core leading cities
(1.77%) and key development cities (2.14%), exhibiting a strong latecomer catching-
up momentum.

(2) There are four equifinal driving pathways for green finance-digital economy synergy.
Configurational analysis identifies: (1) Technology-Dominated Institutional Synergy
Type (Configuration 1): Centered on technological innovation, relying on policy sup-
port and environmental regulation to compensate for human capital shortcomings
under conditions of absent market demand; (2) Human Capital-Policy Dual-Core
Guidance Type (Configuration 2): Under conditions of weak financial infrastructure,
driven by the dual core of human capital and policy support, forming a “software com-
pensating for hardware” pathway; (3) Technology-Infrastructure-Policy Synergy Type
(Configuration 3): Driven by the dual wheels of technological innovation and financial
infrastructure, supplemented by policy support, achieving synergy under human capi-
tal scarcity; (4) Technology-Infrastructure Foundation Type (Configuration 4): Against
the backdrop of multiple institutional deficiencies, leveraging solely the foundational
combination of technological innovation and financial infrastructure to catalyze syner-
gistic development. These four pathways can be summarized into three typical models:
“Technology-Dominated Institutional Synergy,” “Human Capital-Policy Dual-Core
Guidance,” and “Technology-Infrastructure Synergistic Driven.”

(3) Different driving pathways exhibit differentiated resilience characteristics under ex-
ternal shocks. Dynamic QCA reveals that during the COVID-19 pandemic, Config-
uration 2 demonstrated strong immediate resilience, with consistency rising rather
than falling during the impact period (+1.64%); Configurations 3 and 4 exhibited
efficient recovery capacity, achieving “exceeding expectations recovery” post-impact
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(+1.04%); while Configuration 1 was deeply affected, with a longer recovery cycle,
becoming the only pathway that failed to fully recover (5.62% lower than the baseline).
This indicates that pathways incorporating human capital and financial infrastructure
possess greater risk resistance capacity.

(4) Guangzhou and Shenzhen exhibit “ecosystem-level” synergistic characteristics, with
limited explanatory power of existing configurational models. Guangzhou’s cover-
age across configurations ranges between 0.041-0.156; Shenzhen'’s coverage is also
unremarkable except for relatively higher values in Configuration 1 (0.388) and Con-
figuration 3 (0.335). This reflects that synergy in Guangzhou and Shenzhen has likely
advanced beyond the factor-driven stage into an “ecosystem” level, marked by high
integration across all elements and complex nonlinear systemic interactions.

(5) Deep mechanisms of regional development path heterogeneity: differentiated logic
between core cities and catch-up cities. The study finds that core cities like Guangzhou
and Shenzhen follow different development pathways compared to catch-up cities like
Zhaogqing. This heterogeneity is rooted in systemic differences in “factor endowments—
institutional space—development stages.” Regarding factor endowments, Guangzhou
and Shenzhen have formed a “source” ecology with highly concentrated innovation
factors; catch-up cities face “structural shortages” such as weak financial infrastruc-
ture and scarce human capital, necessitating breakthroughs in constraints through
“compensatory combinations”—this is the inherent logic underlying the validity of
Configurations 1, 2, and 3/4 in Huizhou, Zhaoqing, and Jiangmen, respectively. Re-
garding institutional space, Guangzhou and Shenzhen enjoy the privilege of “pilot
experimentation,” allowing them to break through conventional frameworks in areas
like green finance; catch-up cities face narrower institutional space, with policy innova-
tion primarily taking the form of “implementation adaptation,” hence policy support
often features as a core condition in their pathways. Regarding development stages,
Guangzhou and Shenzhen have entered a “post-industrial” phase, where synergistic
development occurs at the intersection of high-end services and knowledge-intensive
industries; catch-up cities remain in the “mid-to-late industrialization” phase, where
synergy primarily manifests in the green transformation of manufacturing. Techno-
logical innovation serves as a core condition in both city types but with distinctly
different connotations. Regarding convergence trends, the average annual growth rate
of catch-up cities (3.37%) exceeds that of core cities (1.77%). This “latecomer catch-
ing up” stems not only from technological latecomer advantages and institutional
learning effects but also from regional coordination strategies and Greater Bay Area
construction, collectively shaping the “convergence amidst differentiation” pattern in
the Pearl River Delta.

6.2. Theoretical Contributions

This study makes three primary theoretical contributions:

First, the construction and validation of the TCE framework extends the applicability
boundaries of TOE theory. This study reconstructs the classical TOE framework [3] into a
“Technology-Capital-Environment” framework suitable for regional development research,
transforming the original “Organizational” dimension into a “Capital Support” dimension
at the regional level. This transformation responds to academic calls for contextual frame-
work extension and confirms that financial capital, at the regional level, assumes resource
allocation functions analogous to those of enterprise organizations, serving as a critical hub
connecting technological innovation and the external environment.

Second, the identification of multiple equifinal pathways enriches theoretical under-
standing of “multiple conjunctural causation.” Existing studies have largely examined
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the one-way effects between green finance and the digital economy, thus overlooking
the complex causal mechanisms underlying their synergistic development [97]. Through
configurational analysis, this study identifies four equifinal pathways, summarized into
three typical models, confirming the configurational effect of “equifinality” and extending
the concept of “equifinal substitution” to this interdisciplinary domain.

Third, this study reveals the “factor dependence” characteristics of systemic resilience
under external shocks, deepening understanding of dynamic evolution. Traditional QCA
studies mostly employ cross-sectional data, struggling to capture the temporal evolution
of pathways. This study finds that during the COVID-19 pandemic, pathways embedded
with digital human capital and new infrastructure demonstrated stronger shock resis-
tance, while pathways relying on institutional synergy exhibited higher vulnerability. This
finding reveals that digital infrastructure and human capital constitute the “resilience
base” of the system, providing a new perspective for exploring systemic evolution under
external shocks.

6.3. Practical Implications
Drawing from these findings, several policy implications emerge:

(1) Bolster foundational support from universal core elements while reinforcing the sus-
tained driving effect of technological innovation. Dynamic analysis shows that the
driving effect of technological innovation (A) on high coordination steadily increased
from 0.567 in 2014 to 0.954 in 2023 (Case 1), while its absence increasingly became a
key obstacle to coordinated development (Case 2 consistency rose from 0.108 to 0.734).
This indicates that technological innovation has become an “essential” element for syn-
ergistic development. All regions should elevate technological innovation to a central
position in regional development strategies, continuously increase R&D investment,
and foster deeply integrated industry-academia-research innovation communities
to ensure the stable output of this core driving force. For catch-up cities, particular
attention should be paid to the digestion, absorption, and adaptive transformation of
mature technologies, leveraging technology diffusion dividends to compensate for
stage-specific shortcomings in original innovation.

(2) Differentiate the allocation of “compensatory element combinations” to precisely
address structural shortcomings. Dynamic analysis reveals the characteristic of in-
tensifying constraint effects of different elements over time: the impact of absent
financial infrastructure (~C) on low coordination rose from 0.421 in 2014 to 0.834
in 2023 (Case 6), indicating the increasingly severe constraining effects of structural
shortcomings. Policymakers should adopt targeted element compensation strategies
according to the endowment shortcomings across city types: cities with weak financial
infrastructure, like Zhaoqging, need to strengthen the “software compensating for
hardware” synergy of human capital and policy support (Configuration 2); cities with
insufficient market demand, like Huizhou, should deepen the “technology-dominated”
pathway of technological innovation and institutional synergy (Configuration 1); cities
with scarce human capital, like Jiangmen, can explore the “technology-infrastructure”
dual-wheel driven model (Configurations 3/4), transforming innovation spillovers
from core cities into development dividends through industrial chain division of labor
characterized by “R&D and incubation in Guangzhou-Shenzhen, transformation and
landing in surrounding areas.”

(3) Construct a resilience-oriented systemic architecture to enhance the shock resistance
capacity of synergistic development. The “screening test” effect of the pandemic
shock reveals: pathways embedded with digital human capital and new infrastructure
(Configurations 2, 3, 4) possess stronger shock resistance, while pathways relying on
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institutional synergy (Configuration 1) exhibit significant vulnerability. Accordingly,
regions should focus on constructing a “resilience base”—accelerating deployment of
new infrastructure, including 5G networks and data centers, to leverage their “zero-
contact” service advantages, while simultaneously advancing digital transformation
of human capital to cultivate versatile talents with remote collaboration capabilities.
Simultaneously, establish risk monitoring and policy buffer mechanisms, setting dif-
ferentiated contingency plans targeting the vulnerabilities of different pathways: for
Configuration 1-type pathways, strengthen the emergency response capacity of institu-
tional synergy to avoid excessive deviation of policy resources during impact periods.

(4) Build a “categorized implementation, dynamically adaptive” regional collaborative
governance system. Based on the mechanism of pathway heterogeneity, policy formu-
lation should establish a categorized implementation framework. Core leading cities
(Guangzhou, Shenzhen) should pivot from “factor supply” to “ecosystem cultivation,”
facilitating unfettered movement of data, capital, and talent; pioneering institutional
innovations in green finance standards mutual recognition and cross-border digital
assets; building a globally influential green-digital integration innovation ecosystem;
while strengthening spillover effects on surrounding cities via “innovation enclaves.”
Key development cities (Dongguan, Foshan, Zhuhai) should focus on “addressing
element shortcomings and strengthening industrial chain linkages”: Dongguan can
deepen “technology—infrastructure—policy” synergy relying on its electronic infor-
mation industry chain; Foshan should leverage its manufacturing advantages to
strengthen the “human capital-policy” dual-core drive; Zhuhai can explore cross-
border green finance and digital governance innovation utilizing the Henggqin platform.
Potential catch-up cities (Zhongshan, Huizhou, Jiangmen, Zhaoging) should focus
on the precise allocation of “compensatory element combinations”: Zhaogqing should
strengthen the synergy between human capital and policy guidance (Configuration 2);
Huizhou should deepen the “technology-dominated institutional synergy” pathway
(Configuration 1); Jiangmen should explore the “technology—-infrastructure” dual-
wheel driven model (Configurations 3/4), transforming innovation spillovers from
core cities into development dividends through industrial chain division of labor
characterized by “R&D and incubation in Guangzhou—Shenzhen, transformation and
landing in surrounding areas.” This framework embodies the precise governance logic
under the “convergence amidst differentiation” pattern.

6.4. Research Limitations and Future Prospects

Several limitations of this study should be acknowledged, offering avenues for future
investigation in the following directions:

First, the research scope needs expansion, with future possibilities for cross-regional
comparison and multi-scale analysis. The Pearl River Delta urban agglomeration serves as
the sample for this study. As a typical representative of China’s developed urban agglomer-
ations, insights from this study offer valuable references for understanding such synergy in
developed regions. However, caution is warranted in generalizing the findings to regions
with different development levels. Future research could deepen in three directions: first,
conduct cross-regional comparative studies to explore pathway similarities and differences
across urban agglomerations with different development gradients, including the Yangtze
River Delta, Beijing-Tianjin—-Hebei, and Chengdu—Chongqing; second, descend to the
county level or ascend to the provincial level to analyze how scale effects influence the
stability of configurational pathways; third, select typical cities for longitudinal case studies
to deeply reveal the micro-mechanisms of pathway evolution.
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Second, variable measurement requires refinement, with future possibilities for in-
troducing multi-source data and dynamic calibration methods. Due to constraints in
macro-statistical data availability, composite indices are calculated via the entropy method,
with certain condition variables measured by proxy indicators (e.g., human capital proxied
by university student enrollment). Furthermore, the setting of fuzzy-set calibration thresh-
olds may introduce some sensitivity to the results. Future research could improve in three
aspects: first, integrate multi-source data such as enterprise survey data, patent quality
data, and in-depth policy text mining to construct a measurement system with greater
granularity; second, explore methods like machine learning for dynamic weighting of
condition variables to capture the temporal variation in factor importance; third, to enhance
conclusion reliability, employ multiple calibration threshold settings for robustness testing.

Third, the synergistic mechanisms of megacities require deeper exploration, with
future possibilities for introducing complex systems and network analysis methods. Re-
sults indicate that Guangzhou and Shenzhen’s synergy may have entered an advanced
“ecosystem-level” stage, with existing configurational models exhibiting limited explana-
tory power. Future research could combine complex network analysis to deconstruct the
node-connection structure of the Guangzhou-Shenzhen innovation ecosystem; employ
system dynamics modeling to simulate the emergent characteristics arising from element
interactions; and conduct process-tracing case studies to reveal the critical conditions and
transition mechanisms for the leap from factor-driven to ecosystem-driven stages. These
explorations will contribute to constructing integrated theoretical models applicable to
top-tier megacities.

Generalizing the conclusions of this study to other regions requires consideration of
contextual differences. Regarding the institutional environment, the Pearl River Delta, as
a frontier of reform and opening-up, enjoys policy innovation space. Its pathways hold
direct reference value for regions with similar institutional exploration space, including
the Yangtze River Delta and Beijing-Tianjin-Hebei. For regions with significantly different
institutional environments, the core role of policy support may be more pronounced. Re-
garding the industrial foundation, the synergistic development in catch-up cities primarily
occurs in the context of manufacturing green transformation. This finding offers referential
significance for regions in mid-to-late industrialization facing industrial upgrading pres-
sures, such as Central and Eastern Europe and Latin America. Regarding resilience patterns,
the discovery that digital human capital and new infrastructure constitute a “resilience
base” possesses universality—regardless of the institutional environment, enhancing in-
frastructure resilience and the digital level of human capital represents an effective strategy
for coping with external uncertainties.
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