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Abstract: Urban green development has become a crucial approach for balancing eco-
logical conservation and socio-economic development. The digital economy (DE) and
new-type urbanization (NTU), as technological and social systems, respectively, are both
driving urban green development. In this context, furthering their synergistic effects
could substantially improve urban sustainability outcomes. Grounded in sociotechnical
systems theory, this study applied pooled and multi-period fuzzy-set qualitative com-
parative analysis (fsQCA) to analyze urban green development pathways in 79 Yellow
River Basin cities (2020-2022). The pooled fsQCA indicates that urban green development
is driven by synergistic interaction within the NTU-DE subsystem, especially industrial
digitalization—spatial urbanization. The multi-period fsQCA further demonstrates that
industrial digitization has always existed as a core condition, which means that it plays a
more general role. In addition, the Yellow River Basin exhibits distinct regional variations
in urban green development, where the downstream region is dominantly driven by DE
and spatial urbanization, the upstream region by industrial digitization, and the midstream
region demonstrates diversified pathways. This study enhances understanding of complex
system interactions in urban green development and provides policy-relevant insights. For
policy implementation, local governments should not only prioritize effective synergies
between industrial digitization and spatial urbanization but also develop differentiated
strategies for the DE and NTU subsystems based on local conditions.

Keywords: digital economy; new-type urbanization; urban green development; sociotechnical
systems; dynamic qualitative comparative analysis; system synergies; Yellow River Basin

1. Introduction

Urbanization represents a critical global trend and a central issue in urban develop-
ment studies [1,2]. The global urban population increased from 25% in 1950 to approxi-
mately 50% in 2020 and is projected to reach 58% by 2070 [3]. Since China’s economic reform
and opening-up (1978), urbanization has served as a major driver of national economic
growth. Data from the National Bureau of Statistics indicate that China’s urbanization
rate rose from 17.9% in 1978 to 66.2% in 2023. However, rapid urbanization has placed
significant pressure on urban green development, including land-use change and the reduc-
tion of green spaces [4]. Therefore, integrating green development into urbanization has
become a key priority. To reduce the ecological impacts of rapid urbanization, the Chinese
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government launched a new-type urbanization (NTU) initiative [5]. NTU emphasizes a
“people-oriented” approach, with the goal of promoting holistic human development and
social cohesion.

Simultaneously, the digital economy (DE)—an emerging engine of global economic
expansion—has attracted considerable attention among policymakers, academia, and civil
society [6,7]. China’s DE has experienced exponential growth in recent years, emerging
as the primary catalyst for national economic advancement. According to the China Dig-
ital Economy Development Research Report (2024) by the China Academy of Information
and Communications Technology, China’s DE reached 53.9 trillion yuan in 2023, account-
ing for 42.8% of GDP and contributing 66.45% to GDP growth. Digital industrialization
and industrial digitization accounted for 18.7% and 81.3% of the DE, respectively, un-
derscoring its enabling role and integrative capacity. DE has simultaneously enhanced
socio-environmental sustainability and accelerated NTU implementation [8]. The synergis-
tic integration between the DE and NTU systems now serves as a pivotal mechanism for
regional sustainable development.

Globally, the driving effects of urbanization or digitalization on green development
vary significantly across regions. Urbanization’s environmental effects demonstrate context-
dependency, potentially improving performance in some nations while degrading it in
others, contingent upon complementary factors [9]. European nations utilize diverse digital
solutions to enhance urban metabolic circularity across multiple sectors including housing,
transportation, waste management, and social systems [10]. Belgium’s Walloon region
launched Digital Wallonia in 2015 under its Marshall Plan, specifically targeting smart urban
transformation [11]. Chinese cities exhibit size-dependent variations in digitalization’s
sustainability impacts [12]. China’s DE and NTU form synergistic systems that co-evolve
through mutual reinforcement, jointly propelling socio-economic advancement [13-15].
Both DE and NTU exert substantial and far-reaching impacts on urban green development.
However, the mechanisms through which DE and NTU jointly contribute to urban green
development in China remain underexplored and warrant further investigation.

The Yellow River is the world’s fifth-largest river and a vital water source for northern
China. The river sustains approximately 15% of China’s irrigated cropland and provides
water for 12% of the national population [16]. As a critical ecological security barrier, the
Yellow River Basin holds strategic importance for China’s sustainable development [17].
Since 2019, ecological conservation and high-quality development in the basin have been
designated as national strategic priorities. However, heavy chemical industry agglomera-
tion in the basin has intensified pollution pressures, undermining ecological resilience [18].
According to the White Paper on the Development of New Digital Economy in the Yellow River
Basin, the digital new economy in the Yellow River Basin has demonstrated steady growth,
with digital technologies being increasingly applied in ecological governance. In this con-
text, research on how DE and NTU can synergize to promote urban green development in
the basin is crucial for implementing ecological preservation and sustainable development
strategies. Fuzzy-set qualitative comparative analysis (fsQCA) is a configurational, set-
theoretic approach that effectively reveals the complex mechanisms through which various
antecedent conditions impact outcomes [19]. Pooled and multi-period fsQCA address static
analysis limitations by incorporating temporal dynamics [20,21]. Accordingly, this study
examines 79 cities in the Yellow River Basin from 2020 to 2022, focusing on six antecedent
conditions within the DE and NTU systems: digital industrialization, industrial digiti-
zation, population urbanization, economic urbanization, social urbanization, and spatial
urbanization. Using a configurational approach, the study applies pooled and multi-period
fsQCA to explore how these antecedents shape urban green development. To account for
regional heterogeneity, the pooled fsQCA is further used to examine configurations across
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upstream, midstream, and downstream regions, identifying distinct pathways to urban
green development.

This study contributes to digitalization, urbanization, and urban green development
in several ways. First, prior research has examined the paradoxical relationship between
DE, NTU, and urban green development, indicating that they may have positive, negative,
or nonlinear effects on urban green development [5,22-26], making it challenging to draw
reliable policy recommendations for promoting urban green development. This study
constructs a configurational framework to assess urban green development driven by the
synergistic interaction of DE and NTU, offering new insights into this paradox. Specifically,
depending on contextual conditions, DE and NTU may either facilitate or impede urban
green development. Second, most existing studies emphasize net effects at a single level,
often overlooking how factors at different levels interact configurationally. Although both
DE and NTU are inherently multidimensional concepts, most studies rely on single or com-
posite indicators to measure them [5,26,27], limiting the precision and comprehensiveness
of their impact assessment on urban green development. This study advances beyond tradi-
tional paradigms by identifying key drivers of urban green development within a DE-NTU
synergistic framework, using fsQCA to examine configurational effects among their sub-
systems. Furthermore, it compares the configurational pathways of high versus non-high
urban green development to validate the applicability of the DE-NTU synergy framework.
Third, the study identifies multiple configurational pathways through which DE and NTU
jointly drive urban green development. In-depth analysis reveals that the effects of DE
and NTU on urban green development depend on their specific combinations, thereby
enhancing the precision of policy design. Finally, the study employs dynamic fsQCA to
capture the complexity and temporal evolution of urban green development, responding
to recent calls for longitudinal research in environmental governance [9,28]. Drawing on
time-series data from 79 cities in China’s Yellow River Basin (2020-2022), the study uses
pooled and multi-period fsQCA to reveal how antecedent conditions evolve and to identify
distinct pathways to urban green development. It also uncovers dynamic shifts in the
subsystems of DE and NTU, offering practical insights for local environmental governance.

The remainder of this study is structured as follows: Section 2 reviews the literature
and develops a theoretical framework for urban green development. Section 3 outlines the
research methodology and data sources. Section 4 analyzes the configurational results for
both high and non-high levels of urban green development, highlighting variations across
temporal and regional dimensions. Section 5 discusses the findings, offers policy recommen-
dations, and proposes avenues for future research. Section 6 summarizes the conclusions.

2. Literature Review and Research Framework

2.1. Literature Review
2.1.1. Digital Economy and Urban Green Development

DE is an emerging economic model centered on data resources. It leverages advanced
information and communication technologies—such as cloud computing, big data, ar-
tificial intelligence, blockchain, and mobile internet—and is driven by data integration
and holistic digital transformation [8]. Previous studies have extensively investigated
the environmental benefits of DE, encompassing areas such as green innovation [7], air
pollution mitigation [29], synergistic governance of pollutants and carbon emissions [30],
and green total factor productivity [26].

DE consists of two main components: digital industrialization and industrial digitiza-
tion [30-32]. Digital industrialization serves as a critical foundation for the development
of the DE. It involves industries that arise from advancements in digital technologies,
including digital technology research and development, production of digital products,
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and related services [33]. Digital industrialization promotes resource conservation and
efficient utilization, thereby contributing to urban green development. Digital industrial-
ization facilitates the intelligent transformation of traditional industries by supporting the
development and clustering of emerging sectors—such as big data, cloud computing, and
artificial intelligence—thereby reducing urban energy consumption [33]. Moreover, digital
industrialization fosters technological exchange among industries, reduces information
asymmetry, promotes the adoption of clean technologies, and enhances the efficiency of
transforming green innovation into practical outcomes, thereby advancing the coordinated
development of regional economic digitization and environmental sustainability [32]. In-
dustrial digitization, characterized by the deep integration of digital technologies with
traditional industries, improves resource and energy efficiency and facilitates energy con-
servation and emission reduction through intelligent governance [30,34]. Moreover, digital
technologies enabled by industrial digitization allow governments to collect, analyze, and
disseminate environmental data in real time, enhancing public access to information. The
transparency and accessibility of such data enhance public participation in urban green
development, thereby accelerating its progress [28].

2.1.2. New-Type Urbanization and Urban Green Development

Traditional urbanization often emphasizes scale expansion over quality, thereby hin-
dering sustainable development. NTU follows a “people-oriented” philosophy, shifting
focus from scale and speed to quality and excellence. Scholars have investigated NTU’s
role in green development, for example in PM, 5 reduction [35,36], environmental pollution
(encompassing air pollution, water pollution, solid pollution, and sustainable develop-
ment) [37], as well as its contributions to the United Nations’ 17 Sustainable Development
Goals [38].

NTU comprises four subsystems—population, economic, social, and spatial urbaniza-
tion [37,39]—each exerting complex and sometimes contradictory effects on urban green
development. Population urbanization refers to the continuous migration of rural residents
to cities, leading to a gradual increase in the urban population share. This process promotes
agglomeration and population density, which may reduce green space, exacerbate water
shortages, and increase waste, particulate matter, and pollutants—ultimately harming
urban green development [35,40,41]. However, agglomeration can also concentrate skilled
labor, thereby fostering innovation and promoting green development [38,42]. Economic
urbanization reflects economic growth, functional specialization, and industrial upgrading
within cities [43]. While early-stage growth may exacerbate environmental degradation (as
per the environmental Kuznets curve), surpassing a certain economic threshold can reverse
this trend [44]. As urbanization advances, industrial structures upgrade, environmental
productivity improves, and polluting industries are relocated—together significantly ad-
vancing urban green development [35,45]. Social urbanization reflects shifts in lifestyles
and improvements in population quality. It enhances living standards and public en-
vironmental awareness, thereby driving ecological conservation efforts [38]. Increased
environmental awareness among governments and citizens generates feedback mecha-
nisms that help mitigate pollution [46,47]. Spatial urbanization—a key component of
NTU—involves the physical expansion and functional upgrading of urban areas [48]. Ur-
ban expansion may either facilitate or impede green development. In high-density cities,
economies of scale can lower transport-related energy consumption and reduce infrastruc-
ture inefficiencies [49-51]. However, excessive congestion and redundant development
may offset these benefits, resulting in increased energy consumption [52].
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2.2. Research Framework

The configurational perspective is widely adopted in complex management studies
to reveal the causal complexity underlying specific outcomes [53]. From the configura-
tional perspective, conditions do not function in isolation but rather interact synergistically,
meaning that multiple factors work together to shape the outcome. QCA, as a suitable
method for identifying condition configurations associated with particular outcomes, fa-
cilitates systematic and focused comparisons across multiple cases [54]. Current research
has applied the QCA methodology to DE, NTU, and green development. For example,
Zhang et al. [55] combined QCA with Necessary Condition Analysis (NCA) to examine the
configurations through which DE affects carbon emission efficiency. Using data from three
major urban agglomerations in the Yangtze River Economic Belt, Pan et al. [56] explored
heterogeneous configurational pathways through which NTU influences carbon imbalance.
Incorporating temporal dimensions, Gong [57] examined the dynamic evolution of green
transition strategies in China’s resource-based cities during the years 2013, 2016, and 2019.
Drawing on the technology—organization—environment (TOE) framework, Luo et al. [58]
used QCA to identify configurational pathways underlying the coupling coordination
between low-carbon development and the ecological environment in the Yellow River
Basin. Bai and Shen [59] employed dynamic QCA to investigate how DE and related
factors contribute to sustainable development in less-developed cities. Collectively, these
studies underscore the applicability of QCA in research on DE, NTU, and urban green
development, offering valuable references for the present study.

Similar to the configurational perspective, systems thinking emphasizes that a system
is greater than the sum of its parts, as its components interact to form complex struc-
tures [60]. Sociotechnical systems theory explores the reciprocal relationship between tech-
nology and society, offering a theoretical foundation for examining their interaction [61].
The theory highlights the integration of social and technological systems, arguing that
technologies do not exist or evolve in isolation, and their application requires a suitable
sociocultural context [62]. In this study, DE refers to the totality of economic and commer-
cial activities that rely on digital technologies and electronic communications [63], forming
the technological system. NTU, by contrast, represents a comprehensive and multifaceted
social transformation process centered on the rural-urban transition [64], constituting the
social system. Both the NTU and DE systems are key drivers of socio-economic progress
and exert significant influence on urban green development. The DE, as an integrated
economy, permeates various market segments, fosters the synergistic development of digi-
tal industrialization and industrial digitization, enhances industrial efficiency, and drives
urban green development [65]. Moreover, the impact of multi-dimensional urbanization on
environmental pollution is both interrelated and complex [66]. DE and NTU are both essen-
tial pillars of Chinese modernization, and their intrinsic symbiotic relationship fosters an
interactive and coordinated development model [15]. DE offers critical technological tools
and fresh impetus for NTU, particularly as digital technology-driven smart city initiatives
help propel NTU forward [67]. Conversely, NTU provides the material foundations and
spatial platforms necessary for DE development [14]. NTU can also generate technology
spillover effects that further stimulate DE growth [68]. According to sociotechnical systems
theory, organizational performance hinges on the synergy between social and technological
systems [28]. Therefore, the impacts of NTU and DE on urban green development should
be examined as part of an interdependent system rather than in isolation.

Studies suggest that DE and NTU work together to promote urban green develop-
ment [8,26,29]. Research indicates that the DE’s effect on green total factor productivity
varies significantly depending on urban population size [26]. The environmental benefits of
DE are more pronounced in regions with higher levels of urbanization [29]. Chen et al. [8]
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suggested that DE can guide urbanization toward greater sustainability. NTU and DE are
strongly correlated and aligned, integrating through the new development philosophy of
innovation, coordination, sustainability, openness, and sharing, thereby forming syner-
gistic effects for high-quality development [69]. Sociotechnical systems theory posits that
urban green development results from the combined effects of social and technological
systems [28,61,62]. This suggests that urban green development is driven by the synergies
between NTU and DE. Accordingly, the study constructs a theoretical framework for urban
green development. As shown in Figure 1, DE (industrial digitization and digital indus-
trialization) and NTU (population, economic, social, and spatial urbanization) generate
configurational effects on urban green development through multidimensional linkages. By
employing systems thinking and a configurational perspective, this study applies pooled
and multi-period fsQCA to uncover the combinations of conditions that lead to high versus
non-high urban green development.

Urban Green Development

°

)

f
(4

{‘\w °
N2/

The digital economy and new-type
urbanization synergistically drive
urban green development.

Figure 1. Theoretical framework for the collaborative driving of urban green development by DE
and NTU.

3. Research Method and Data
3.1. Research Method

Unlike conventional regression analysis, QCA provides a holistic analytical perspec-
tive. QCA assesses the necessity and consistency of key conditions within samples rather
than considering all variables. It accounts for interactions among multiple conditions [70]
and is considered suitable for analyzing between four and seven antecedent conditions [54].
This study investigates six antecedent conditions, aligning with the method’s applicability.
Fuzzy-set QCA (fsQCA) is more appropriate for analyzing continuous data compared
to crisp-set QCA (csQCA) and multi-value QCA (mvQCA). Therefore, this study em-
ploys fsQCA to identify configurational pathways that promote urban green development.
FsQCA is applicable to both large-sample studies (>100 cases) and small- to medium-
sample studies (10-100 cases). In fsQCA, case representativeness does not influence all
solutions [53], and the method demonstrates strong robustness to outliers [71]. The min-
imum case number for fsQCA should meet the threshold of 2n—1 where n represents
the number of antecedent conditions [28]. With a three-year timeframe and 79 annual
cases—far exceeding the minimum threshold of 32—this study fully meets the sample
size requirements.

FsQCA consists of three main steps. The first step, calibration of variables, involves
assigning set membership scores to cases and conditions [72]. The second step involves
analyzing the necessity of individual conditions. In fsQCA, consistency and coverage are
calculated based on Boolean algebra. Consistency serves as a key indicator for evaluating
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necessity. Coverage evaluates the empirical relevance of necessary conditions [54]. The
formulas for calculating consistency and coverage are presented as follows:

Consistency (X; > Y;) = W, (1)
Coverage (X; > Y;) = ZW, 2)

where X; denotes the calibrated score of the antecedent condition, and Y; represents the
calibrated outcome score for case i.

The third step involves analyzing the sufficiency of condition configurations. It
begins with constructing a truth table to assess whether specific combinations of conditions
consistently lead to the outcome [54]. The truth table enumerates all logically possible
combinations of causal conditions. The truth table is then refined by setting thresholds
for consistency and case frequency. Finally, Boolean minimization is conducted using the
Quine-McCluskey algorithm to identify optimal solutions. The formulas for calculating
consistency and coverage in the sufficiency analysis are as follows:

Consistency (X; < Y;) = W, ©)
oy lmin (X, Y5)]
Coverage (X; < Y;) = Ty (4)

where X; denotes the calibrated score of the antecedent condition, and Y; represents the
calibrated outcome score for case i.

A key limitation of current QCA research is the frequent neglect of the temporal dimen-
sion. To address this issue, Hino [20] introduced time-series QCA, which adapts time-series
data into a format suitable for QCA, encompassing pooled QCA, fixed-effects QCA, and
time-difference QCA. Pooled QCA analyzes how conditions affect outcomes by aggregating
observations and aligning cases across spatial and temporal contexts. Additionally, Vis
et al. [21] proposed the multi-period QCA method, which divides the study period into dis-
tinct intervals and conducts separate QCA analyses for each. By comparing configurations
across time intervals, multi-period QCA reveals the evolving causal mechanisms between
conditions and outcomes. Both pooled QCA and multi-period QCA mitigate the limitations
of static analysis in theoretical and empirical research by incorporating temporal dynamics.

3.2. Variable Measurement

Urban green development is inherently multidimensional and complex. A single
indicator is insufficient to fully capture its scope. Building on existing research and practical
considerations, this study develops an urban green development evaluation index system
that includes gaseous pollution, water pollution, solid pollution, and urban green space
indicators [37]. The gaseous pollution indicators consist of four negative factors: industrial
particulate matter emissions per unit of GDP, industrial SO, emissions per unit of GDP,
industrial NOx emissions per unit of GDP, and CO, emissions per unit of GDP. Wastewater
indicators are measured by one positive indicator: wastewater treatment rate. Solid waste
indicators include one positive indicator: domestic garbage harmless treatment rate. The
urban green space indicators include two positive indicators: the green coverage rate of the
built district and the green space rate of the built district. Following previous studies [6,73],
this study develops an evaluation framework for digital industrialization and industrial
digitization. In line with existing research [39,74], this study constructs an evaluation
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system encompassing population, economic, spatial, and social urbanization. The specific

indicators used in this study are presented in Table 1.

Table 1. Evaluation indicator system and weights.

Dimension Quantitative Indicator Attribute Entropy  Weight
Wastewater treatment rate + 0.989 0.317
The green space rate of the built district + 0.996 0.120
The green coverage rate of the built district + 0.996 0.115
Urban green Domestic garbage harmless treatment rate + 0.998 0.051
development CO, emissions per unit of GDP - 0.994 0.176
Industrial particulate matter emissions per unit of GDP - 0.997 0.093
Industrial SO, emissions per unit of GDP - 0.997 0.092
Industrial NOx emissions per unit of GDP - 0.999 0.036
Per capita income from telecommunication services + 0.889 0.477

. The proportion of employees in the information transmission,

Dlgltal . computer services, and software industry in total employment * 0.923 0.332
industrialization The Internet broadband access subscribers in the total population + 0.968 0.140
The proportion of mobile phone subscribers in the total population + 0.988 0.051
. T Per capita income from postal services + 0.958 0.785
Industrial digitization Digital financial inclusion index + 0.989 0.215
Populati Urban population density + 0.954 0.564
opulation Urbanization rate + 0.975 0.304
urbanization Natural population growth rate + 0.989 0.132
Per capita GDP + 0.965 0.437
Economic urbanization  Per capita disposable annual income of urban households + 0.969 0.378
The proportion of the tertiary industry in GDP + 0.985 0.185
Collections of public libraries per 10,000 population + 0.961 0.442
Social urbanization Total retail sales of consumer goods per capita + 0.970 0.344
The number of health technicians per 10,000 population + 0.981 0.214
The proportion of built districts in the total area + 0.893 0.702
Spatial urbanization Urban road surface area per capita + 0.976 0.161
The density of the road network in the built district + 0.979 0.138

The entropy weight method provides objective weighting, effectively reducing errors
caused by subjective judgment. This study adopts an improved entropy weight method
for calculation. The improved method incorporates a time variable into the traditional
approach, enabling longitudinal comparisons across periods [75]. Let there be # evaluation
units, each measured by m indicators over g time periods. The calculation steps are
as follows:

Step 1: Standardize the raw data.

For a positive indicator:
t

X — min Xx;
yh = Ty )
T max x; — min x;’
For a negative indicator:
t
max X; — X:;
t / ij
Yij = (6)

max x; — min x]-'

where xfj is the original data; min x; and max x; represent the minimum and maximum
values of the j-th indicator across all evaluation units, respectively.
Step 2: Calculate the initial weight.

q n
Pii =Y/ Y Y Vij @)

t=1i=1
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Step 3: Compute the information entropy.

nq
;= —[n(gn)] ™ x Y Y [pl x In(p})] ®)

i=1t=1

Ei =

When the initial weight of the indicator p!; ;15 0, it is defined that hm p x In(p! ]) 0.
P

Step 4: Calculate the entropy-based weights.
W= (1-E) /(m 2 E;) )

Step 5: Compute the urban green development score.

m
UGD; =) (W; xyj)) (10)
j=1

The weights of the indicators are presented in Table 1. According to the entropy weight
method, weights are determined by the dispersion of indicator values. If an indicator shows
high variation across samples, it contains more information, resulting in a lower entropy
value and a higher weight [76]. For example, in the urban green development index system,
the wastewater treatment rate has the highest weight, followed by CO, emissions per unit
of GDP, suggesting that urban sewage and carbon emissions are particularly important
factors in urban green development.

3.3. Research Area

The Yellow River Basin is a key geographic region in China, spanning the eastern,
central, and western parts of the country and connecting the Qinghai-Tibet Plateau, Loess
Plateau, and North China Plain. It acts as a crucial ecological barrier, playing a vital role
in national socio-economic development and ecological security [77]. Considering the
inherent geographical and administrative coherence of the Yellow River Basin, the study
area includes both the natural river course and the regions that are socio-economically
linked to it [78]. The basin spans nine provinces in China. Sichuan Province was excluded
from the analysis as it is fully integrated into the Yangtze River Economic Belt Strategy,
and its Yellow River sections account for only 0.7% of the basin’s population and 0.3% of
its GDP. Similarly, Eastern Inner Mongolia (Mengdong) was excluded due to its stronger
socioeconomic alignment with Northeast China [79]. The study period spans from 2020 to
2022, based on data availability. A total of 79 cities in the Yellow River Basin were selected
as the sample. These cities are categorized into three sections: upstream, midstream, and
downstream (see Figure 2).



Systems 2025, 13, 426 10 of 23
100°0'0"E 110°0'0"E 120°0'0"E
N
A 0 75 150 300 Miles
———t—t——+—+
Bayannur, Béoto
500N - .
40°00"N Jiuguan s o j f;”" 238 40°00"N
Wihai Ordos
Zhangye Shizuishan ¢
Xinzhou /,»"
Jinchang L " {
Yinchuan L
S in i iy .
o Wuzhon Lyliang 3t / ,f\/ Binzhou Dongying / \‘7/L7
Zhangﬁ‘f{ 8] j(\ Y {/\ \//Wg Jjinzhong j/ Dezhou Yantai o
Xining, o ) . N e \"’“}f //“7 ﬁimm ool S
X HaidongCity) Lanzhou - \ Yan'an e \Changzhi Liaocheng, Weifang Qin%'ihju
— Yellow river S o Qingyang. ) ‘N\{ e
Yellow river basin ) 8 N —~4{ Jincheng,

Pingliang}— rnn}vﬁw JYanchen N

Area Wﬂmm

an}ang
(] Upstream cities

" Zaoghuang
Tianshui -, Sy

Zlmng hou Kalfeng
Baoji 4 - Sa
z j"x,,,,, ;P el nayang Xuchang S"""é"l'"

[ ] Midstream cities ngdmgvhan }7huulmu i
o g:MvianLluo
[ Downstream cities Hanzhung A
lanyang,
}Ankﬂn{, ( ‘\_FX
Note: Based on the standard map of the National Geographie Information Publie Servu:e \V\w,_ﬁ memg

Platform website GS (2024) No. 0650, the base map boundary has not been modifed.

100°0'0"E 110°0'0"E 120°0'0"E
Figure 2. Overview of the study area.

3.4. Data Sources

The majority of indicators in this study were sourced from the China City Statistical

Yearbook. Specifically, urban population density, urban road surface area, road network

density in built-up districts, wastewater treatment rate, and built-up district green space

ratio were obtained from the China Urban Construction Statistical Yearbook. Data on the

digital financial inclusion index were obtained from the China Digital Financial Inclusion

Index [80]. Carbon emission data were obtained from the regional CO, emission data
provided by EDGAR (Emission Database for Global Atmospheric Research). Missing
values are supplemented using city-level statistical yearbooks or interpolation methods.

3.5. Data Calibration

Calibration can be conducted using either a direct or an indirect method. In the direct

approach, researchers must carefully select three anchor points that define membership lev-

els in fuzzy sets for each condition: non-membership, crossover point, and full membership.

The indirect approach involves rescaling measurements based on qualitative assessments.

Pappas and Woodside [71] recommend the more widely used direct method, as it enhances

replicability and validation by offering clearer justification for threshold selection. There-

fore, this study adopts the direct calibration method. Following Fiss’s [53] approach, the

three anchor points—non-membership, crossover point, and full membership—for the

six conditions and the outcome variable are set at the 25th, 50th, and 75th percentiles of

the sample cases, respectively. In cases where the calibrated antecedent condition is 0.5, a

constant of 0.001 is added to the antecedent conditions with membership scores below 1

to avoid ambiguous outcomes. The calibration thresholds and descriptive statistics of all

variables are presented in Table 2. This study uses fs/QCA 4.0 software for analysis.
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Table 2. Calibration and descriptive statistics of variables.

Conditions and Outcome Non-Membership Cutoff Full-Membership  Mean  S.D. Min Max
Urban green development 0.668 0.728 0.778 0.716  0.085 0427  0.949
Digital industrialization 0.069 0.092 0.126 0.119  0.089  0.024  0.631
Industrial digitization 0.199 0.264 0.367 0307 0170  0.000  1.000
Population urbanization 0.260 0.373 0.471 0394 0162 0133 0.853
Economic urbanization 0.228 0.283 0.373 0322 0133 0138 0.777
Social urbanization 0.217 0.294 0.401 0.327 0155  0.081  0.943
Spatial urbanization 0.119 0.170 0.230 0190 0107 0.036  0.729

4. Results

4.1. Level of Urban Green Development

Figure 3 shows notable spatial disparities in urban green development across the
Yellow River Basin, exhibiting a stepwise pattern: upstream < midstream < downstream.
Further analysis indicates that urban green development in all regions of the basin has ex-
hibited a steady upward trend. Notably, the upstream and midstream regions experienced
the most significant improvements in 2022.

N

- \ 2020 year S o

350 Miles

2022 year

Yellow river
Yellow river basin
Urban green development
[550.400-0.500
[770.501-0.600
£70.601-0.700 ~N

10.701-0.800 {
[50.801-0.900
90.901-1.000

M
Note: Based on the standard map of the National Geographie Information Publie Service
Platform website GS (2024) No. 0650, the base map boundary has not been modifed.

Figure 3. Level of urban green development in the Yellow River Basin.



Systems 2025, 13, 426

12 of 23

4.2. Necessity Analysis

In QCA, a condition is considered necessary if it consistently appears whenever the
outcome is observed. A consistency value above 0.9 indicates that the condition is necessary
for the outcome [54]. Table 3 presents the test results for necessary conditions for both
high and non-high levels of urban green development. All conditions exhibit a consistency
value below 0.9, indicating that none are necessary for achieving either high or non-high
urban green development.

Table 3. Analysis of necessary conditions.

Antecedent Condition

High Urban Green Development Non-High Urban Green Development

Consistency Coverage Consistency Coverage
Digital industrialization 0.551 0.560 0.543 0.539
~Digital industrialization 0.547 0.551 0.557 0.547
Industrial digitization 0.687 0.687 0.417 0.406
~Industrial digitization 0.406 0.416 0.679 0.679
Population urbanization 0.522 0.534 0.547 0.546
~Population urbanization 0.557 0.557 0.534 0.521
Economic urbanization 0.593 0.612 0.482 0.485
~Economic urbanization 0.500 0.497 0.614 0.596
Social urbanization 0.587 0.601 0.509 0.509
~Social urbanization 0.520 0.521 0.600 0.586
Spatial urbanization 0.645 0.651 0.455 0.448
~Spatial urbanization 0.453 0.460 0.645 0.639

Note: “~” = Negation (NOT).

4.3. Sufficiency Analysis

This study uses the truth table algorithm for sufficiency analysis, with raw consistency
and frequency thresholds serving as key parameters. Schneider and Wagemann [72] rec-
ommend a minimum consistency threshold of 0.75 for sufficiency analysis. An appropri-
ate frequency threshold is necessary to exclude rare configurations while maintaining a suf-
ficient sample size for analysis [70]. Accordingly, a raw consistency threshold of 0.75 and
a case frequency threshold of 2 are set in this study, preserving 93% of the cases. In ad-
dition, the study incorporates the proportional reduction in inconsistency (PRI) threshold
to enhance result reliability. The PRI threshold helps avoid contradictory subset relation-
ships of configurations under both the presence and absence of the outcome. A PRI consis-
tency threshold close to the raw consistency level (e.g., 0.7) is recommended, as values below
0.5 suggest substantial inconsistency [81]. Therefore, this study adopts a PRI threshold of 0.7. The
study primarily reports the intermediate solution, supplemented by the parsimonious solution,
to distinguish core from peripheral conditions, ultimately identifying two configurations for high
urban green development and four for non-high urban green development (Table 4).

Table 4. Configurational results of urban green development.

High Urban Green Development Non-High Urban Green Development

Condition
H1 H2 NH1 NH2 NH3 NH4
Digital industrialization ] o @) . o
Industrial digitization [ ] [ ] @) o @) O
Population urbanization O O O [ ] O
Economic urbanization . 0 [ ] L 4 o
Social urbanization . o O @) L [ J
Spatial urbanization [ ) () @) O @) [ ]
Raw coverage 0.178 0.170 0.240 0.094 0.100 0.058
Unique coverage 0.146 0.139 0.152 0.008 0.062 0.020
Consistency 0.840 0.843 0.787 0.850 0.834 0.844
Overall solution coverage 0.316 0.337
Overall solution consistency 0.841 0.797

Note: @ denotes the presence of the core condition, O denotes the absence of the core condition, e denotes the presence
of the edge condition, and o denotes the absence of the edge condition. The same symbols apply to all later tables.
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4.3.1. Configurations of High Urban Green Development

In the configurational analysis of high urban green development, the overall solution
consistency is 0.841, indicating that 84.1% of the cases explained by the two configurations
exhibit high urban green development. The overall solution coverage is 0.316, suggesting
that the two configurations account for 31.6% of the instances of high urban green devel-
opment. Both configurations (H1 and H2) identify industrial digitalization and spatial
urbanization as core conditions, highlighting their consistent synergistic role in advancing
urban green development. Moreover, configurations H1 and H2 show that relying solely
on DE or NTU is insufficient to drive urban green development, underscoring the need for
integrated DE-NTU synergy.

Configuration H1 suggests that high urban green development can be achieved when
industrial digitalization, digital industrialization, and spatial urbanization are core con-
ditions, while economic and social urbanization are edge conditions, and population
urbanization is absent. Traditional urbanization often prioritizes scale expansion over
high-quality development, which hampers sustainable progress [39]. Configuration H1
emphasizes the synergistic effect of DE and NTU, focusing on the high-quality devel-
opment of urbanization rather than just population expansion. Previous studies have
shown that industrial digitalization, digital industrialization, economic urbanization, social
urbanization, and spatial urbanization all play a role in advancing urban green develop-
ment [32,33,35,45,47,82]. Additionally, lower levels of population urbanization are often
associated with reduced pollutant emissions [35]. In conclusion, the combination of these
conditions suggests that shifting focus from the net effect of individual conditions to their
combined impact can foster high urban green development.

Precisely identifying the cases linked to each configuration enhances the understand-
ing of the configurational results, which is a key advantage of the QCA method [83]. The
cases in configuration H1 are exclusively located in the downstream region of the Yellow
River Basin, including cities such as Qingdao, Yantai, Weihai, and Xuchang. For example,
Qingdao, located in Shandong Province, is characterized by its developed socio-economic
status, well-established urban infrastructure, and recognition as an important coastal cen-
tral city and a renowned livable city in China. According to the “2022 China Digital City
Competitiveness Research Report” by the China Academy of Information and Commu-
nications Technology, Qingdao ranked seventh in the 2022 Digital Top 100 Cities list. The
combination of these factors has enabled Qingdao to achieve high levels of urban green
development. According to the “2022 Qingdao Ecological Environment Status Bulletin”,
Qingdao has made significant progress in pollution control and carbon reduction, achieving
a 100% compliance rate for the quality of urban centralized drinking water sources, with
air quality ranking among the best in Shandong Province.

Configuration H2 indicates that high urban green development is possible when
industrial digitalization and spatial urbanization are core conditions, while economic ur-
banization is absent as a core condition, and digital industrialization and social urbanization
are absent as edge conditions. Industrial digitalization is vital for promoting rational spatial
planning and optimizing urban construction management [8], while spatial urbanization
provides the material foundation and spatial support for industrial digitalization. The syn-
ergy between industrial digitalization and spatial urbanization effectively promotes urban
green development. Configuration H2 also highlights low levels of economic urbanization,
indicating that economic activities cause minimal disruption to the urban ecosystem. The
cases in configuration H2 are located in the midstream and downstream regions of the
Yellow River Basin, including cities such as Dezhou, Xinxiang, Zhumadian, and Jiaozuo.
These cities have achieved green development through the systematic combination of
these conditions.
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4.3.2. Configurations of Non-High Urban Green Development

Table 4 presents four configurations that result in non-high urban green development.
Configuration NH1 suggests that high urban green development cannot be attained with-
out the presence of other conditions, irrespective of the level of economic urbanization.
Similarly, configuration NH2 demonstrates that relying solely on a high level of economic
urbanization is inadequate to attain high urban green development. Configurations NH1
and NH2 suggest that focusing exclusively on economic development while neglecting DE
and other dimensions of urbanization hinders urban green development. Configuration
NH3 shows that the absence of industrial digitalization and spatial urbanization is insuffi-
cient for achieving high urban green development, further supporting configuration H2.
Configuration NH4 suggests that relying solely on digital industrialization, social urbaniza-
tion, and spatial urbanization cannot result in high urban green development. Population,
economy, and digitalization are key drivers of urban green development [8,33,84]. Configu-
ration NH4 suggests that high urban green development may require the coordination of
specific conditions from industrial digitalization, population urbanization, and economic
urbanization. Compared to configurations H1 and H2, configurations NH1-NH4 highlight
the absence of industrial digitalization, further emphasizing its role in promoting urban
green development.

As an integrative economy, DE enhances industrial efficiency through digital industri-
alization and industrial digitization during market penetration, driving green economic
development [8,65]. Industrial digitization is the primary driver of DE development and
an effective means of transforming traditional enterprises and enhancing resource allo-
cation efficiency [31]. Compared to digital industrialization, industrial digitization more
effectively stimulates green innovation investments in enterprises [32], which may explain
why it has always been a core condition. Moreover, these configurations are not mere
inverses of those resulting in high urban green development, demonstrating QCA’s capac-
ity to transcend the symmetric causality assumption inherent in linear regression [53,54].
Specifically, the condition combinations that lead to high urban green development are
not mirror opposites of those that result in non-high outcomes, requiring separate analysis
and comparison. The results indicate that the absence of industrial digitization frequently
leads to non-high urban green development, whereas high performance necessitates both
industrial digitization and complementary conditions from configurations H1 and H2.

4.4. Robustness Test

This study conducts robustness tests by adjusting the frequency threshold, raw con-
sistency threshold, PRI consistency threshold, and calibration anchor points. If the config-
urations obtained after adjusting the parameters maintain a subset relationship with the
original configurations, this indicates the robustness of the results [28].

The robustness tests for high urban green development configurations are summarized
below (see Table 5). First, increasing the frequency threshold to 3 results in configurations
that align with the original ones. The modified parameters yield identical results in terms
of configuration quantity, condition combinations, solution coverage, and consistency,
confirming the reliability of the previous analysis. This confirms that specific DE-NTU
combinations (Configuration H1 and H?2) effectively lead to high urban green development.
Second, increasing the raw consistency threshold to 0.80 also produces configurations con-
sistent with the original. Similarly, the results remain robust even when the raw consistency
threshold is increased. Third, adjusting the PRI consistency threshold to 0.75 results in
configurations that maintain a subset relationship with the original. The robustness test
reveals that configuration R5 maintains full consistency with configuration H1. While
configuration R6 incorporates population urbanization as an additional core condition, it
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remains a subset of the original configuration H2. Therefore, the findings demonstrate
consistent robustness. Finally, setting the three calibration anchors (non-membership,
crossover point, and full membership) at the 10th, 50th, and 90th percentiles of the sample
cases for the configuration analysis improves overall solution coverage and consistency,
with the configuration results remaining consistent with the original. Consequently, the
driving pathways represented by configurations H1 and H2 provide credible explanatory
power for local governance reference. This study applies the same method to conduct
robustness tests on the non-high urban green development configurations. After adjusting
the parameters, the resulting configurations maintain a subset relationship with the original.
In conclusion, the research findings are robust and reliable.

Table 5. Robustness test for high urban green development.

consistency

_ Raw Consistency PRI Consistency Changing the
Condition Frequency Threshold = 3 Threshold = 0.80 Threshold = 0.75 Anchor Points
R1 R2 R3 R4 R5 R6 R7 RS
Digital industrialization o ) ([ ] o o ) o o
Industrial digitization o [ ) o o o o o o
Population urbanization O O O { ] O
Economic urbanization ° O . O ° O . O
Social urbanization ° o ° o ° o ° o
Spatial urbanization o ® ] o o ® ([ ] o
Raw coverage 0.178 0.170 0.178 0.170 0.178 0.099 0.263 0.294
Unique coverage 0.146 0.139 0.146 0.139 0.152 0.073 0.128 0.159
Consistency 0.840 0.843 0.840 0.843 0.840 0.864 0.876 0.894
Overall solution coverage 0.316 0.316 0.251 0.422
Overall solution 0.841 0.841 0.852 0.879

4.5. Further Analysis
4.5.1. Multi-Period fsQCA Analysis

In accordance with the parameters of the pooled fsQCA analysis, configurations for
the years 2020, 2021, and 2022 are analyzed sequentially (see Table 6). The results show that
industrial digitalization and spatial urbanization consistently appear in the configurations
of all three periods, indicating their continuous promotion of urban green development.
In contrast to Period 1, Periods 2 and 3 emphasize the parallel existence of industrial
digitalization and spatial urbanization, suggesting that over time, their collaboration
effectively drives high urban green development. Industrial digitalization remains a
core condition in all configurations across the periods, highlighting its universal role
in urban green development. Population urbanization is typically absent either as a
core condition or as an edge condition across the periods, suggesting that low levels
of population urbanization are typically associated with high urban green development.
Additionally, in all three periods, configurations with digital industrialization and industrial
digitalization as core conditions are present. Therefore, DE plays a central role in urban
green development. However, it should be noted that relying solely on DE is insufficient to
achieve high urban green development. Similar to the pooled fsQCA configuration results,
configurations S1-S8 demonstrate that the integration of DE and NTU enhances urban
green development.
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Table 6. Configurational results for multi-periods.
.. Period 1 (Year 2020) Period 2 (Year 2021) Period 3 (Year 2022)
Condition
S1 S2 S3 S4 S5 S6 S7 S8
Digital industrialization o L L o ] o o
Industrial digitization o o o o o { ] o o
Population urbanization @) O . @) o O o
Economic urbanization . O O . ° o
Social urbanization o o ) ) @) . @) @)
Spatial urbanization . ( J ) . o ) ([ ] o
Raw coverage 0.214 0.122 0.065 0.160 0.178 0.178 0.183 0.202
Unique coverage 0.161 0.067 0.039 0.126 0.144 0.144 0.023 0.049
Consistency 0.847 0.881 0.911 0.844 0.849 0.837 0.870 0.910
Overall solution coverage 0.323 0.304 0.376
Opverall solution consistency 0.851 0.847 0.870

4.5.2. Analysis of Regional Differences

Significant regional differences in natural geography and economic development
exist in the Yellow River Basin, with the downstream region generally surpassing the
upstream region in urban green development. Analyzing green development pathways
within regions allows for more accurate identification of configurations that can enhance
the green development level in different geographic areas. Configurational analyses are
performed for the upstream, midstream, and downstream regions based on the pooled
fsQCA parameter settings for the full sample (see Table 7). The results of the configurational
analysis reveal distinct pathways for urban green development across the Yellow River
Basin regions.

Table 7. Configurational results for different geographic regions.

Upstream Region Midstream Region Downstream Region

Condition
C1 C2 C3 C4 C5 Ceé
Digital industrialization ° o O o o
Industrial digitization [  J [ o ] [ J
Population urbanization @) ] ° o °
Economic urbanization . @) o ° o
Social urbanization . ° . o ° o
Spatial urbanization O { ] o @) o [
Raw coverage 0.138 0.363 0.093 0.150 0.347 0.075
Unique coverage 0.138 0.332 0.056 0.122 0.304 0.032
Consistency 0.863 0.824 0.948 0.856 0.797 0.914
Overall solution coverage 0.138 0.548 0.379
Overall solution consistency 0.863 0.843 0.810

The upstream region has a single configuration (C1), indicating that high urban green
development is achieved when industrial digitalization is a core condition, with digital
industrialization and social urbanization as edge conditions, and both population and
spatial urbanization absent as core conditions. During social urbanization, improved
infrastructure and public services help mitigate the negative impacts of external shocks and
enhance the resilience of urban ecosystems. Meanwhile, DE offers innovative, efficient, and
convenient social services and governance models for people’s livelihoods [8], reducing
resource waste during urbanization and fostering high urban green development through
the integration of DE and social urbanization.

The midstream region has three configurations. Configuration C2 highlights that
combining industrial digitalization with various dimensions of NTU significantly promotes
urban green development. Configuration C3 suggests that, under low levels of economic
and spatial urbanization, the combination of high digital industrialization, industrial
digitalization, population urbanization, and social urbanization promotes high urban green
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development. Configuration C4 emphasizes the key role of population urbanization, which
contributes to urban green development by fostering talent aggregation and energy-efficient
usage [38,44].

The downstream region has two configurations, C5 and C6, which share the same
core conditions, forming second-order equivalent configurations. Both configurations
emphasize the core role of digital industrialization, industrial digitalization, and spatial
urbanization in promoting high urban green development. The explanatory logic of C5
contrasts with that of C4, showing that high urban green development can still be achieved
with alternative condition combinations, even without relying on population urbanization.
Compared to C5, C6 emphasizes the supportive role of population urbanization, rather
than economic and social urbanization.

5. Discussion and Policy Recommendations
5.1. Discussion

Urban green development is a complex process influenced by the DE and NTU sys-
tems [29,84]. Previous studies have primarily examined the individual effects of DE or NTU
on urban green development, but their contradictory findings limit explanatory power.
Most studies suggest that DE promotes urban green development [27,29,30]. However,
He et al. [22] argue that DE may negatively affect regional environmental governance.
Higoén [23] identified an inverted U-shaped relationship between DE and CO; emissions.
Regarding urbanization, some scholars believe it significantly enhances urban green de-
velopment [24,85]. In contrast, others argue that urbanization may hinder urban green
development [25,86]. Additionally, Pan et al. [5] suggest a potential nonlinear relationship
between urbanization and urban green development. This study adopts a configurational
approach to explore the synergistic impacts of digitalization and urbanization on urban
green development. The results indicate that urban green development relies on the syn-
ergy of multiple conditions, with no single factor being sufficient or necessary on its own.
Moreover, both DE and NTU are multidimensional, and their respective dimensions exert
different impacts on urban green development. This study shifts from a single-dimensional
to a multidimensional perspective, examining the interactions between different dimen-
sions of DE and NTU. Zhai et al. [30] found that industrial digitization, compared to digital
industrialization, provides greater advantages in the collaborative governance of pollution
and carbon emissions. Similarly, this study confirms that industrial digitalization plays a
more general role in promoting urban green development than digital industrialization.
Empirical evidence also shows that different dimensions of urbanization have markedly
different impacts on air pollution [35,36]. Among NTU dimensions, spatial urbanization
plays the most consistent role in promoting urban green development.

From a configurational perspective, existing studies have explored the impacts of
either DE or NTU on sustainable development [55,56,59]. However, these studies did not
simultaneously consider both DE and NTU. Based on sociotechnical systems theory, this
study investigates the combined effects of DE and NTU on urban green development.
The results demonstrate that various coordinated combinations of DE (digital industrial-
ization and industrial digitization) and NTU (population, economic, spatial, and social
urbanization) can drive high urban green development. Richards et al. [41] identified a
significant negative correlation between population density and urban green spaces in
Southeast Asia. Our results show that the effect of population urbanization on urban
green development—whether positive or negative—depends on its interaction with other
conditions in the DE and NTU systems. Moreover, the configurational pathways driving
urban green development display dynamic characteristics. This study explores the dy-
namic application of the QCA method through pooled fsQCA and multi-period fsQCA,



Systems 2025, 13, 426

18 of 23

overcoming the static limitations of traditional QCA methods. Longitudinal studies that
track temporal changes offer a more comprehensive and reliable understanding of the
factors influencing environmental performance [9]. The results indicate that industrial
digitalization consistently impacts urban green development across all periods. Over time,
the synergy between industrial digitalization and spatial urbanization stabilizes. This study
reveals dynamic changes in the synergistic effects of different conditions on urban green
development, enriching the literature on dynamic QCA.

The advancement of DE and NTU not only promotes urban green development
but is also shaped by regional characteristics [5,26,87]. Cities in different geographical
locations exhibit considerable differences in regional policies, resource endowments, urban
competition, and industrial structures [28], all of which may affect the role of DE and NTU
in urban green development. For example, urbanization in the Northern Hemisphere has a
more positive impact on green development than that in the Southern Hemisphere [87]. In
the Yangtze River Economic Belt, upstream cities can surpass the growth threshold with
a lower level of urbanization, positively influencing urban green development [5]. This
study demonstrates that regions within the Yellow River Basin follow distinct pathways to
promote urban green development. Through the collaboration of digital industrialization,
industrial digitalization, and social urbanization, even with lower levels of population and
spatial urbanization, the upstream regions of the Yellow River Basin can still achieve a
high level of urban green development. In the downstream regions of the Yellow River
Basin, the synergistic effect of digital industrialization, industrial digitalization, and spatial
urbanization is more pronounced, and their combination with other conditions significantly
enhances urban green development. The findings suggest that cities at different stages of
development and in various geographical regions should implement tailored policies to
promote urban green development according to local conditions.

5.2. Policy Recommendations

First, local governments should actively promote the development of DE, focusing
particularly on industrial digitization. Local governments should make public data re-
sources accessible and support enterprises, research institutions, and other societal actors
in data development and application. By advancing the digitalization, networking, and
intelligent transformation of traditional industries such as manufacturing, agriculture, and
services, smart manufacturing, green manufacturing, and service-oriented manufacturing
can be promoted. Second, local governments should adopt a digitalization—urbanization
synergy approach to enhance urban green development. For example, local governments
should actively promote the synergistic development of industrial digitalization and spatial
urbanization. This can be achieved by optimizing urban spatial planning to improve land
use efficiency and providing spatial platforms for industrial digitalization and urbanization.
Additionally, urban planning should integrate green and low-carbon concepts, promoting
applications such as smart transportation, smart energy, and smart buildings to enhance
urban sustainability. Third, the differences in urban green development pathways suggest
that it is challenging for different regions to simultaneously develop all factors. For ex-
ample, upstream regions should prioritize investments in digital infrastructure (e.g., 5G
base station construction and ICT workforce development) to address spatial urbanization
constraints, while downstream regions should focus on integrating smart technologies
(e.g., smart transportation and smart building systems) into existing urban planning frame-
works. In summary, local governments can establish mechanisms to enhance urban green
development based on the governance characteristics of different periods.
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5.3. Limitations and Future Research Directions

This study has several limitations that call for future research. First, this study focuses
exclusively on urban green development in the Yellow River Basin of China, and the
generalizability of its conclusions requires further verification due to geographic, cultural,
and political differences. Future research should conduct comparative studies with other
countries or other regions of China (e.g., the Yangtze River Delta region). Second, this
study focused solely on the synergistic effects of DE and NTU on urban green development.
The conditions and configurations that lead to high urban green development are varied.
Future research could investigate the driving pathways of urban green development by
incorporating additional key variables relevant to the research context. Third, the analysis
was limited to a three-year period (2020-2022). Future studies could extend the timeframe
to examine the dynamic evolution of urban green development pathways.

6. Conclusions

Promoting urban green development is essential for preserving the ecological environ-
ment and advancing high-quality development. This study systematically examines how
DE and NTU jointly drive urban green development in China’s Yellow River Basin. The
main findings are as follows:

(1) The pooled fsQCA results reveal that urban green development is achieved through
synergistic configurations of DE and NTU subsystems. Specifically, the combination of
industrial digitization and spatial urbanization constitutes the most effective pathway, while
no single condition alone is sufficient to drive high urban green development. Additionally,
the configuration results of non-high urban green development further demonstrate that
low industrial digitalization is often associated with low urban green development.

(2) Similar to the pooled fsQCA results, the multi-period fsQCA analysis demonstrates
that industrial digitization persists as a core condition across all periods. This further
substantiates the universal role of industrial digitization in urban green development. The
configuration analyses of different periods consistently highlight that the synergistic effect
of industrial digitization and spatial urbanization can jointly promote a high level of urban
green development.

(3) Regional analysis identifies distinct development pathways. Downstream regions
benefit most from the DE-spatial urbanization synergy. Upstream regions can achieve
high urban green development by leveraging the core role of industrial digitization, sup-
plemented by the auxiliary effects of digital industrialization and social urbanization.
Midstream regions exhibit diversified configuration patterns.

These findings advance urban sustainability research by establishing a configurational
framework to analyze DE-NTU synergies. The study provides empirical evidence for
developing tailored strategies that account for both regional characteristics and temporal
dynamics in urban green development.
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