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Abstract

The coordinated advancement of economic growth, ecological resource constraints, and so-
cietal well-being is pivotal to achieving high-quality development in the Yellow River Basin.
The influence of the digital economy on urban development manifests as systemic, dynamic,
and spatially heterogeneous—exhibiting pronounced interurban correlations. This study
adopts a dual analytical lens: first, ecological well-being performance—which quantifies the
efficiency with which natural resource inputs are converted into improvements in residents’
subjective and objective well-being; and second, ecological common prosperity—which
captures equity dimensions in the distribution of ecological benefits across populations
and territories. Drawing on system dynamics modeling, we elucidate the underlying
mechanisms through which the digital economy shapes ecological well-being performance,
simulate evolutionary trajectories of both ecological well-being performance and ecological
common prosperity under alternative policy regimes, and identify optimal intervention
pathways. Empirical results indicate that the integrated policy scenario combining green
welfare enhancement and economic growth-oriented development, with digitally driven
and regional cooperation, yields the greatest improvement in ecological well-being per-
formance; the green welfare—focused scenario ranks second. Grounded in regional het-
erogeneity, we recommend a phased, differentiated implementation strategy—tailored
to the developmental stage, endowments, and institutional capacities of individual cities
within the basin. Methodologically, this study advances beyond conventional city-centric
frameworks by introducing a local-neighborhood coupled simulation model that explicitly
accounts for intercity spillovers. Furthermore, our measurement of ecological well-being
performance integrates text-based big data analytics—leveraging sentiment lexicons—to
robustly capture subjective welfare dimensions, thereby addressing a longstanding limita-
tion in extant literature regarding the operationalization of well-being. Collectively, these
contributions provide theoretically grounded, empirically informed insights to support the
strategic implementation of ecological conservation and high-quality development in the
Yellow River Basin.

Keywords: digital economy; ecological well-being performance; ecological common prosperity;
scenario simulation; enhancement path; Yellow River Basin
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1. Introduction

The Yellow River Basin, serving as a vital energy resource base and ecological barrier
for China, functions as an ecological corridor linking the Qinghai-Tibet Plateau, the Loess
Plateau, and the North China Plain. However, the basin’s fragile ecological foundation
has been increasingly strained by prolonged resource exploitation, leading to prominent
environmental and resource issues that severely hinder improvements in residents” well-
being. Based on Herman Daly’s philosophy of sustainable development, the ultimate goal
of development is to enhance comprehensive well-being, encompassing utility, quality
of life, and well-being [1]. The enhancement of human well-being cannot rely solely on
increasing the consumption of natural resources [2]. Therefore, balancing the relationship
among ecological resources, economic growth, and improvements in well-being within
the ecological environment’s carrying capacity is a key objective of the national primary
strategy for ecological governance and high-quality development in the Yellow River Basin.
The basin’s developmental positioning and inherent resource endowments dictate that
ecological conservation must serve as the foundation for high-quality economic growth and
enhanced resident well-being. This approach aims to achieve a development pattern char-
acterized by shared ecological governance, joint environmental protection, and coordinated
regional collaboration across the entire basin. Based on this, the study begins with ecologi-
cal well-being performance, which balances natural resource consumption and well-being
enhancement, and introduces the concept of ecological common prosperity to represent
the balanced development of ecological well-being performance. From the perspective of
ecological well-being performance, it explores paths for synergistic advancement between
ecological civilization construction and common prosperity [3,4].

Previous scholarly research has consistently identified population size and economic
development as primary determinants of ecological environmental quality [5]. In recent
years, the rapid expansion of the digital economy has elevated digital elements—such
as data, artificial intelligence, and digital infrastructure—to the status of critical produc-
tion factors, demonstrating a pronounced multiplier effect on both economic productivity
and environmental governance outcomes. For the Yellow River Basin, characterized by
fragile ecosystems and a sharp tension between population and land resources, achieving
high-quality development hinges on fostering an intensive economic model and enhancing
resource utilization efficiency. The advancement of the digital economy can facilitate the
swift flow of diverse resources and factors both within and beyond the basin, enabling
effective resource allocation and precise supply-demand matching. Simultaneously, it sup-
ports the digital and intelligent transformation of traditional industries, thereby providing
a solid foundation for improving resource efficiency in the Yellow River Basin.

With the rapid development of the digital economy and the comprehensive advance-
ment of digital transformation, how the digital economy empowers improvements in
ecological environments and residents” well-being has become a current research hotspot.
Existing studies have primarily focused on the digital economy’s impact on ecological
environments and resource allocation efficiency. Some research has found that the digital
economy can effectively reduce environmental pollution and exhibit spatial spillover effects
in mitigating it [6]. However, some scholars have pointed out that the digital economy
exhibits an inverted U-shaped relationship with carbon emissions [7,8]. The research
by Yu et al. (2024) revealed a U-shaped relationship between the digital economy and
carbon-emission efficiency [9]. Research on the impact of the digital economy on residents’
well-being has revealed that the digital economy can enhance quality of life while simulta-
neously amplifying the adverse effects of carbon emissions on it [7]. However, Zhu, C. et al.
noted that the impact of the digital economy on health levels follows a U-shaped pattern,
initially detrimental but later beneficial [10]. At the same time, the digital economy also
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negatively affects consumption among economically disadvantaged and low-income house-
holds, with the impact more pronounced for impoverished families [11]. For the Yellow
River Basin, the digital economy can not only enhance carbon emission efficiency [12] and
promote industrial ecologicalization [13] but also foster common prosperity through spatial
spillover effects [14]. However, these effects vary across river basins. Carbon emission
efficiency and common prosperity in both upstream and downstream cities are more sus-
ceptible to significant impacts from the digital economy [11,15]. Existing scholarly research
has yet to reach a consensus regarding the socioeconomic and ecological impacts of the
digital economy. Nevertheless, the digital economy in the Yellow River Basin has experi-
enced rapid growth and attracted substantial governmental attention. Given its widely
acknowledged role as both a new “catalyst” and “stabilizer” for China’s economic develop-
ment, this study investigates whether and through what mechanisms the digital economy
can alleviate historical developmental constraints in the basin, enhance regional ecologi-
cal benefits and residents” well-being, and thereby improve overall ecological well-being
performance and promote balanced development of ecological well-being performance.

To address the increasingly severe environmental issues and challenges posed by
climate change, there is a growing demand for establishing a sustainable social ecosystem
involving multiple stakeholders, disciplines, and factors. System Dynamics (SD) has been
widely used to model social ecosystems to meet various research needs [16]. However,
in research on urban environmental performance based on SD modeling, most literature
treats a specific city or area as an independent entity, aiming to explore the impacts of
multiple factors. This approach neglects the interactive influence between cities [16,17].
Especially for SD modeling of specific regions, if the interaction between cities is not con-
sidered, the feedback mechanisms established are worrying. Furthermore, in the process of
applying SD modeling, the quantitative relationships among variables are of great signifi-
cance. However, very few studies have scientifically measured the relationships between
variables; more often, the magnitudes of influences are subjectively assigned, which may
compromise the robustness of the research conclusions. Additionally, ecological well-being
performance has gradually become an important tool for measuring the level of regional
sustainable development and for assessing the future sustainable development potential
and direction of regions. However, the measurement of ecological well-being performance
mostly relies on objective indicators, such as resource consumption and economic output.
In contrast, subjective variables, such as residents” well-being and happiness, are often
ignored. Reducing resource consumption and improving environmental quality are largely
aimed at improving residents” well-being. The neglect of subjective welfare indicators is
also an important reason for the instability of existing research conclusions.

In view of this, this study adopts a systems perspective and conducts a scenario
analysis of 78 cities in the Yellow River Basin. It clarifies the mechanisms and flow dy-
namics of the digital economy in enhancing ecological well-being performance at both the
internal and inter-city levels. In measuring ecological well-being performance, important
elements of residents” well-being are included, thereby more systematically revealing the
path of realization of the digital economy in driving improvements in ecological well-being
performance. The primary contributions lie in the research perspective: adopting a dual
local-neighboring perspective to deeply explore how the digital economies of local and
spatially connected cities empower ecological well-being performance within the basin sys-
tem. Simultaneously, from the perspective of the development gap in ecological well-being
performance, regression analysis is employed to quantify the influence relationships among
variables and to deeply analyze the implementation paths that affect the process of ecologi-
cal common prosperity. In indicator measurement, text analysis methods are employed
to establish a digital economy indicator system and to incorporate carbon emissions and

https:/ /doi.org/10.3390/systems14050487


https://doi.org/10.3390/systems14050487

Systems 2026, 14, 487

40f27

subjective well-being metrics derived from hundreds of millions of emotional data points
into the input-output indicator system for ecological well-being performance, thereby
enhancing the scientific rigor and accuracy of indicator calculation. Regarding scenario de-
sign, multiple-measure variation scenarios are established based on the systemic operation
of ecological well-being performance. These include a baseline scenario, multi-measure
scenarios featuring policy combinations for green well-being, economic growth, and co-
ordinated development. Additionally, the research developed multi-measure variation
scenarios under the contexts of regional cooperation and digital economic development.
This framework enables an in-depth exploration of optimal paths for the digital economy
to enhance ecological well-being performance in the Yellow River Basin through systemic
feedback mechanisms.

2. Analysis of System Operation Mechanisms

Ecological well-being performance represents the systemic process of converting eco-
logical resources into well-being levels. The enabling effects of the digital economy manifest
not only within cities but also exert significant driving forces across urban areas [13,18].
Based on the existing research results, the enabling effect of the digital economy on eco-
logical well-being performance is summarized as the internal impact mechanism within
cities and the interaction relationship between cities. It mainly manifests in two aspects:
direct impact and indirect impact. In the context of the internal impact mechanism within
cities, the digital economy, as a new driving force for economic development, empowers
the real economy through the development and penetration of digital technologies and
data. It has a positive impact across multiple areas, including energy transition, green
innovation, high-tech industry development, and technological innovation for the benefit of
the people [19-21]. Firstly, numerous scholars have conducted fruitful research on the role
of the digital economy in promoting green innovation, and they have reached a relatively
consistent conclusion: the development of the digital economy can effectively stimulate
green innovation [22,23]. The digital economy has distinct characteristics of openness,
sharing, and connectivity, providing an open platform for green innovation. All the entities
involved in green innovation can overcome the limitations of time and space, scientifically
match and optimize innovation resources such as capital and talent, and also provide a con-
venient way for knowledge to flow [24]. The digital economy has given rise to numerous
innovative products and solutions, meaning the government has more diverse means of
environmental regulation. At the same time, for enterprises, although they face greater regu-
latory pressure, this will force them to pursue green innovation more widely. Although Wu
et al. (2024) pointed out that in the early stage of digital economy development, too much
of the limited resources were occupied [23], from a long-term perspective, as the digital
economy continues to develop and becomes more mature, the regions with more developed
digital economy will have a more fruitful green innovation achievements [22]. Green inno-
vation has played a significant and constructive role in improving energy efficiency and
reducing carbon emissions [22,23]. Especially in the Yellow River Basin, the development
characteristics of an industry structure overly reliant on resources and an energy structure
heavily dependent on coal urgently need to be improved through new technologies and
methods to enhance resource utilization efficiency. The development of the digital economy
has brought new opportunities for this. Moreover, the insufficient development of the
high-tech industry is a significant bottleneck, hindering the Yellow River Basin’s develop-
ment and providing insufficient internal driving force. The digital economy can effectively
alleviate the unfavorable factors of regional development. Although the development of
high-tech industries in the Yellow River Basin itself is relatively weak, the digital economy
can effectively promote spillover effects from high-tech innovation, enabling high-tech
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industries in backward regions to make significant progress [25]. In terms of the region
itself, the digital economy achieves breakthrough innovation by improving resource acces-
sibility and promoting the establishment of effective connections among organizations, in
addition to the change in management models that helps the formation of an innovative
culture, which further amplifies the positive effect of the digital economy on achieving
breakthrough innovation [26]. At the micro level, the digital economy has had positive
effects, promoting employment and improving residents’ social security, including medical
services. Specifically, first, the development of the digital economy has a positive impact
on social insurance. On the one hand, the digital economy can increase employment and
income, thereby expanding the scale of social insurance funds [27]. More importantly,
the digital economy can enrich residents’ financial knowledge, promote social interaction,
and thereby strengthen residents” willingness to participate in insurance, especially for
low-income and less educated rural families; the impact is more significant [28]. Secondly;,
the impact of the digital economy on residents’ employment. Whether from the perspective
of reality or theoretical research, the rapid development of the digital economy has had a
certain substitution effect on traditional employment. However, numerous studies have
shown that the digital economy can significantly optimize the employment structure, which
is of great significance for enhancing employees” knowledge and skills and stimulating the
human capital dividend [29,30]. Finally, regarding medical services and housing, existing
research has confirmed that the development of the digital economy can effectively expand
the supply of medical services, particularly in the economically underdeveloped Yellow
River Basin [31]. Cong et al. (2024) [32] conducted a study and found that the development
of the digital economy will increase housing prices in first- and second-tier cities but reduce
them in fourth- and fifth-tier cities. That is, the impact of the digital economy on housing
prices has a two-tier effect. Overall, in the Yellow River region, dominated by fourth- and
fifth-tier cities, the development of the digital economy can effectively lower housing prices
and thereby improve residents’ living standards [32].

From the perspective of inter-city interactions, balanced development of ecological
well-being performance among cities within the basin constitutes a critical dimension
of systemic advancement, representing a systematic process toward achieving common
ecological prosperity across the basin. With the rapid advancement of the digital economy in
the Yellow River Basin, digital technologies have been widely applied in cities, stimulating
green technological innovation and enhancing green production efficiency [33]. According
to innovation diffusion theory, the development of green technologies will accelerate
diffusion once it reaches a certain level of accumulation [34]. Given the energy- and
resource-dependent development characteristics of cities in the Yellow River Basin, the
green transformation of these cities is imperative. Amid high demand for green innovation,
the networked, shared characteristics of the digital economy provide a platform for the flow
and diffusion of innovation resources between cities [35]. Accelerated innovation diffusion
not only drives learning and imitation in neighboring regions but also facilitates the efficient
movement and collaboration of critical factors, such as talent and technology, thereby
promoting knowledge spillovers and dissemination [36]. Furthermore, the development of
the digital economy can create a large number of job opportunities, which also facilitates
the flow of population between cities and further promotes the interaction and sharing of
knowledge and information [37]. In terms of the environment, the digital economy helps
reduce carbon transfers between cities. Reasonable policies for carbon import and export
can contribute to the region’s overall ecological improvement [38]. Simultaneously, practical
experiences in urban ecological conservation can generate demonstration and imitation
effects in other regions through interregional information exchange, official mobility, and
technology spillovers, thereby accelerating the catch-up pace of “lagging” areas [39]. In
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terms of promoting common prosperity, the significant spatial spillover effects of the digital
economy on regional development are conducive to achieving common prosperity [15].
The mechanism of the digital economy mainly promotes common prosperity by stimulating
entrepreneurial spirit, facilitating entrepreneurial activities, increasing disposable income,
and narrowing the income gap between urban and rural areas [40]. It also promotes
sustainable development [15]. Consequently, at some point in the future, disparities in
ecological well-being performance among cities will gradually diminish.

In summary, the paths through which the digital economy enhances ecological well-
being performance are illustrated in Figure 1:
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Figure 1. The System Operating Mechanism of the Digital Economy in the Yellow River Basin on the

Performance of Ecological Well-being.

3. Research Methods and Variable Definitions
3.1. Research Methods and Data Sources

This study develops a simulation model to enhance ecological well-being perfor-
mance through the digital economy, utilizing system dynamics. For variable measurement,
digital economic development indicators are established through text analysis, and the
improved CRITIC weighting method is used to calculate cities” digital economic develop-
ment levels in the Yellow River Basin. At the same time, the non-radial and non-directional
super-efficiency network SBM model considering non-desired outputs is adopted to reveal
the “black box” in the input-output process of ecological well-being performance in the
Yellow River Basin, providing a reference for scientifically and accurately calculating eco-
logical well-being performance and clarifying the process of resource consumption and
welfare output.

Given that the Outline of the Development Vision for the Yellow River Basin’s Eco-
logical Protection and High-Quality Development sets the long-term planning period
for the development of the Yellow River Basin as the middle of this century, to better
serve the development goals, this paper sets the historical years as 2011-2021 and the
prediction years as 2022-2050. The data sources of the variables in the model are the
“China Urban Statistical Yearbook”, the statistical yearbooks and statistical bulletins of each
province (municipality), Chinese Research Data Services Platform, Institute of Digital Fi-
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nance, Peking University, Emissions Database for Global Atmospheric Research, the water
resources bulletins of each province, the shared application service platform for land survey
results, etc.

3.2. Variable Definition

Digital Economy: The level of digital economy development is measured using an
index approach, specifically by constructing an indicator system to assess the degree of dig-
ital economy advancement. This indicator system of the digital economy was established
primarily by retrieving relevant literature on digital economy measurement indicators from
the Web of Science and the China National Knowledge Infrastructure (CNKI), extracting
these indicators from the literature, and conducting text analysis. The level of digital
economy development in cities in the Yellow River Basin is assessed across four dimen-
sions: digital infrastructure, digital industrialization, industrial digitalization, and digital
innovation. The specific indicators include measuring digital infrastructure through mobile
phone penetration rates and internet access rates and representing digital industrialization
by the number of internet professionals and the level of internet output. Additionally,
the research assessed industrial digitalization through the development of digital finance
and e-commerce, and the number of digital patents serves as an indicator of digital in-
novation. Based on four evaluation indicators, the CRITIC method is used to determine
indicator weights, and the weighted sum is then calculated to obtain the level of digital
economic development.

This study measures ecological well-being performance using a non-radial, non-
directional, and super-efficiency network SBM model that accounts for undesired outputs.
Energy consumption, land consumption, and water resource consumption are selected
as input indicators reflecting the consumption of ecological resources. At the same time,
expected outputs, including economic development, and undesired outputs, such as carbon
emissions and industrial pollutants, are chosen as intermediate outcomes. The compre-
hensive welfare, which combines subjective and objective welfare, is selected as the final
output indicator. Ecological well-being performance can be regarded as the welfare output
resulting from economic growth driven by resource consumption. The specific two-stage
process is as follows:

EWP = f(EF,GDP) x f(GDP,CW) (1)

CW = f(SW,NW) )

Among them, EWP represents the urban ecological well-being performance level, EF
represents the ecological footprint, GDP represents the regional gross domestic product,
CW represents comprehensive welfare, SW represents subjective welfare factors, and NW
represents objective welfare factors other than economic development.

This study defines the first stage as the economic performance of natural consumption,
which reflects the economic output efficiency of resource utilization, that is, the process of
converting ecological resource consumption into economic output; it is worth noting that,
in this process, in addition to economic growth brought about by resource consumption,
there is also the emission of pollutants. The second stage is the welfare transformation
stage of economic input, which reflects the economy’s welfare output efficiency. In the
second stage, the economic output indicators from the first stage serve as intermediate
inputs to obtain the final subjective and objective welfare outcomes for residents. Based on
existing research, subjective well-being is calculated from Baidu search data on positive
and negative words in the sample cities, collected daily. The positive and negative words
come from the authoritative LIWC sentiment analysis dictionary. Specifically, we collected
Baidu index data for each positive and negative emotion word in every city of the Yellow
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River Basin from 2011 to 2021. We aggregated these data to form the basic Baidu index
for positive and negative words across 78 cities in the Yellow River Basin each year. Then,
the difference value in retrieval data between standardized positive and negative words is
used to measure subjective well-being [41,42].

Based on the above calculation method, the digital economy development level
in the Yellow River Basin has shown a year-on-year upward trend. At the same time,
the ecological well-being performance has presented a trend of first decreasing and
then increasing (Table 1). The result may be due to policy regulation playing a cru-
cial role in guiding and regulating the construction of ecological civilization and the
implementation of green environmental regulations in cities within the Yellow River
Basin. Before and after 2011, promoting economic recovery and stimulating economic
growth were the key tasks of governments at all levels, but ecological environmen-
tal problems gradually emerged. With the successive introduction of policies such as
supply-side structural reform and the “dual carbon” target, ecological environment prob-
lems have received attention and been alleviated, leading to improvements in ecological
well-being performance.

Table 1. Average levels of digital economic development and ecological well-being performance of
cities in the Yellow River Basin from 2011 to 2021.

Year Digital Economy Ecological Well-Being Performance
2011 0.0574 0.6531
2012 0.0743 0.6409
2013 0.0971 0.6456
2014 0.1022 0.6348
2015 0.1185 0.6544
2016 0.1393 0.6093
2017 0.1589 0.5527
2018 0.1901 0.5983
2019 0.2196 0.6221
2020 0.2474 0.5788
2021 0.2819 0.5944

4. System Dynamics Model of Digital Economy Impacting Ecological
Well-Being Performance in the Yellow River Basin

4.1. System Boundary Definition

The system examining the impact of the digital economy on ecological well-being
performance in the Yellow River Basin comprises three subsystems: socioeconomic develop-
ment, resource-environment, and regional coordination. Given the extended study period,
socioeconomic factors—including the level of economic development, total population
size, the extent of urban expansion, capital misallocation, labor misallocation, and the
government’s focus on the digital economy—were incorporated. Factors such as popula-
tion and the economy influence the enhancement of the human capital stock within the
region. At the same time, the guiding role of policy variables accelerates the advancement
of digital economic development. Considering the mutual influence among cities and the
developmental trends of ecological well-being performance across the entire basin. From
the perspectives of temporal evolution and spatial interconnections among cities, this study
constructed a system dynamics model of the digital economy’s impact on ecological well-
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being performance in the Yellow River Basin. Ecological Common Prosperity serves as an
indicator of the balanced development of ecological well-being performance in the Yellow
River Basin, derived from calculations of ecological well-being performance. It quantifies
the region’s progress in ecological civilization construction and common prosperity from
an ecological well-being perspective. The temporal scope of this study spans from 2011 to
2050, with a time step of one year.

4.2. Causal Analysis
The primary feedback loops of the model are as follows:

(1) Digital Economy — (+) Ecological Well-being Performance — (+) Urban construction
— (+) Economic Development Level — (+) Investment Returns — (+) Digital Economy:.

(2) Digital Economy — (+) Ecological Well-being Performance — (+) Urban construction
— (+) Total Population — (+) Human Capital — (+) Digital Economy:.

(3) Digital Economy — (+) Green Innovation — (—) Resource Consumption (—) —
Ecological Well-being Performance — (+) Urban construction — (+) Economic Devel-
opment Level — (+) Investment Returns — (+) Digital Economy.

(4) Digital Economy — (+) High-Tech Industry Development — (+) Economic Develop-
ment Level — (+) Ecological Well-being Performance — (+) Urban construction — (+)
Economic Development Level — (+) Investment Returns — (+) Digital Economy.

(5) Digital Economy — (+) Social Security — (+) Residents” Welfare — (+) Ecological
Well-being Performance — (+) Urban construction — (+) Total Population — (+)
Human Capital — (+) Digital Economy.

(6) Digital Economy — (+) Ecological well-being performance of spatially associated
cities — (+) Ecological Well-being Performance — (+) Ecological Common Prosperity
— (+) Resource Misallocation — (+) Economic Development Level — (+) Investment
Returns — (+) Digital Economy.

(7) Digital Economy — (+) Digital additive effect of environmental concerns — (+) Resi-
dents” Welfare — (+) Ecological Well-being Performance — (+) Urban construction —
(+) Total Population — (+) Human Capital — (+) Digital Economy.

4.3. System Flow Diagram and Key Equations

Based on the system dynamics causal loop diagram illustrating how the digital
economy affects ecological well-being performance in the Yellow River Basin, we fur-
ther analyze the properties of these variables and refine their specifications. This approach
explains the system’s operational patterns, illustrates the paths of information and mate-
rial flows between system elements, and reveals the logical relationships among system
components (Figure 2).

This model was constructed and simulated using Vensim DSS software Version 10.1.3.
System variable parameters were primarily calculated through regression analysis, variable
assignment methods, and reference to existing literature. According to the approach of
existing research, the historical data in the model are set to the average values from 78 cities
in the Yellow River Basin [5,43]. The main equations of the system dynamics model are as
follows (Table 2):
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Figure 2. System Dynamics Model Flowchart of Digital Economy Impacting Ecological Well-being

Performance.

Table 2. System Parameter Settings.

Key Variable

Parameter Settings

Parameter Description

Digital economy

INTEG(Digital economy growth—Digital
infrastructure depreciation), 0.0574

The average comprehensive digital economy
development index across the 78 cities was calculated
and used as the initial value for the digital economy.

Digital economy
growth rate

([(2011, 0)—(2050, 10)], (2011, 0.292), (2012, 0.293),
(2013, 0.2688), (2014, 0.192715), (2015, 0.159), (2016,
0.176), (2017, 0.147242), (2018, 0.1963), (2019, 0.1553),

(2020, 0.1293), (2021, 0.13995), (2030, 0.113021),
(2040, 0.0975525), (2050, 0.0878791))

The digital economic growth rate is a function of
numbers. It is based on historical average data from
78 cities on the digital economic growth rate from
2011 to 2021. Additionally, the Digital China
Construction Summit’s statistics on the Digital China
Development Index indicate that the Index will
maintain a steady growth rate of over 10%. Based on
this, we set the growth rate of the digital economy for
2030. The China Academy of Information and
Communications Technology notes that China’s
digital economy has transitioned from rapid to stable
growth. Therefore, the growth rate of the digital
economy in subsequent years is expected to decline.

Ecological well-being
performance

(Residents” welfare + Digital economy x (1 +
Ecological well-being effect of digital economy) x
(1 + Ecological well-being multiplier effect of digital
industry) + (Ecological well-being performance of
spatially associated cities x Degree of spatial
association))/((Economic development level +
Environmental pollution)/Resource consumption)

The ecological well-being performance of 78 cities
was measured using the non-radial, non-oriented,
and non-expected output, based on the
super-efficiency network SBM model.

Green innovation

INTEG(Green innovation growth), 7.04744 x 1072,
Unit: Million pieces

The initial values are set based on the historical
averages of 78 cities.

High-tech industry
development

INTEG(High-tech industry growth), 0.0004206,
Unit: Pieces

The initial values are set based on the historical
averages of 78 cities.

Social security

INTEG(Social security growth), 0.918021,
Unit: Million people

The initial values are set based on the historical
averages of 78 cities.

https://doi.org/10.3390/systems14050487


https://doi.org/10.3390/systems14050487

Systems 2026, 14, 487 11 of 27
Table 2. Cont.
Key Variable Parameter Settings Parameter Description
. . INTEG(Social security growth), 0.918021, The initial values are set based on the historical
Social security Unit: Million people averages of 78 cities.

Digital additive effect of
environ-mental concerns

0.56542 x Digital Welfare Effect of Environmental
Concern x (Government Environmental Concerns + Based on the relevant regression results, set the digital
DELAY1 (Environmental Concern Balance Ratio x  additive effect of environmental concerns.

Public Environmental Concerns, Delay Time))

Ecological well-being
performance of spatially
associated cities

((Environmental pollution/Resource consumption) x  Based on the relevant regression results, the

Spatial welfare effect of digital economy x Digital ecological well-being performance of spatially

economy + 0.47) x In(1 + Degree of spatial association)  associated cities is set.

Ecological common
prosperity

performance—Ecological well-being performance

well-being performance + Ecological well-being

The Gini coefficient is an important indicator of social
equity that reflects factors such as fair opportunities,
the degree of social stratification, and the equality of
access to public services [44]. Given considerations of
fairness, this study adopts the concept and logic of
the Gini coefficient to determine the value of
ecological common prosperity. The digital economy
has become an inevitable reality for advancing
common prosperity in China, especially for cities in
the Yellow River Basin [15,45]. Its necessity stems
from the national top-level design, the landmark
collaborative practices among cities, and the
significant geographical differences within the basin.

ABS(Ecological well-being
of spatially associated cities)/(4 x (Ecological

performance of spatially associated cities))/
(1 + EXP(Digital economy))

4.4. Model Validation

This study conducted intuitive validation, operational testing, historical validation,
and sensitivity analysis on the system dynamics model constructed earlier. In terms of
intuitive validation and operational testing, the system model not only passed structural
validation and dimensional consistency checks via Vensim’s “Check Model” and “Unit
Check” functions but also demonstrated sustained steady-state behavior after operational
testing. The result indicates the system’s overall operational validity and stability. For
historical validation, simulated values for economic development level, total popula-
tion, ecological well-being performance, and the digital economy were compared with
actual data.

Through the analysis of historical tests (Table 3), we found that the errors of the
four variables are all within 10%, within the allowable error range [46], and the average
errors of the four variables are all no more than 5%. The average errors of economic devel-
opment level, total population, ecological well-being performance, and digital economy
are 4.55%, 1.94%, 2.96%, and 4.50% respectively. This indicates that the simulation results
of the system model as a whole can truly reflect the operating status of the system.

Sensitivity analysis is to observe the impact of the change in a certain variable within
the defined range of the system on a key result variable within the system. Taking the
Ecological well-being effect of digital economy as an example, 200 random samples were
taken within the range of [0.1674, 0.3906], and 100 of the sampling results fell within the
area bounded by yellow, and 150 of the sampling results fell within the area bounded by
green and including yellow (Figure 3). Therefore, all the variables in this model do not
have overly sensitive or overly insensitive variables, indicating that the model has good
stability. Based on this, the dynamic impact of digital economy in the Yellow River Basin
on ecological well-being performance can be analyzed using the system model constructed
in the previous text.
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Table 3. Historical Validation Results.
Y. Economic Development Level Total Population
ear Actual Value Simulated Value Error Actual Value  Simulated Value Error
2011 1466.15 1466.15 0 0.039346 0.039346 0
2012 1632.125 1656.04 0.014653 0.039531 0.03936 —0.00432
2013 1797.248 1853.33 0.031204 0.039666 0.039375 —0.00735
2014 1951.849 2047.33 0.048918 0.03987 0.039389 —0.01206
2015 2099.523 2210.6 0.052906 0.040039 0.039405 —0.01584
2016 2258.605 2369.27 0.048997 0.040315 0.039419 —0.02222
2017 2420.8 254211 0.050111 0.040515 0.039436 —0.02662
2018 2585.981 2710.04 0.047974 0.040646 0.039454 —0.02933
2019 2721.261 2891.6 0.062596 0.040738 0.039468 —0.03118
2020 2792.037 3061.81 0.096622 0.040839 0.03948 —0.03327
2021 2999.297 3138.38 0.046372 0.040746 0.039487 —0.0309
Y. Ecological well-being performance Digital economy
ear Actual value Simulated value Error Actual value Simulated value Error
2011 0.653054 0.64945 —0.00552 0.05743 0.05743 0
2012 0.640925 0.66726 0.041089 0.074271 0.071603 —0.03593
2013 0.645641 0.615526 —0.04664  0.097066 0.090243 —0.07029
2014 0.634784 0.599164 —0.05611  0.102201 0.112172 0.097563
2015 0.654376 0.642602 —0.01799  0.118488 0.12509 0.055719
2016 0.609282 0.590926 —0.03013  0.139339 0.134993 —0.03119
2017 0.552745 0.556343 0.006509 0.158885 0.158462 —0.00266
2018 0.598256 0.586553 —0.01956 0.19008 0.173611 —0.08664
2019 0.62206 0.597608 —0.03931  0.219592 0.213867 —0.02607
2020 0.578788 0.557523 —0.03674  0.247354 0.24223 —0.02072
2021 0.594425 0.578648 —0.02654  0.281918 0.262656 —0.06832
— current 75% — 100%
50% —— 0O5%

Ecological well-being performance

Dmnl

2020 2030 2040 2050
Time (Ycar)

Figure 3. Sensitivity Analysis.

Finally, this paper conducted a running test, using the Vensim DSS software Version
10.1.3 to select time nodes, and selected years and quarters for simulation, observing the
changes in the results of key indicators (Figure 4). If the time dimensions are different and
the simulation results of the same indicator have large differences, it indicates that the
stability of the model is poor, and vice versa, it represents that the system stability is better.
Given the excessive number of system variables, this paper selected economic development
level, total population, ecological well-being performance, and digital economy from each
subsystem for detection successively. The main representative indicators did not show
large fluctuations due to different time dimensions and were all in a stable state, indicating
that the stability of the constructed model is good. It also reflects from another aspect that
the step size selected by the simulation model has little impact on the simulation results,
and the system operation is consistent with the real situation.
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Figure 4. Running test.

5. Scenario Simulation of Digital Economy Impact on Ecological
Well-Being Performance in the Yellow River Basin

5.1. Scenario Setting

This study focuses on the dynamic impacts of multi-measure combinations on eco-
logical well-being performance. Based on the characteristics of the Yellow River Basin
and the two-stage operational process of ecological well-being performance, scenarios are
categorized into five primary types: baseline scenario, green well-being-oriented multi-
measure scenario, economic growth-oriented multi-measure scenario, and coordinated
development-oriented multi-measure scenario (Table 4).

Table 4. Summary of Model Scenario Settings.

Scenario Primary Classification Secondary Classification Third-Level Classification SNCSII;%;"Q:
SA1l Unchanged — — O}
Regularized regional The natural development of
The green well-being policy package cooperation the digital economy
(high-level ecological priority and Hi .
. ; gh-level regional The natural development of
SA2 well-being guarantee strategies, cooperation the digital economy ©)
low-level economic and social
development strategies) High-level regional The rapid development of the @
cooperation digital economy
Regularized regional The natural development of
Economic growth policy mix cooperation the digital economy ©
(low-level ecological priority and - -
SA3 well-being gu agr antei stra t};gy High-level regional The natural development of ®
N ! 24 cooperation the digital economy
high-level economic and social
development strategy) High-level regional The rapid development of the @
cooperation digital economy
Regularized regional The natural development of
The coordinated development policy cooperation the digital economy
package (high-level ecological High-level regional The natural development of
SA4 priority and well-being guarantee & coopera tign the digital econ}z)my ®
strategy, high-level economic and
social development strategy) High-level regional The rapid development of the

cooperation

digital economy
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Baseline Scenario (SA1): All variable parameters in the system simulation
model—including socioeconomic indicators, environmental protection, and social well-
being—are maintained at current levels without modification.

Green Well-being-Oriented Multi-Measure Scenario (SA2): Guided by promoting
green development and enhancing public well-being, relevant policies and measures are
adjusted. Key adjustments include steady urban economic growth, gradual population
decline, rapid improvement in residents’ well-being levels, increased intensity of environ-
mental regulation, heightened public participation in ecological conservation, reduced
resource consumption by cities, enhanced levels of green innovation, improved environ-
mental pollution issues, and elevated ecological environment quality.

Economic Growth-Oriented Multi-Measure Scenario (SA3): Aiming to drive economic
development, relevant policies and measures are adjusted. Key outcomes include rapid
urban economic growth, increased investment in urban fixed assets, expanded openness to
the outside world, accelerated urbanization, steady improvement in residents” well-being
levels, and greater emphasis on economic development than on ecological environment
improvement, resulting in slower growth rates for ecological environment indicators.

Synergistic Development-Oriented Multi-Measure Scenario (SA4): Pursues inclusive
development that enhances urban residents” well-being through socioeconomic progress
and ecological conservation. Policy adjustments include steady economic growth, ecological
improvement, elevated resident well-being, and coordinated advancement across economic,
social, environmental, and well-being dimensions to achieve sustainable development.

Based on relevant research reports and authoritative literature on China’s digital
economy, including the China Academy of Information and Communications Technology’s
“China Digital Economy Development Report (2024),” and considering the development
trajectory of the digital economy in the Yellow River Basin, the fluctuation range for the
digital economy growth rate under the rapid development strategy is set at 5%o.

For parameters related to socioeconomic development indicators, based on national
and regional economic development planning documents and historical data trends, the
growth rates for the following indicators under the multi-measure scenario oriented toward
green well-being are set as follows: economic growth rate at 3%, high-tech industry growth
rate at 4%, fixed-asset investment at 1%, openness to the outside world at 1%, urbanization
rate at 1%, and natural population growth rate at —5%.. For the economic growth-oriented
and coordinated development-oriented scenarios, the corresponding growth rates were set
at 4%, 5%, 2%, 1%, 2%, and 5 %o, respectively.

For green welfare indicators, parameters were set based on the National Intellectual
Property Administration’s “2024 Green and Low-Carbon Patent Statistical Analysis Report,”
the Ministry of Ecology and Environment’s Environmental and Economic Policy Research
Center’s “Citizen Ecological Environment Behavior Survey Report (2022),” the “Action Plan
for the Ecological Protection and Governance Campaign of the Yellow River” jointly issued
by 12 departments including the Ministry of Ecology and Environment, and actual basin
development conditions. Under the economic growth-oriented multi-measure scenario,
the growth rates for green innovation, urban greening, public environmental concern,
government environmental concern, environmental pollution control cost coefficient, social
security growth rate, education support intensity, and employment density growth rate
were set at 1%, 2%, 1%, 1%, —0.5%, 0.5%, 5%, and 4%, respectively. For the green, welfare-
oriented, and development-oriented scenarios, the corresponding parameter variation
ranges were set to 4%, 4%, 7%, 5%, —2%, 1%, 7%, and 6%.

Additionally, based on the spatial autocorrelation coefficient of the digital economy
derived from historical data, the growth rates of spatial correlation were set at 1% and
3% for the economic-growth-oriented and green-welfare-oriented scenarios, respectively.
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To distinguish the compound effects of the digital economy on economic growth, social
development, and green low-carbon aspects across different scenarios, a stepwise parameter
setting was adopted in the coordinated development scenario. The corresponding spatial
correlation growth rates for 2030, 2040, and 2050 were set at 5%, 10%, and 15%, respectively.

5.2. Scenario Simulation

Based on parameter settings for different scenarios within the system dynamics model,
multiple policy simulations are conducted. Observed variables include both ecological
well-being performance and ecological common prosperity levels. By analyzing changes in
these two target variables, the advantages and disadvantages of each scenario are evaluated.
It should be noted that ecological common prosperity in the simulation model represents
the gap in ecological well-being performance between the two cities, with lower values
indicating higher common prosperity levels. The policy simulation timeframe spans from
2022 to 2050.

(1) Baseline Scenario

In Scenario (D), as shown in Figure 5a, without intervention, the digital economy main-
tains its current growth rate, and the ecological well-being performance continues to show
an upward trend. After 2030, the growth rate of ecological well-being performance began
to diverge, and after 2040, it accelerated. As an important “energy basin” and economic
belt in China, the Yellow River Basin’s urban economic growth is overly dependent on
resource development. The growth model, characterized by high pollution and energy
consumption, impedes improvements in the ecological environment. However, after 2030,
the role of the “Outline for Ecological Conservation and High-Quality Development of the
Yellow River Basin” (hereinafter, the “Outline”) began to emerge. Cities in the Yellow River
Basin have made significant progress in ecological and environmental protection, and the
well-being of residents has improved substantially, aligning with the Outline’s medium-
and short-term goals.

Ecological well-being performance Ecological common prosperity

Dmnl

N .
Dmnl

g

e
<

H— ., N

2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050
Time (Year) Time (Year)
—+— current —+—  current

(a) Ecological well-being performance (b) Ecological common prosperity

Figure 5. Simulation Results of the benchmark scenario.

According to Figure 5b, the level of ecological common prosperity fluctuated and
then began to decline. By 2048, it began to approach zero, indicating that the gap in urban
ecological benefit performance exhibits an “N”- type development pattern. In 2014, the
“Broadband China” strategy was proposed, and the construction of digital infrastructure
nationwide accelerated. In 2015, the policy effects of “Broadband China” began to show. By
2020, a relatively complete network and information security guarantee system had been
established nationwide. Especially in the Yellow River Basin, various provinces and cities
have adopted policies as a guide and actively explored new paths for green development
driven by the digital economy, reshaping the economic ecology of the Yellow River Basin
with digital momentum. However, due to the regional bias in the digital economy’s layout,
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the digital economy’s development dividends will initially benefit cities and developed
regions. Therefore, during the period from 2016 to 2021, the rapid development of the digital
economy may widen the gap in ecological well-being performance levels among cities. As
the growth rate of the digital economy stabilizes, the accumulation of digital capital, in
conjunction with the catch-up effect of regions with poor ecological well-being, will jointly
boost regional development and narrow the gap in ecological well-being performance

among cities.
(2) Multiple measures scenario

The three policy combinations have demonstrated significant differences in enhancing
the ecological well-being performance of the Yellow River Basin and promoting ecological
common prosperity.

In terms of ecological well-being performance, the green welfare policy package
(Figure 6a, scenario (2)) is centered on ecological priority, by placing the ecological envi-
ronment and residents’” welfare at the top of urban development. The green welfare policy
package has effectively enhanced ecological well-being performance, and its improvement
effect is superior to that of the economic growth policy package (Figure 6b, scenario (3).
The latter is oriented towards economic growth and neglects ecological protection and
welfare guarantees, resulting in lower welfare levels in the Yellow River Basin, where the
resource-carrying capacity is weak, and the human-land relationship is tense. The coor-
dinated development policy package (Figure 6¢, scenario (8)) integrates economic, social,
environmental, and residents’ welfare as a collaborative goal, optimizing input-output effi-
ciency and ecological carrying capacity. Its performance in enhancing ecological well-being
was superior to that of the aforementioned two scenarios and had a greater advantage in
improving ecological well-being levels.

Ecological well-being performance Ecological well-being performance

Dmnl
Dimnl

Time (Year) Time (Year)

(a) Scenarios of Green Well-being (b) Scenarios of Economic Growth

Ecological well-being performance

15

=

Dmnl

Time (Year)

(c) Scenarios of Coordinated Development

Figure 6. Ecological Well-being Performance under Scenarios of Green Well-being, Economic Growth,
and Coordinated Development.

In terms of ecological common prosperity, the time required to reduce the gap
varies significantly among the three packages. In the green welfare package (Figure 7a,
scenario (2)), the strategy of ecological priority and welfare guarantee delays the reduction
in the ecological well-being performance gap among cities until 2041, which is significantly
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later than the scenario of only implementing economic and social development (2034),
reflecting the short-term gap expansion phenomenon that occurs during the system’s tran-
sition from the old balance to the new balance due to differences in resource endowment
and governance capacity. Under the economic growth package (Figure 7b, scenario (),
the rapid growth of ecological well-being begins in 2036-2037, slightly later than the im-
provement time of the green welfare package. In the coordinated development package
(Figure 7c, scenario (8)), the time at which the economic and social development strategy
begins to take effect, as well as the level of ecological common prosperity by 2050, are
respectively superior to those in the economic growth and green well-being scenarios. The
result indicates that multi-objective coordination helps to reduce the gap between cities
while promoting the overall improvement of ecological well-being performance.

Ecological Common Prosperity Ecological Common Prosperity

Dl

23
2015 2020 2025 2030 2035 2040 2045 2050

Time (Year)

Time (Year)

(a) Scenarios of Green Well-being (b) Scenarios of Economic Growth

Ecological Common Prosperity
0.04

Figure 7. Ecological Common Prosperity under Scenarios of Green Well-being, Economic Growth,
and Coordinated Development.

(3) The multi-measure scenario of the nested strategy

After introducing the two nested strategies of regional cooperation and rapid devel-
opment of the digital economy, the ecological well-being performance and the ecological
common prosperity of the three policy combinations show significant differences in terms
of the paths of action, the intensity of influence, and the time dimension.

In terms of ecological well-being performance, the nested strategy of the green wel-
fare combination (Figure 8a, scenarios 3 and (®) shows that the digital economy has a
significant multiplier effect, which can amplify the efficacy of ecological protection and wel-
fare strategies; while regional cooperation, although promoting technological exchanges
and industrial interactions among cities, has a weaker direct impact on the ecological
well-being performance compared to the digital economy. The nested strategy of the
economic growth combination (Figure 8b, scenarios (¢) and (7)) indicates that regional
cooperation reduces the environmental cost per unit of economic output through synergy
and scale effects. However, the coordinated development policy combination (Figure 8c,
scenarios (9 and (19)) demonstrates the optimal system coordination, where regional co-
operation and the digital economy jointly release the synergy effects of resource inte-
gration, technology diffusion, and institutional innovation, achieving a win-win situa-
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tion for the environment and the economy, and significantly enhancing the ecological
well-being performance.
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Figure 8. Ecological Well-being Performance under Scenarios of Green Well-being, Economic Growth, and
Coordinated Development Combined with Regional Cooperation and Digital Economy Development.

In terms of ecological common prosperity, the nested strategy of the green welfare
combination (Figure 9a, scenarios (3) and () shows that regional cooperation can promote
knowledge spillover and industrial transfer, leading to a rapid improvement in ecological
common prosperity after 2030, with a significantly stronger positive impact than other
strategies; while the addition of the digital economy temporarily widened the ecological
well-being performance gap between cities due to the regional digital divide before 2037,
but the gap narrowed at a faster rate later, showing a dynamic characteristic of “first dif-
ferentiation, then convergence”. The nested strategy of the economic growth combination
(Figure 9b, scenarios (& and (7)) has a relatively limited promotion effect on ecological
common prosperity. At this time, the comprehensive improvement effect of the digital
economy on the level of ecological common prosperity is not as significant as that of the
green welfare scenario. The nested strategy of the coordinated development combina-
tion (Figure 9¢, scenarios (9 and (10)) not only achieved the quickly change of ecological
common prosperity (beginning in 2030), but also effectively broke through the adminis-
trative boundary constraints under the joint effect of policy coordination, factor flow, and
knowledge transfer, continuously narrowing the gap between cities while improving the
ecological well-being performance, becoming the scenario with the most effective and best
balance among the three combinations for achieving ecological common prosperity.

It should be noted that, based on simulation results of urban ecological well-being
performance in the Yellow River Basin under various scenarios, all show a flat trend in
the early stage and then a rapid rise in the later stage. The main reasons are as follows:
First, in the Yellow River Basin, especially in the middle and upper reaches, there are
many resource-based cities, such as those in Shanxi, Henan, and Inner Mongolia. The
development of ecological well-being in resource-based cities exhibits path dependence
and path locking. Second, technological progress is an important driver of ecological
well-being performance in the Yellow River Basin. Especially amid the empowerment
of the digital economy, technological progress plays a more significant role in structural
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reshaping, but this force has a time-lag effect. When technological progress exceeds the
critical point, ecological well-being performance will show a rapid improvement. Similarly,
policy intervention also has a lag effect. For the Yellow River Basin, after the protection
and high-quality development of the Yellow River Basin was elevated to a major national
strategy in 2019, environmental regulations began to strengthen. Policy effects began to
accumulate. When the effect of policy began to exceed the turning point, the ecological
well-being performance entered a rapid improvement channel. Third, with the rapid
development of the digital economy, urban areas in the Yellow River Basin have overcome
geographical limitations and formed a multi-threaded, complex network. The network
concentration degree is constantly increasing. This networkization enables the optimization
and allocation of factors such as technology, capital, and talent on a larger scale. Advanced
experiences and capital from downstream developed cities begin to benefit the middle
and upper reaches through industrial transfer and ecological compensation, generating
significant spatial spillover effects.

Ecological Common Prosperity Ecological Common Prosperity
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Figure 9. Ecological Common Prosperity under Scenarios of Green Well-being, Economic Growth, and
Coordinated Development Combined with Regional Cooperation and Digital Economy Development.

Furthermore, the simulation results indicate that the trend toward ecological common
prosperity will intensify significantly after 2030. This performance is mainly attributed to
the structural changes triggered by the release of institutional dividends: Firstly, 2030 is the
target year for carbon peaking, marking a transition in policy logic from total control to
structural optimization and providing an institutional foundation for regional collaboration.
Secondly, the carbon trading market, ecological compensation mechanism, and digital
governance system will enter their mature stages around 2030, creating a cumulative
effect of multiple policies and releasing synergy dividends. Thirdly, the distribution
effect of new quality productive forces. The integration of the digital economy, green
economy, and high-end manufacturing will create a large number of high-quality jobs,
significantly increase the proportion of labor remuneration in the primary distribution, and
optimize residents’ income structure at the source [47]. Fourthly, the breakthrough of the
mechanism for urban-rural integration. In response to the dual-structure characteristics of
the Yellow River Basin, with the deepening of rural land system reform, the advancement
of agricultural modernization, and the equalization of public services; combined with the
improvement of the multi-level social security system, the income gap between urban and
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rural areas will further converge after 2030, and the foundation for people’s livelihood will
be further strengthened.

5.3. The Path Selection for Enhancing Ecological Well-Being Performance Through Digital
Economy in the Yellow River Basin

Based on scenario simulation results, different policy combinations exhibit significant
variations in the intensity and duration of their impact on enhancing ecological well-being
performance and ecological prosperity. When evaluating solely based on the magnitude of
ecological well-being improvement and the timeline for achieving ecological prosperity,
the coordinated development scenario emerges as the optimal pathway for the digital
economy to enhance ecological well-being performance in the Yellow River Basin. This
scenario maximizes both ecological well-being performance and ecological prosperity lev-
els while accelerating the timeline for achieving ecological prosperity. The green welfare
scenario ranks as the next-best option. Meanwhile, the digital economy demonstrates sig-
nificant enabling effects, contributing to enhanced ecological well-being performance and
ecological prosperity in cities along the Yellow River Basin. Internally, the basin exhibits
substantial development disparities among cities, facing severe issues of inadequate and
unbalanced development that will persist for an extended period. Under resource and
environmental constraints, the contradiction between holistic basin governance and admin-
istrative territorial management is prominent [48]. Given that cities along the Yellow River
with substantial development disparities cannot achieve full development and balanced
progress simultaneously, the enabling role of the digital economy should be fully leveraged
at different developmental stages to address prominent issues in the “two sides of the
same coin” regional development. Scenario simulation results indicate divergent trends
in ecological well-being performance and ecological common prosperity across different
strategic scenarios. To address the Yellow River Basin’s prolonged challenges of inadequate
and unbalanced development, it is essential to delineate developmental stages scientifically,
rationally group cities within the basin, clarify development priorities for each stage, and
subsequently propose optimal strategic choices for each phase.

The principles of the research are “digital empowerment, ecological friendliness,
improvement of well-being, leading advantages, categorized guidance, and regional col-
laboration”. It proposes phased improvement paths for the digital economy to enhance
ecological well-being performance in the Yellow River Basin. Regarding developmental
stage classification, scenario simulations indicate that while ecological well-being perfor-
mance maintains sustained growth, trends in ecological co-prosperity exhibit complexity.
Significant shifts in direction or magnitude of ecological co-prosperity primarily occur
around 2030 and 2035. Considering national strategic timelines, 2030 marks China’s critical
carbon peak target, and 2035 signifies the fundamental realization of socialist moderniza-
tion. Meanwhile, the development goals of the “Outline for the Ecological Protection and
High-Quality Development Plan of the Yellow River Basin” require that by 2030, the Yellow
River Basin should achieve significant progress in harmonious human-water relations
and prosperous people’s livelihoods, by 2035, achieve comprehensive improvement in the
ecological environment and modernization of the economic system, and by the middle of
this century, fully build a modern river basin that is in harmony with nature and serves as
a model of modernization, providing critical support for achieving the goal of a socialist
modernized strong country. Based on these temporal considerations, this study divides
the subsequent development phases of ecological well-being performance in the Yellow
River Basin into three phases: the Foundational Adjustment Phase (2022-2030), the System
Optimization Phase (2031-2035), and the Collaborative Symbiosis Phase (2036-2050).

Regarding urban grouping, cities in the upper, middle, and lower reaches of the
Yellow River Basin are at different developmental stages, resulting in significant disparities
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in their ecological well-being performance levels. Consequently, development strategies
applicable to cities at different levels will vary considerably. To propose practical, targeted
recommendations, this study follows the methodology of Li and Wang (2023), categorizing
sample cities into four types based on their basin distribution and the ecological well-
being performance level of their specific basin: upstream cities with strong ecological
well-being performance, upstream cities with weak ecological well-being performance,
mid- and downstream cities with strong ecological well-being performance, and mid- and
downstream cities with weak ecological well-being performance [49]. Figure 10 is the
phased ecological well-being performance enhancement paths for each city type.

Ecological well-being
performance
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Figure 10. Paths for Enhancing Urban Ecological Well-being Performance in the Yellow River Basin.

Baseline Adjustment Phase (2022-2030): During this phase, a significant gap in ecolog-
ical well-being performance exists among cities, and the underdevelopment of ecological
well-being in disadvantaged cities is particularly pronounced. If both advantaged and
disadvantaged cities adopt the same policy scenarios, the development gap between them
may continue to widen, and the ecological well-being performance of disadvantaged cities
will remain relatively low. Given this, advantaged and disadvantaged cities should adopt
differentiated scenario strategies to coordinate the development rhythm and pace of each
city. For disadvantaged cities, appropriate policy scenarios can be selected to address
underdevelopment. The comprehensive scenario simulation section presents the growth
trend of ecological well-being performance under each policy scenario. Therefore, under
the impetus of the digital economy, disadvantaged cities midstream and downstream can
choose the green well-being path to improve their ecological well-being performance. In
contrast, disadvantaged cities upstream can adopt the collaborative development path.
For advantaged cities, the development effectiveness can be further consolidated. Cities
midstream and downstream with strong ecological well-being performance can choose
the baseline scenario. In contrast, advantaged ecological well-being performance cities
upstream can choose the economic growth path.

System Optimization Phase (2031-2035): During this phase, the ecological well-being
performance of disadvantaged cities has increased significantly, further narrowing the gap
with advantaged cities. The ecological well-being performance of the advantaged cities
has steadily grown. According to the schedule for achieving the “dual carbon” goal in
our country, the system optimization phase has passed the time node for achieving the
carbon peak target and has also entered the industrialization phase. After this, efforts
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will be made to ensure that carbon emissions remain stable and decrease, and to promote
green transformation, energy structure optimization, and industrial transformation and
upgrading in cities along the Yellow River Basin, to accelerate the pace of green and
sustainable development, and become a focus of attention for all levels of government. To
comprehensively consider the extent of improvement and regional disparities, the path
selection in this phase can focus on enhancing the upper limit levels of ecological well-
being performance of both advantaged and disadvantaged cities while narrowing the gap
in ecological well-being performance. Based on the results of comprehensive scenario
simulation, the advantaged cities midstream and downstream can choose a multi-measure
path oriented towards green well-being. In contrast, the advantaged cities upstream
select for a multi-measure approach oriented towards coordinated development. The
disadvantaged cities upstream, midstream, and downstream also adopt a coordinated
development path to accelerate the growth of ecological well-being performance. From the
perspective of digital economy development, implementing differentiated policies across
regions can promote the formation of a gradient in digital economy industry development,
enhance industry-wide enterprise collaboration, and further advance the optimization of
the ecological well-being performance system across the Yellow River Basin.

Synergistic Symbiosis Phase (2036—-2050): By this stage, all cities achieve a high level
of ecological well-being, with inter-city disparities gradually disappearing. Ecological well-
being performance continues to grow as all cities cross the development inflection point for
ecological common prosperity. Over time, ecological common prosperity is progressively
realized. To accelerate ecological common prosperity, a comprehensive, coordinated, and
balanced regional development strategy should be implemented. In this phase, all cities
adopt the same strategic scenario. A coordinated approach integrating strategies such as
ecological priority, socioeconomic development, safeguards for well-being, and regional
cooperation can steadily improve ecological well-being performance. Accordingly, during
the collaborative symbiosis phase, all cities in the Yellow River Basin will adopt coordinated
development paths to elevate the upper limit of ecological well-being performance, thereby
achieving higher levels of ecological common prosperity.

6. Conclusions and Discussions
6.1. Conclusions

This study adopts a systems perspective and employs system dynamics methodology
to reveal the paths by which the digital economy enhances ecological well-being in the
Yellow River Basin. First, model validation results confirm the validity and reliability of
the established system dynamics model, demonstrating its applicability for forecasting
dynamic trends in the ecological well-being performance system as urban digital economies
develop in the basin. Considering both the magnitude and duration of improvements in
ecological well-being performance and ecological common prosperity, synergistic develop-
ment emerges as the optimal strategy for enhancing ecological well-being performance,
with the green well-being scenario ranking as the next-best option. Based on the actual
development conditions of cities in the upper, middle, and lower reaches of the Yellow
River Basin, cities with advantages and disadvantages should adopt phased enhancement
strategies: During the foundational adjustment phase, cities upstream with ecological
well-being performance advantages should choose the economic growth path, while mid-
stream and downstream cities with ecological well-being performance advantages may
choose the baseline scenario paths. The disadvantaged cities mentioned above should
respectively choose the coordinated development and green well-being paths. During the
system optimization phase, advantaged cities upstream should pursue the coordinated
development path, while midstream and downstream cities may choose green well-being
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paths. In contrast, disadvantaged cities in all river sections should adopt coordinated
development. In the symbiotic coordination phase, all cities within the basin should adopt
the coordinated development path.

6.2. Discussion

(1) Ecological well-being performance exhibits distinct dynamic evolutionary characteris-
tics [50]. This study adopts a systems perspective, considering the dynamic changes
in macro- and micro-level indicators across the entire enhancement path chain. It
balances economic, ecological, and demographic development trends, thereby avoid-
ing the shortcomings of static analysis that often result in policy recommendations
lacking foresight. Within the bounds of ecological carrying capacity, balancing the
relationship among ecological resources, economic growth, and well-being enhance-
ment requires not only improving individual cities” ecological well-being performance
but also advancing common prosperity at the basin level to prevent polarization [14].
This study incorporates inter-city interactions, using ecological common prosperity as
an observational variable to analyze the dynamic enabling role of digital economic de-
velopment from a holistic perspective, thereby enriching research on how the digital
economy empowers ecological well-being performance.

(2) Based on the research results, in the policy-making process for enhancing ecological
well-being performance, the path for improving ecological well-being performance
should fully take into account the actual situations among cities, to promote the
improvement of ecological well-being performance in river basins and achieve ecolog-
ical common prosperity. It should be implemented in stages and across river basins
with differentiated strategies. In terms of the practical implementation, given the
significant developmental disparities among cities in the Yellow River Basin, during
the classification adjustment and gradual optimization phases, green well-being, eco-
nomic development, and coordinated development strategies should be implemented
for cities with ecological well-being performance advantages and disadvantages in the
upper, middle, and lower reaches. Tailored approaches should be adopted to unlock
the dividends of the digital economy, with digitally disadvantaged cities receiving
appropriately advanced digital infrastructure development [14]. During this phase,
creating new growth poles will strengthen trickle-down effects while mitigating po-
larization effects. In the synergistic coexistence phase, the development path can shift
from unilateral breakthroughs to basin-wide collaborative strategies [51], enhancing
inter-city interactions and connectivity to form a holistic development pattern where
linear progress drives broader regional advancement [52].

(3) While this study’s parameter selection considered actual operational conditions across
diverse river basins and development stages, it did not comprehensively cover dis-
tinctive indicators for specific basins. Future research may incorporate heterogeneous
structural issues into system dynamics modeling to identify tailored enhancement
paths for specific regions.

7. Policy Recommendations
(1) Strengthening the Digital Infrastructure Foundation to Advance Ecological Well-being

Adopt a regionally differentiated strategy for digital infrastructure development,
aligning investments and priorities with local endowments and ecological responsibilities.
Upstream Region: Cities with strong digital capacity should establish ecological big data
centers to consolidate hydrological, meteorological, and environmental monitoring data,
serving as regional data aggregation and circulation hubs. Cities facing infrastructure
constraints should prioritize the targeted deployment of digital tools—such as IoT-enabled
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sensors and mobile reporting platforms—for ecological monitoring, early warning sys-
tems, and restoration project management. Midstream Region: Digitally advanced cities
should leverage intelligent computing platforms to integrate distributed computing re-
sources, thereby reinforcing the ecological security barrier through real-time analytics
and predictive modeling. Cities with higher industrial energy intensity should mandate
digital connectivity for high-energy-consuming enterprises to provincial-level environ-
mental supervision platforms, enabling full-process, closed-loop tracking of emissions,
energy use, and compliance—thus accelerating sectoral digital transformation. Down-
stream Region: Leading cities should foster cross-sectoral industrial internet platforms
integrating manufacturing and ecological services (“dual-industry” platforms), facilitating
synergies between green industrial upgrading and ecosystem conservation. Cities with
distinctive ecological assets but limited digital maturity should concentrate on niche, high-
impact applications—such as smart wetland management and biodiversity monitoring—to
strategically fill critical gaps in new infrastructure coverage.

(2) Deepening Digital-Real Economy Integration to Cultivate Green Industrial Engines

Leverage the basin’s resource endowments and industrial strengths to disman-
tle sectoral silos and establish a virtuous cycle wherein digital innovation empowers
green industries, and sustainable industrial growth reinforces ecological resilience. Up-
stream Region: Technologically capable cities should specialize in R&D and commer-
cialization of plateau-adapted ecological monitoring equipment and Al-driven analyti-
cal algorithms—positioning themselves as technology exporters for fragile ecosystems.
Resource-constrained cities should deploy lightweight mobile Internet solutions to stream-
line ecological patrol workflows, significantly reducing operational costs while improving
response timeliness and data fidelity. Midstream Region: Cities with robust industrial bases
should build integrated digital systems for end-to-end perception and optimization across
energy generation, transmission, consumption, and waste treatment, establishing a regional
hub for circular resource management. Cities undergoing industrial transition should in-
cubate local industrial internet service providers, offering standardized SaaS modules for
energy auditing, real-time consumption monitoring, and retrofit advisory—ensuring scal-
able, low-barrier digital adoption by SMEs. Downstream Region: Innovation-leading cities
should institutionalize academia—industry-research collaboration through joint ventures or
consortia, packaging proven technologies for transfer and replication. Cities emphasizing
ecological tourism should develop modular, cloud-native digital tourism platforms that
integrate visitor flow analytics, low-impact route planning, and real-time ecological impact
dashboards to elevate conservation outcomes while enhancing economic returns.

(3) Advancing Digital Ecological Civilization to Enable Systemic Optimization

Overcome data fragmentation, unlock the quantifiable value of ecosystems, and
foster human—nature harmony through interoperable, evidence-based governance. Up-
stream Region: Digital-capable cities should pioneer the digital valuation of ecological
assets—launching pilot projects on carbon sink measurement, certification, and trading;
cities with underdeveloped data ecosystems should implement granular ecological contri-
bution accounting and deploy smart grid infrastructure to optimize clean energy dispatch
and consumption. Midstream Region: Industry-leading cities should deploy digital twin
systems in priority sectors—including coal, steel, and cement—to simulate, monitor, and
optimize production processes in real time, thereby minimizing energy waste and pollutant
emissions. Post-mining cities should conduct comprehensive digital surveys of aban-
doned mining sites to inform integrated land-use plans that combine photovoltaic power
generation with agrivoltaics or eco-tourism, creating multi-benefit regeneration models.
Downstream Region: Metropolitan centers should develop dynamic “urban mine” resource
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atlases and digital secondary-material trading platforms, coupled with green financial
instruments. Cities with significant wetland assets should implement high-precision, satel-
lite and sensor-fused carbon sink monitoring, directly linking verified sequestration data
to national carbon markets—and complementing this with an incentive-based ecological
points system to mobilize community stewardship.
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