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The digital economy, as a sustainable and innovative mechanism for economic 
change, has emerged as a crucial national strategic driver for China’s attainment of 
high-quality development and low-carbon transition. Assessing the digital economy’s 
contribution to both high-quality development and carbon reduction, as well as 
evaluating the extent of its effects, can offer accurate decision-making assistance 
for prioritizing development sectors and optimizing resource distribution. This 
research utilizes the Entropy Weight TOPSIS approach and spatial autocorrelation 
analysis to investigate the spatiotemporal characteristics of the digital economy 
and high-quality development in Guangdong Province. A coupling coordination 
model evaluates the extent of coordination between the two, while a Spatial Durbin 
Model (SDM) is utilized to estimate the coefficients regarding the digital economy’s 
influence on both high-quality development and carbon emission reduction at the 
prefecture-level city size. The primary findings of the study are as follows: (1) Both 
the digital economy and high-quality development in Guangdong Province have 
progressively advanced, demonstrating notable spatial autocorrelation (Global 
Moran’s I ranging from 0.21 to 0.36, p < 0.01). Nonetheless, development r is 
uneven, with the Pearl River Delta region significantly outpacing other areas. (2) 
The coupling coordination level between the digital economy and high-quality 
development exhibits fluctuating stability and significant regional disparities. The 
Pearl River Delta, particularly Shenzhen and Guangzhou, consistently achieves 
a coordination quality level exceeding 0.90, whereas Meizhou and Maoming 
frequently fall below 0.20, indicating severe discoordination. (3) The digital 
economy has a substantial beneficial impact and spatial spillover effect on both 
high-quality development and carbon reduction. The SDM findings reveal that the 
digital economy exerts a substantial direct influence on high-quality development 
(coefficient = 0.4837, p < 0.01), while demonstrating a slight negative impact on 
carbon emissions (coefficient = −0.2012, p < 0.05), thereby affirming that its impact 
on high-quality development is predominantly more pronounced than its influence 
on low-carbon development. This report recommends focused ways to enhance 
the digital economy’s fundamental role in fostering high-quality development 
while also realizing its promise for low-carbon synergy.
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1 Introduction

The emergence of the digital economy originated 1980s and 
1990s, propelled by the development and extensive utilization of 
internet technologies. As a new form of green economy (Ma and Zhu, 
2022), digital technologies have swiftly advanced throughout period, 
consistently creating novel production factors and business models. 
Today, the digital economy is now an essential element of regional 
economic development (Hu, 2023). China has advocated for the 
profound integration of the digital economy, achieving an annual 
growth rate of nearly 20%, thereby establishing it as a national strategy 
to unlock growth potential and spearhead global transformation. This 
plan aligns with global programs like Industry 4.0 in Germany, the 
technical policies of the United States and Russia, fostering a collective 
global consensus. In recent years, China’s digital economy has 
experienced substantial growth (Xue et  al., 2022), attaining a 
magnitude of 50.2 trillion yuan in 2022, accounting for 41.5% of the 
country’s GDP. As of November 30, 2024, China possessed 
4.5741 million core digital economy firms, reflecting a 17.99% increase 
from the end of 2023, with sustained development anticipated in 
subsequent years. Looking ahead, China will prioritize the 
industrialization of artificial intelligence and the commodification of 
data, positioning the digital economy as a fundamental element of 
future national development (Wang, 2024) and expediting its 
evolution into a “digital technology powerhouse.” Consequently, it is 
essential to construct a complete digital economy evaluation system 
and to analyze its development level objectively. These activities are 
crucial for advancing the high-quality development of the digital 
economy, improving international competitiveness, optimizing 
resource allocation, and fostering innovative capacity.

The digital economy acts as a complex facilitator of urban 
development, rejuvenating established industries, promoting the 
creation of new sectors, and improving governance capacity. This 
extensive transformation stimulates economic vitality and regional 
competitiveness. Moreover, the digital economy is crucial in 
promoting diverse developing economic models, including 
low-carbon development and high-quality growth. Carbon emissions 
are among the most pressing social and environmental issues 
worldwide. China, as one of the foremost carbon emitters globally, is 
diligently executing low-carbon development initiatives, robustly 
advocating for a low-carbon economy, and progressing toward 
sustainable development (Wang et al., 2021). The country is pursuing 
a low-carbon transition tailored to its own circumstances, aiming for 
“carbon peak” by 2030 and “carbon neutrality” by 2060. High-quality 
development has become a strategic objective as China transitions 
from a period of fast economic growth to a new stage of development. 
Historically, China’s economic growth has depended significantly on 
models characterized by high input, high consumption, and high 
pollution, which have become unsustainable. In response, the 
government has implemented a sustainable development strategy 
focused on innovation, coordination, green development, openness, 
and shared prosperity (Chen and Huo, 2022). This transition centers 
on a move from “quantity-driven” to “quality-driven” growth (Gong 
and Zhang, 2023). Advancing high-quality development is crucial for 
satisfying the increasing demand for a better life but also a prerequisite 
for sustainable development. Urban transformation toward high-
quality development can significantly stimulate economic growth. In 
this context, the l sustained development of digital technologies 

establishes the digital economy as an essential avenue for attaining 
low-carbon goals. By utilizing digital technology to transform energy 
production, industrial operations, and consumption patterns, cities 
may attain the dual goals of sustainable growth and low-carbon 
development through coordinated, synergistic efforts.

The digital economy has evolved as a pivotal new economic forms 
and an essential element of contemporary economic systems, 
succeeding the agricultural and industrial economies. The digital 
economy, distinguished by significant innovation potential, robust 
penetration, and extensive reach, is emerging as a pivotal factor in the 
reorganization of global resource allocation and the transformation of 
global economic structure. A multitude of experts have investigated 
the correlation between the digital economy and high-quality 
economic development. Current studies demonstrate that the digital 
economy substantially fosters high-quality development (Xu et al., 
2024; Chen and Xing, 2025). It accelerates economic transformation 
and facilitates sustainable development. Simultaneously, the 
worldwide focus on the low-carbon economy has significantly 
intensified in recent years, with numerous studies investigating the 
interplay between the digital economy and low-carbon development. 
Studies indicate that the digital economy can play a regulatory role in 
carbon emissions (Ma et  al., 2025a; Wang et  al., 2025), offering 
substantial policy support for long-term carbon reduction and 
promoting sustainable development. However, current studies also 
reveal that the impacts of the regional digital economy on carbon 
reduction and economic growth exhibit significant imbalances and 
heterogeneity (Ding et al., 2021; Tian et al., 2022). These disparities 
fundamentally illustrate structural variations in resource endowments, 
industrial frameworks, and institutional contexts across regions, 
which manifest in varied digital transformation outcomes.

Guangdong, as the vanguard of China’s reform and opening-up and 
the country’s largest provincial economy, occupies a crucial role in 
national development strategies. It excels in political sensitivity, economic 
reform, and developmental innovation. As the central engine of China’s 
digital economy and a model zone for high-quality development, 
Guangdong has attained significant accomplishments in the deep 
integration of the digital and real economies, industrial enhancement, 
and innovation-led growth. The province has implemented a holistic 
development framework defined by “manufacturing transformation + 
digital creativity + core technologies + regional collaboration.” In terms 
of carbon emission reduction, Guangdong has implemented the 2024–
2025 Energy Conservation and Carbon Reduction Action Plan, which 
delineates specific targets for 2025: non-fossil energy consumption is 
projected to reach 32%, energy-saving renovations in key industries are 
expected to achieve savings equivalent to 3.5 million tons of standard 
coal, and carbon dioxide emissions are anticipated to be reduced by 
9.1 million tons. Furthermore, Guangdong has significantly advanced in 
restructuring its industrial energy framework, enhancing technological 
innovation, encouraging regional collaboration, and bolstering green 
sectors, thereby establishing a robust platform for realizing the national 
“dual carbon” goals. Nonetheless, significant regional disparities persist 
in the integration of the digital economy and high-quality development 
within the context of carbon reduction. Substantial discrepancies endure 
between the Pearl River Delta and eastern, western, and northern 
Guangdong. The encounters problems, including significant push to 
modernize old businesses and obstacles in harmonizing cross-border 
data governance frameworks. These considerations render the process of 
coordinated development highly complex and regionally distinctive.
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Examining the influence of the digital economy on both high-
quality development and carbon reduction is of great significance, as 
low-carbon transition requires multidimensional coordination and is 
intricately connected to regional disparities. Comprehending these 
connections aids in pinpointing the origins of uneven and inadequate 
growth and offers a scientific foundation for devising tailored strategies 
to facilitate regional coordination and sustainable transformation in 
China. Previous research has investigated the digital economy’s role in 
promoting high-quality development or facilitating low-carbon 
transitions; however, the majority have addressed these two areas 
independently (He et al., 2025; Ye, 2025). Research has p predominantly 
been undertaken at the national or provincial scale, which overlooks the 
heterogeneity and specific transmission mechanisms observable at the 
prefecture-level city scale (Xie et al., 2025). Moreover, several studies 
concentrate on bilateral links such as the digital economy and high-
quality development, or digital economy and carbon emissions, while 
neglecting to incorporate the three dimensions within a unified 
analytical framework (Ma et al., 2025b; Zheng et al., 2025). Consequently, 
a distinct gap persists in comprehending how the digital economy 
concurrently affects both high-quality development and carbon 
reduction, particularly at the city level. Addressing this gap is essential 
for elucidating the mechanisms through which the digital economy 
reshapes regional growth patterns, and for offering pragmatic direction 
to policymakers in balancing economic upgrading with 
low-carbon transition.

This study aims to overcome this gap by posing the following 
specific research questions: (1) Develop a detailed assessment index 
system to analyze the spatiotemporal characteristics and spatial effects 
of digital economy development and high-quality development across 
Guangdong’s prefecture-level cities. (2) Utilize the coupling 
coordination model to examine the extent of coupling and coordination 
between the digital economy and high-quality development in 
Guangdong. (3) Employ the Spatial Durbin Model (SDM) to evaluate 
the impact of digital economy development to both carbon emission 
reduction and high-quality development, and to ascertain if these 
impacts produce geographical spillover effects. This research seeks to 
address the existing gap in comprehending the mechanisms by which 
the digital economy influences both high-quality development and 
carbon reduction. The results are anticipated to yield significant 
insights and practical references for subsequent study in related fields.

2 Literature review

Since its introduction in 1996, the concept of the digital economy 
has rapidly evolved into a critical driver of global economic 
restructuring, characterized by strong innovation, wide penetration, 
and extensive coverage. Existing studies have examined its impacts 
from multiple perspectives. At the macro level, scholars have employed 
methods such as the entropy method, TOPSIS, DID models, and 
spatial econometrics to measure the scale and development of the 
digital economy, consistently finding that it significantly promotes 
industrial green transformation, urban sustainability, and resilience 
(Shi et al., 2023; Liu et al., 2024; Xie et al., 2025). Other works confirm 
its positive role in enhancing manufacturing efficiency, corporate ESG 
performance, and green innovation, often through mechanisms such 
as technological upgrading and increased R&D investment (Chen 
et al., 2022; Chen X. et al., 2023; Hao et al., 2023b).

More specifically, a substantial body of research links the digital 
economy to high-quality economic development. National-level 
analyses reveal its significant role in driving innovation, industrial 
upgrading, and regional convergence, with spatial spillovers evident 
between eastern and western China (Lu and Zhu, 2022; Pang et al., 
2022; Shang et al., 2024). Disaggregated studies also highlight the 
contribution of digital inclusive finance and the synergy between 
digital economy development and green finance in improving green 
total factor productivity (Guo et al., 2022; Lee et al., 2023).

Meanwhile, increasing attention has been paid to the relationship 
between the digital economy and low-carbon development. Empirical 
studies demonstrate that the digital economy contributes to 
sustainable growth not only directly but also indirectly through 
industrial structure upgrading (Tan et al., 2024). It has been shown to 
reduce carbon intensity, foster low-carbon industries, and stimulate 
green innovation, although regional analyses also highlight the 
complexity and nonlinearity of these interactions (Li et al., 2023; Zhao 
et al., 2023; Sun et al., 2024). Furthermore, research on urban clusters 
such as the Yangtze River Economic Belt and the Yangtze River Delta 
illustrates how digital finance and digital economy development 
jointly enhance low-carbon efficiency and innovation, with evolving 
spatial dynamics over time (Yao et al., 2022; Wu and Pan, 2023).

In summary, prior research provides robust evidence that the 
digital economy fosters both high-quality and low-carbon development 
through diverse mechanisms. However, gaps remain regarding 
comparative assessments across different regions and economies, as 
well as the extent to which localized conditions mediate these effects. 
Building on these insights, the present study focuses on Guangdong 
Province, aiming to develop a locally grounded indicator system and 
employ multiple empirical approaches, including DID and structural 
equation modeling to systematically evaluate the relative impacts of 
the digital economy on high-quality and low-carbon development.

3 Materials and methods

3.1 Research area

Guangdong Province is located in southern coastal China, with a 
land area of 179,800 square kilometers and a population of 
approximately 127.8 million. The province is currently divided into 
four regions: the Pearl River Delta, Northern Guangdong, Western 
Guangdong, and Eastern Guangdong. As the forefront of China’s 
reform and opening-up and the country’s largest provincial economy, 
Guangdong has made significant progress in digital economy 
development, low-carbon transition, and high-quality growth in 
recent years. In 2023, the digital economy accounted for nearly 50% 
of the province’s GDP, while both the digital creative industry and 
intelligent manufacturing sectors formed trillion-yuan-scale 
ecosystems. Carbon emission intensity has also been significantly 
reduced, and a steady growth trajectory is expected to continue.

3.2 Data sources

This study uses three categories of data: socio-economic data, 
carbon emissions data, and high-quality development index data. 
The dataset covers 21 prefecture-level cities in Guangdong Province 
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from 2013 to 2022. The raw data for the digital economy and high-
quality development evaluation indicators were primarily obtained 
from the China City Statistical Yearbook, the Statistical 
Communiqués on National Economic and Social Development of 
Guangdong’s prefecture-level cities, and the Peking University 
Inclusive Finance Center, along with other official data platforms. 
Missing data were supplemented using linear interpolation. Carbon 
emissions data were sourced from the CEADs (China Emission 
Accounts and Datasets) platform. To improve the accuracy and 
reliability of data analysis, all numerical data were standardized 
through normalization processing.

To minimize potential biases in data collection, this study relies 
primarily on official statistical yearbooks and government databases, 
thereby avoiding self-reporting bias. Missing values in certain years 
or cities were addressed using linear interpolation, which is a widely 
accepted method in panel data research to preserve temporal 
continuity while minimizing distortion. These steps help to reduce 
non-response bias and ensure the robustness of the 
constructed dataset.

3.3 Method

3.3.1 Establish an evaluation index system for 
digital economy development and high-quality 
development

The digital economy is inherently complex, and it is difficult to 
comprehensively capture its development level using a single indicator. 
Current efforts to construct digital economy evaluation systems 
typically focus on multiple dimensions, including infrastructure, 
industrial integration, innovation capacity, and factor inputs. Drawing 
on the multidimensional indicator system established by Hao et al. 
(2023a), and referencing additional frameworks proposed by Su et al. 
(2021), as well as (Ren et al., 2022), this study defines four specific 
criterion layers: Digital Infrastructure, Digital Industrialization, 
Industrial Digitalization, and Digital Innovation. Digital Infrastructure 
reflects the foundational support for digital economy development 
and determines the potential upper limit of growth in other 
dimensions. Digital Industrialization measures the core scale and 
competitiveness of the digital economy sector itself, representing the 
degree of its industrialization and marketization. Industrial 
Digitalization captures the transformation of traditional industries 
through digital technologies, providing insight into the efficiency of 
industrial upgrading and the depth of digital integration in 
conventional sectors. Digital Innovation assesses the long-term 
development potential and technological breakthrough capacity of the 
digital economy. These four dimensions together form a closed-loop 
system for evaluating the digital economy, and only through 
coordinated measurement can the overall development level 
be accurately assessed. The specific indicators at the sub-layer level 
were determined not only by referencing existing indicator systems 
but also through extensive field research and policy review specific to 
Guangdong Province. Each indicator was evaluated for its systemic 
relevance, scientific validity, and practical operability. Ultimately, 14 
specific indicators were selected, with the corresponding weights 
detailed in Table 1.

Since the concept of high-quality development was put forward 
by China at the 19th National Congress, its indicator system mainly 

refers to the existing Chinese literature and the specific 
generalization of high-quality development in the Party Congress. 
Ren et  al. (2022), constructed a high-quality indicator system 
suitable for the Yellow River Basin, based on the five development 
concepts of “innovation, coordination, green, openness, and 
sharing.” Combined with the policy and economic development 
context of Guangdong Province and the Guangdong–Hong Kong–
Macao Greater Bay Area, the guideline layers were determined as 
economic growth, coordination, green development, open 
development, and shared development. Economic growth is the 
core driving force of innovation, mainly measuring the quality and 
sustainability of development, and is the basis of economic 
development from “quantity” to “quality”; coordinated development 
is the core means of optimizing economic structure, which can 
solve the problem of unbalanced development and promote the 

TABLE 1  Digital economy evaluation indicator system.

Dimension Indicator Direction Weight

Digital 

infrastructure

Mobile phone subscribers 

(10,000 households)
+ 5.59%

Internet users per 100 

people
+ 1.70%

Broadband access 

subscribers (1,000 

households)

+ 3.78%

Digital 

industrialization

Telecom business volume 

(100 million yuan)
+ 7.95%

Per capita 

telecommunications 

business revenue (10,000 

yuan)

+ 6.74%

IT service employees 

(10,000 persons)
+ 11.89%

Industrial 

digitization

Number of enterprise 

websites
+ 5.62%

E-commerce transaction 

volume (10,000 yuan)
+ 9.25%

Financial sector 

employment (10,000 

persons)

+ 7.09%

Total output of financial 

sector (100 million yuan)
+ 9.41%

PKU Digital Finance 

Index (Composite)
+ 1.45%

PKU Digital Finance 

Coverage Index
+ 1.35%

PKU Digital Finance 

Usage Depth Index
+ 1.37%

Digital innovation

Patents granted + 8.22%

R&D personnel (10,000 

persons)
+ 8.28%

R&D expenditure 

(100 million yuan)
+ 10.31%
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synergy between urban and rural areas and regions, Green 
development is the bottom line of sustainable development, which 
is the same as the concept of low-carbon development, and it can 
improve resource efficiency and ecological protection at the same 
time, so as to realize the transformation of “green mountains are 
golden mountains”; open development is the source of improving 
international competitiveness, and it can improve international 
competitiveness and open up the system while preventing and 
controlling the risk, and improve the risk-resistant ability and 
quality in the process of opening up. Openness is the source of 
improving international competitiveness, risk prevention and 
control while improving international competitiveness and system 
openness, and improving risk resistance and international discourse 
power in openness; Shared development is the fundamental 
purpose of high-quality development, realizing common 
development and common prosperity, and focusing on measuring 
the fairness and universality of the development results. The specific 
indicators and related weights are shown in Table 2.

Since the concept of high-quality development was first 
proposed at the 19th National Congress of the Communist Party of 
China, its indicator system is primarily based on the existing 
Chinese literature and the official definitions outlined in the Party 
Congress reports. Drawing on the framework established by Ren 
et al. (2022) for the Yellow River Basin, and grounded in the “Five 
Major Development Concepts”—Innovation, Coordination, Green 
Development, Openness, and Sharing, this study further refines the 
system based on field research and policy analysis of Guangdong 
Province and the Guangdong-Hong Kong-Macao Greater Bay Area. 
Ultimately, five criterion layers are identified: Economic Growth, 
Coordinated Development, Green Development, Open 

Development, and Shared Development, comprising a total of 19 
specific indicators. Economic Growth serves as the core driving 
force of innovation, focusing on the quality and sustainability of 
development and forming the foundation for transitioning from 
quantitative expansion to qualitative improvement. Coordinated 
Development is the central mechanism for optimizing economic 
structures, addressing imbalances, and promoting synergy across 
urban–rural, regional, and industrial sectors. Green Development 
represents the baseline for sustainability, aligning with the 
low-carbon development agenda. It emphasizes improving resource 
efficiency while protecting the ecological environment, embodying 
the principle of “lucid waters and lush mountains are invaluable 
assets.” Open Development enhances international competitiveness 
by promoting institutional openness while managing risks, thus 
strengthening resilience and China’s global discourse power. Shared 
Development reflects the fundamental goal of high-quality 
development, ensuring equitable distribution of development 
achievements and promoting common prosperity. It focuses on 
fairness and inclusivity in the sharing of growth outcomes. The 
specific indicators and corresponding weights are detailed in 
Table 2.

In this study, the measurement of variables follows established 
approaches widely adopted in the literature. The indicators for digital 
economy development and high-quality development are selected 
based on official statistical definitions and prior empirical studies (Ren 
et al., 2022; Hao et al., 2023a). The composite indices are constructed 
using the entropy-weighted TOPSIS method, which has been 
validated in numerous regional development assessments. All 
variables are standardized to ensure comparability across cities 
and years.

TABLE 2  High-quality development evaluation indicator system.

Dimension Specific indicators Direction Weight

Economic growth Annual GDP (100 million yuan) + 10.88%

Per capita disposable income (yuan) + 3.97%

General public budget revenue (million) + 13.03%

Coordinated development Tertiary industry share of GDP (%) + 1.19%

Urbanization rate (%) + 4.08%

Financial development level + 2.96%

Green development Industrial SO2 emissions (tons) − 0.34%

Industrial smoke/dust emissions (tons) − 0.57%

Industrial wastewater discharge (10,000 tons) − 0.66%

Harmless domestic waste treatment rate (%) + 0.55%

Centralized sewage treatment rate (%) + 0.53%

Open development Foreign trade dependency + 6.69%

Total import/export volume (10,000 yuan) + 15.46%

Export trade volume (million) + 14.55%

Shared development Per capita road area (m2) + 1.63%

Per capita Park green area (m2) + 0.86%

Fiscal education expenditure (million) + 8.27%

Social security/employment expenditure (million) + 6.28%

Healthcare/family planning expenditure (million) + 7.49%
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3.3.2 Entropy-weighted TOPSIS
The entropy-weighted TOPSIS method is a comprehensive 

evaluation technique integrating the entropy weight method and the 
TOPSIS method. The entropy weight method is used to determine 
the weight of each evaluation index, while the TOPSIS method is 
used to calculate the distance between each evaluation object and the 
ideal solution, so as to rank them. In this study, the entropy weight 
method was employed to determine the importance of each specific 
index of digital economy and high-quality development, so as to 
judge the importance of the index dimensions, to obtain the 
comprehensive index of digital economy and high-quality 
development of each prefecture-level city, and to analyze the process 
of spatial and temporal changes and trends.

To construct the digital economy index, this study employs the 
entropy-weighted TOPSIS method. First, the entropy method is 
applied to determine the objective weights of the selected indicators. 
Then, the weighted normalized decision matrix is obtained and used 
in the TOPSIS procedure. The relative closeness coefficient is 
calculated as:
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+ −
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iD  represent the Euclidean distances of each region 
iii to the positive and negative ideal solutions, respectively. A larger iC  
indicates a higher level of digital economy development. This approach 
is widely adopted in existing studies (Li et al., 2022) and provides a 
comprehensive evaluation of regional digital economy development.

3.3.3 Spatial autocorrelation
The global Moran’s I index is employed to detect spatial 

autocorrelation across the entire study area (Diniz-Filho et al., 2003). 
To capture the spatial dependence of regional economic development, 
this study applies both global and local Moran’s I indices. The global 
Moran’s I is defined in  Equation (1):
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(1)

where ix  represents the observed value of region i, x  is the mean 
of all observations, ijw  is the element of the spatial weight matrix W, 
n is the number of regions, and = ∗ ∗∑ ∑0 iji jS w . A significantly 
positive Moran’s I indicates positive spatial clustering, while a negative 
value suggests spatial dispersion. In addition, local Moran’s I is 
employed to identify specific clusters and spatial outliers at the 
regional level. These indices are widely used in spatial econometrics 
(Zhang et al., 2018). In this study, both global and local Moran’s I 
statistics are calculated for the digital economy index, high-quality 
economic development, and low-carbon economic development, and 
the results are presented in following section.

3.3.4 Coupling coordination degree model
The coupling coordination degree model is utilized to analyze the 

level of coordinated development between systems. Coupling degree 
(C) quantifies the dynamic correlation and interaction between two or 
more systems that mutually influence each other to achieve coordinated 
development (Chen S. et  al., 2023). It reflects the degree of 
interdependence and mutual constraint between these systems. The 
model mainly involves the calculation of three index values, which are 
coupling degree C, coordination index T value, and coupling 
coordination degree D value. The specific formulations are given in 
Equations (2)–(4). And finally combined with the coupling 
coordination degree D value and the coordination level classification 
standard, the final coupling coordination degree of each item is derived. 
This paper analyzes the coupling and coordination degree of digital 
economy and high-quality development, studies the development and 
change of the two, explains the internal mechanism of their synergistic 
development, can promote the formulation of policy differentiation, 
crack the problem of economic development imbalance, and promote 
the realization of multi-dimensional goals of high-quality development. 
Taking the binary coupling coordination model of digital economy and 
high-quality development as an example, the formula is as follows:

	
( )
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(2)

	 α β= +1 2T u u 	 (3)

	 = ×D C T 	 (4)

Where C is the coupling degree of digital economy and high-
quality development and D is the coupling coordination degree of 
digital economy and high-quality development. 1u  and 2u  represent 
the digital economic development index and high-quality 
development index. Respectively; α and β refer to the weights of the 
digital economic development index and the high-quality 
development index, respectively; this study assumes that the digital 
economy and high-quality development are equally important, so it is 
made that α = β = 0.5. The coupling coordination degree D value is 
generally taken in the range of 0–1, the larger the value indicates the 
higher degree of coordination of the two systems (Figure 1).

3.3.5 Spatial Durbin Model
In this study, the Spatial Durbin Model (SDM) is further specified 

according to the research objectives and dataset. The empirical model 
is expressed as:

	 ( )ρ β β θ θ µ λ ε= + + + + + + +1 2 1 2it it it it it it i t itY WY DE Z W DE Z

where itY  represents the level of high-quality economic 
development or low-carbon economic development in region i at time 
t; itDE  denotes the digital economy index; itZ  is a vector of control 
variables; W is the spatial weight matrix constructed based on 
geographical adjacency; ρ captures the spatial dependence of the 
explained variable; θ1 and θ2 measure the spatial spillover effects of the 

https://doi.org/10.3389/fclim.2025.1670360
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Han and Zheng� 10.3389/fclim.2025.1670360

Frontiers in Climate 07 frontiersin.org

explanatory and control variables, respectively; µi and λt  are region 
and time fixed effects; and εit  is the random error term. Compared 
with SLM and SEM, the SDM model is more appropriate for this study, 
as it not only considers the spatial dependence of the explained 
variable but also incorporates the spatial spillover effects of explanatory 
variables. This allows for a more comprehensive investigation of how 
the digital economy influences both local and neighboring regions’ 
high-quality and low-carbon economic development.

This study sets two dependent variables: High-Quality 
Development (HQD) and Carbon Emissions (CE). The measurement 
of high-quality development is conducted through five dimensions, 
with specific indicators and methodologies detailed in Section 2.2.1. 
Carbon emissions are measured using data from the China Emission 
Accounts and Datasets (CEADs). The Digital Economy (DE) Index 
serves as the core explanatory variable. To reduce potential 
confounding factors and improve the accuracy and stability of the 
estimation, several control variables are included to minimize omitted 
variable bias. These control variables are: economic development level 
(PC GDP), industrial structure upgrading (ISS), government 
intervention (GOV), level of opening-up (OP), industrial structure 
characteristics (COIS), and urbanization level (UR). The empirical 
analysis is conducted using ArcGIS 10.8 and Stata MP17, with panel 
data from the cities of Guangdong Province spanning 2013–2022. 
Table 3 presents the descriptive statistics of the sample.

4 Results

4.1 Spatio-temporal evolutionary 
characteristics of the digital economy 
development and high-quality economic 
development in Guangdong Province

4.1.1 Digital economy development index 
spatio-temporal characteristics

The digital economy index for each year was computed utilizing 
the Entropy Weight TOPSIS method, with the findings illustrated in 

Figure  2. The data reveal that the digital economy index across 
Guangdong’s cities has exhibited a general rising trend, characterized 
by annual fluctuations, signifying a positive and vigorous development 
trajectory. Guangzhou and Shenzhen are classified as first tier cities, 
demonstrating accelerated expansion. By 2022, both cities had 
attained a significant level of development, indicating their robust 
digital infrastructure. This has established a robust framework for the 
digital transformation of sectors. As initial pioneers in China’s reform 
and opening-up, these cities have robust economic foundations and 
have rapidly modernized conventional industries in reaction to the 
digital economy surge, facilitating the development of novel business 
models. Furthermore, identified as pilot zones for the digital business, 
these locations enjoy advantageous policy frameworks, encompassing 
governmental backing via financial incentives and regulatory 
enhancements in data security and privacy protection, which have 
bolstered market confidence. Their strategic position inside the central 
region of the Guangdong-Hong Kong-Macao Greater Bay Area, with 
proximity to the South China Sea, enhances industrial advancement, 
cross-border interaction, and pragmatic cooperation. The secondary 
tier comprises cities including Foshan, Dongguan, Zhuhai, 
Zhongshan, Huizhou, Shantou, and Jiangmen. Despite their initial 
developmental delay compared to Guangzhou and Shenzhen, these 
cities have achieved considerable advancements in digital economy 
development by 2022, significantly improving local industry 
digitalization with considerable growth potential. These regions have 
profited from the spillover effects of the Guangzhou-Shenzhen-Hong 
Kong-Macao Science and Technology Innovation Corridor, where the 
digital economy’s expansion in Guangzhou and Shenzhen has 
expedited local industrial development. Moreover, local governments 
have proactively facilitated this transformation by instituting a series 
of experimental projects designed to advance the digitalization of 
conventional businesses. Conversely, places like as Maoming and 
Yunfu remain in the lower tier, characterized by fragile digital industry 
foundations and slow index growth. In recent years, their digital 
economy development has been unimpressive however demonstrates 
a gradual upward trajectory. These areas are primarily hilly, 
characterized by intricate terrain and challenging transportation, 

FIGURE 1

Study area scope.
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which leads to higher costs and greater difficulty in building digital 
infrastructure. Their economy mostly relies on agriculture, resource-
based industries, and low-end manufacturing, where tiny firms 
frequently lack the financial means and technological capabilities for 
sophisticated advancements. Moreover, the spillover of the digital 
economy from developed cities like Guangzhou and Shenzhen 
predominantly benefits adjacent cities such as Dongguan and 
Huizhou, resulting these less developed regions with limited capacity 
to absorb and leverage digital industry expansion.

The digital economy index for the years 2013, 2018, and 2022 was 
illustrated using ArcGIS, with the results presented in Figure 3. The 
chart illustrates that the regions exhibiting the highest levels of digital 
economy development are continually concentrated in the Pearl River 
Delta. In eastern Guangdong, the majority of cities demonstrate 
comparatively elevated digital economy indices, with the exception of 
Shanwei. Conversely, northern and western Guangdong have 
consistently low levels of digital economy development, characterized 
by sluggish rise in index values over time. The swift advancement of 
the digital economy in the Pearl River Delta is chiefly ascribed to its 
position as China’s central manufacturing center, characterized by a 
comprehensive industrial chain and a well-established supply system. 
This industrial foundation offers numerous application scenarios for 
digital transformation, expediting the incorporation of digital 
technology into conventional sectors. Furthermore, both national and 
Guangdong province governments have implemented a range of 
supportive policies aimed at fostering digital economy growth, leading 
to a more optimized strategic layout for the region’s digital progress.

A Global Moran’s I analysis was performed and presented, as 
shown in Figure 4, to investigate the spatial agglomeration of the 
digital economy in Guangdong Province. The findings demonstrate 
that from 2013 to 2022, the Moran’s I values constantly exceeded zero, 
indicating a positive spatial autocorrelation in the advancement of the 
digital economy throughout the province. The Z-scores exhibit an 
early increase followed by a subsequent decrease. Between 2013 and 
2020, the Z-scores rose, indicating a phase of heightened spatial 
agglomeration characterized by the concentration of resources and 
digital economic activities in the Pearl River Delta region. At this level, 
core-periphery polarization was notably prominent. Subsequent to 
2020, the Z-scores commenced a fall, signifying a diminishment in the 
importance of geographical grouping. The data distribution grew 
increasingly randomized, and spatial reliance decreased. This pattern 
indicates a progressive diminishment of regional differences in 

Guangdong’s digital economy. The execution of programs advocating 
industry migration and infrastructure improvement has begun to 
strengthen formerly poor regions, indicating preliminary progress in 
encouraging coordinated regional development.

To further identify the specific spatial clusters of digital economy 
development in Guangdong Province, a Local Moran’s I analysis was 
conducted on the digital economy index, with representations generated 
for the years 2013, 2018, and 2022, as shown in Figure 5. The findings 
indicate that the “High-High” clusters are regularly situated in Dongguan, 
signifying that the city possesses a significant level of digital economy 
growth and is encircled by comparably advanced bordering cities. This 
phenomenon is chiefly attributable to Dongguan’s status as a significant 
center for China’s electronic information manufacturing sector, 
accommodating prominent companies like Huawei and OPPO. The city 
advantages from a robust industrial agglomeration effect, and its 
closeness to Guangzhou and Shenzhen allows it to assimilate spillover 
resources from these core digital economy hubs, thereby enhancing 
regional industrial linkages. Moreover, Dongguan possesses extensive 
policies and infrastructure that facilitate its significant digital economic 
growth. Huizhou is classified as a “Low-High” cluster, indicating that 
despite its proximity to Shenzhen, it has not completely used the spillover 
benefits from the core cities. The industrial framework is predominantly 
characterized by conventional manufacturing, and the pace of digital 
transformation has been comparatively sluggish. The “Low-Low” clusters 
have shifted from Meizhou to Maoming in recent years. These regions 
are marked by intricate topography and inadequate infrastructure, 
resulting in comparatively worse economic conditions. Consequently, 
they possess restricted capacity to absorb industrial spillovers from 
Shenzhen and Guangzhou, resulting in consistently modest degrees of 
digital economy development. Furthermore, the adjacent regions 
likewise display comparably poor digital economy indices, creating a 
concentrated development zone of underdevelopment.

4.1.2 High-quality development index 
spatio-temporal characteristics

Similarly, the High-Quality Development Index of Guangdong 
Province was computed utilizing the Entropy Weight TOPSIS 
method, and the findings were illustrated in Figure 6. The results 
indicate a pattern of polarization in high-quality development 
throughout the province. Shenzhen distinguishes itself with a 
markedly elevated baseline and accelerated development, asserting 
its position as the unequivocal leader in Guangdong. The city has 

TABLE 3  Descriptive statistics of variables.

Variable Describe Unit Mean Std. dev.

Comprehensive index calculated from Table 2 indicators Composite index (Section 3.1) – 0.1629 0.1562

Carbon emissions (CE) CO2 emissions (CEADs) Million tons 0.2393 0.1801

Comprehensive index calculated from Table 1 indicators Composite index (Section 3.2) – 0.1104 0.1453

Per Capita GDP (PGGDP) GDP per capita Millions RMB 0.0629 0.036

Industrial structure supererogation (ISS) Value added of tertiary sector as a share of GDP % 0.4736 0.0753

Government (GOV) Fiscal expenditure as a share of GDP % 0.1705 0.0709

Level of Opening-up (OP) FDI as a share of GDP % 0.4537 0.459

Characteristic of industrial structure (COIS)
Value added of the secondary sector as a share of 

GDP
% 0.4326 0.0884

Urbanization ratio (UR) Urbanization rate % 0.6386 0.1934
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FIGURE 2

Digital economy development index trends in Guangdong Province.

FIGURE 3

Guangdong digital economy index spatial distribution characteristic.
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cultivated a vibrant, enterprise-driven innovation ecosystem and is 
ranked among the national leaders in R&D and technological 
innovation. The government not only offers preferential support to 
industry-leading firms but also actively fosters small and medium-
sized enterprises. Shenzhen leads China in foreign trade volume and 
possesses significant worldwide talent attraction capabilities, 
establishing itself as a hub for international talent and a pivotal 
participant in global resource allocation. The Pearl River Delta 
region, propelled by Shenzhen, demonstrates a substantial 
development base and rapid growth rate, resulting in a high-quality 
development urban cluster in recent years. This progress is 
attributable not just to Shenzhen’s leadership but also benefits from 
the region’s open economy and its strategic position in enhancing 
integration with Hong Kong and Macao via diverse collaboration 
platforms. The Pearl River Delta exhibits advanced urban governance, 
marked by significant accomplishments in smart city initiatives, 
extensive utilization of new energy vehicles, and a comprehensive 
promotion of green structures, establishing national benchmarks. 
Conversely, several areas in Guangdong have had comparatively 
mediocre results in high-quality development. Geographic location 
and underlying infrastructure constraints have hindered their 
capacity for quick expansion, leading to stasis in their pursuit of high-
quality growth.

The High-Quality Development Index for 2013, 2018, and 2022 is 
illustrated in Figure 7. The maps demonstrate that, over time, the 
overall level of high-quality development in Guangdong Province has 
shown an upward trajectory, with the index values rising throughout 
the province. The spillover impact of the Pearl River Delta has led to 
an increase high-quality development indices across all prefecture-
level cities; yet, the growth rate exhibits considerable regional 
variation. Specifically, Yunan City (Yunfu) has undergone exceedingly 
sluggish expansion. The city’s sluggish development is primarily 
attributable to its geographic constraints, as over 90% of Yunfu’s land 
area is mountainous, hence providing minimal flat terrain for 
industrial development and urban expansion. The elevated expenses 
of transportation and logistics further constrain its industrial 
configuration and urbanization process. Moreover, Yunfu’s industrial 
framework is significantly reliant on conventional resource-based 
sectors, including stone processing and sulfur chemical 

manufacturing. These industries are defined by minimal technological 
sophistication and are progressively governed by environmental 
restrictions, leading to comparatively poor economic output.

To further analyze whether high-quality development in 
Guangdong Province exhibits spatial correlation, the Global Moran’s I 
was computed and illustrated, as depicted in Figure  8. The results 
demonstrate that the Moran’s I values for high-quality development 
continuously exceed zero, indicating the existence of a positive spatial 
clustering effect. Nonetheless, the Moran’s I values have progressively 
diminished over the years, signifying a transition from concentrated to 
more dispersed growth patterns, accompanied by a greater coordination 
of regional development. In recent years, Guangdong Province has 
vigorously advocated for equitable development across its eastern, 
western, and northern. Efforts to reduce the economic disparity 
between the Pearl River Delta and other regions have been undertaken 
through industrial relocation, infrastructure investment, and policy 
support. The distribution of rising industries has grown more equitable, 
no longer confined to places like Shenzhen and Guangzhou, but 
extending to regions such as Zhuhai and Foshan. The reduction in the 
Moran’s I values signifies both the effects of intentional policy 
interventions but also the outcomes of market-driven changes, fostering 
a more balanced regional development environment (Figure 9).

The consistently positive Global Moran’s I values for high-quality 
development indicate broad spatial association; thus, a Local Moran’s 
I analysis was performed to pinpoint the clustering patterns of high-
quality development throughout Guangdong Province. The outcomes 
for 2013, 2018, and 2022 are visualized in figure. The results indicate 
that the “High-High” clusters of superior development have persistently 
been centered in the Pearl River Delta region. However, Huizhou has 
transitioned from a “High-High” cluster to a “Low-High” cluster 
throughout time. In recent years, Guangzhou and other principal cities 
have enacted regional coordination plans to mitigate the developmental 
disparity between the Pearl River Delta and non-Delta regions. As a 
peripheral city of the Pearl River Delta, Huizhou initially profited from 
the spillover effects of neighboring high-growth cities. Nonetheless, the 
implementation of industrial relocation and spatial spillover strategies 
from Guangzhou and Shenzhen has resulted in certain regions of 
Huizhou failing to fully align with the new developmental momentum, 
causing a decrease in the overall intensity of high-quality development 
and leading to the emergence of the “Low-High” clustering pattern. By 
2022, the “Low-Low” clusters have shifted from encompassing both 
Meizhou and Maoming to exclusively covering Maoming. This 
transition signifies that Meizhou has progressively attained enhanced 
regional coordination with its surrounding areas. Influenced by 
targeted regional development policies, Meizhou has advanced in 
infrastructure construction and industrial development due to targeted 
regional development plans, achieving a more balanced growth state, 
and is no longer being part of a substantial low-level cluster.

4.2 Coupling coordination analysis 
between the digital economy and 
high-quality development

According to the study by Qi et  al. (2022), the coupling 
coordination degree (D value) is classified into 10 stages, spanning 
from severe imbalance to high-quality coordination, as illustrated in 
Table 4. A greater D value signifies an improved degree of coupling 

FIGURE 4

Guangzhou Province’s digital economy global Moran’s I trends.
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FIGURE 5

Local Moran’s I analysis of digital economy development in Guangdong Province across 2013, 2018, and 2022.

FIGURE 6

High-quality development trends in Guangdong Province.
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coordination. Based on this classification, the coupling coordination 
analysis between the digital economy and high-quality development 
in Guangdong Province was performed using SPSS AU software, with 
the results displayed in Table 5.

From the standpoint of spatial–temporal variations in coupling 
coordination, the D values of Guangdong Province exhibited a 

fluctuating but predominantly stable tendency at a reasonably elevated 
level between 2013 and 2022. The Pearl River Delta region had 
markedly elevated D values, with Shenzhen and Guangzhou routinely 
achieving the “quality coordination” level (D > 0.9), signifying a 
mature and steady integration between digital economy advancement 
and high-quality growth. Conversely, some regions demonstrated 
diminished coupling coordination levels, predominantly classified as 
“barely coordinated” to “moderately uncoordinated.” For instance, 
Meizhou, Maoming, and Yunfu exhibited persistently low D values, 
frequently below 0.2, remaining at the “seriously uncoordinated” level. 
Cities such as Zhuhai, Zhongshan, and Huizhou fluctuated between 
“on the verge of uncoordinated” and “barely coordinated,” indicating 
disparities in regional growth.

The Pearl River Delta has continually exhibited a high level of 
coupling coordination, attributable to factors such as its industrial 
structure, policy backing, developmental foundation, and geographical 
advantages. The region’s abundant resources and a strategic location 
have cultivated a beneficial cycle among digital economy growth, 
infrastructure enhancement, and comprehensive regional 
advancement, allowing it to achieve a leading level of coupling 
coordination. In contrast, the regions of northern, western, and 
eastern Guangdong have consistently exhibited lower levels of 
cooperation. This is likely attributable to their designation as 
economically underdeveloped areas within the province, characterized 
by inadequate digital infrastructure and comparatively low levels of 

FIGURE 7

Guangdong high-quality development index spatial distribution characteristic.

FIGURE 8

Guangdong high-quality development global Moran’s I trend chart.
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industrial development. Shantou, previously designated as “on the 
verge of coordination” in 2013, has subsequently regressed to the 
“seriously uncoordinated” classification. This downturn is mostly due 
to compounding problems, such as repeated infrastructure 
deficiencies, unbalanced industrial development, increasing regional 
competition, and a lack of effective policy synergy. Overall, the spatial 
pattern reveals a “core-periphery” distinction, with the Pearl River 
Delta serving as the core area of high coordination, but eastern, 
western, and northern Guangdong continue to fall behind in the 
integration of digital economy development with broader socio-
economic advancement. This regional gap underscores the pressing 
necessity for governmental interventions to foster equitable digital 
transformation throughout the province.

4.3 Empirical analysis of digital economy 
and high-quality development and carbon 
emissions based on SDM

This work utilizes the Spatial Durbin Model (SDM) for empirical 
analysis to quantitatively evaluate the influence of digital economy 
development on high-quality development and carbon emissions in 
Guangdong Province, while also investigating its spatial spillover 
effects. The SDM facilitates the analysis of both direct effects and 
indirect effects, also known as spatial spillovers, which reflect the 

influence on adjacent cities. This offers an in-depth comprehension of 
the relationships among the digital economy, regional high-quality 
development, and carbon emissions. This study constructs two 
distinct regression models, with high-quality development and carbon 
emissions serving as the dependent variables, respectively. This 
facilitates a comparative investigation of the digital economy’s impact 
on both results and the variations in regional effects. The findings of 
this analysis will elucidate the complex role of the digital economy in 
fostering sustainable development, providing empirical support for 
the synchronized progression of green and high-quality growth.

FIGURE 9

Local Moran’s I analysis of high quality development in Guangdong Province across 2013, 2018, and 2022.

TABLE 4  Coupling and coordination hierarchy.

D value Coordination 
level

D value Coordination 
level

(0,0.10]
Extremely 

uncoordinated
(0.50, 0.60] Barely coordinated

(0.10, 0.20]
Seriously 

uncoordinated
(0.60, 0.70] Slightly coordinated

(0.20,0.30]
Moderately 

uncoordinated
(0.70,0.80]

Moderately 

coordinated

(0.30, 0.40] Slightly uncoordinated (0.80, 0.90] Well coordinated

(0.40, 0.50]
On the verge of 

uncoordinated
(0.90, 1.00] Quality coordination
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TABLE 5  The coupling coordination degree between digital economy development and high-quality development in Guangdong.

Variable Region 2013 2016 2019 2022

C Guangzhou 0.974 0.995 0.996 0.997

T 0.624 0.641 0.651 0.599

D 0.779 0.799 0.806 0.773

C Shenzhen 1 1 1 1

T 0.99 0.99 0.99 0.99

D 0.995 0.995 0.995 0.995

C Zhuhai 0.923 0.937 0.957 0.944

T 0.216 0.195 0.173 0.142

D 0.446 0.428 0.407 0.366

C Dongguan 1 0.998 1 1

T 0.394 0.406 0.409 0.347

D 0.628 0.637 0.639 0.589

C Foshan 0.988 0.999 1 0.999

T 0.314 0.297 0.285 0.275

D 0.557 0.544 0.534 0.524

C Zhongshan 1 1 0.999 0.994

T 0.2 0.188 0.171 0.137

D 0.447 0.434 0.413 0.369

C Huizhou 0.974 0.98 0.995 0.999

T 0.17 0.17 0.155 0.138

D 0.406 0.408 0.392 0.371

C Shantou 0.996 0.999 0.994 0.987

T 0.106 0.09 0.083 0.082

D 0.325 0.299 0.288 0.285

C Jiangmen 0.996 1 0.999 1

T 0.129 0.118 0.119 0.108

D 0.359 0.344 0.344 0.329

C Zhanjiang 0.988 1 0.998 0.997

T 0.052 0.05 0.056 0.051

D 0.227 0.224 0.236 0.226

C Zhaoqing 0.947 0.912 0.971 0.995

T 0.087 0.074 0.056 0.047

D 0.288 0.259 0.233 0.216

C Meizhou 0.99 0.938 0.949 0.963

T 0.041 0.039 0.037 0.033

D 0.2 0.192 0.188 0.178

C Maoming 0.993 0.999 0.993 0.986

T 0.036 0.038 0.043 0.037

D 0.189 0.196 0.206 0.19

C Yangjiang 1 1 0.969 0.975

T 0.033 0.024 0.027 0.029

D 0.181 0.155 0.162 0.169

(Continued)
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4.3.1 Spatial spillover effects of the digital 
economy on high-quality development

To assess the presence of spatial effects exist in the data and to 
inform further model selection, LM tests, Wald tests, and LR tests 
were conducted following the procedure outlined by Halleck Vega and 
Elhorst (2015). As shown in Table 6, the preliminary diagnostic tests 
(LM tests) all passed at a significance level of p = 0.000, implying that 
employing a Spatial Durbin Model (SDM) is appropriate. Additional 
validation via Wald and LR tests also supports the utilization of the 
SDM. The Wald-SAR, Wald-SEM, LR-SAR, and LR-SEM tests were all 
statistically significant (p < 0.01), hence eliminating the likelihood of 
the model devolving into a Spatial Autoregressive Model (SAR) or 
Spatial Error Model (SEM). A subsequent Hausman test demonstrated 
that fixed effects are preferable to random effects, resulting to the 
rejection of the random effects hypothesis in favor of the fixed effects 
specification. Ultimately, LR tests for both individual fixed effects 
(p = 0.0000) and time fixed effects (p = 0.0000) were significant, 
supporting the use of a two-way fixed effects model. Consequently, the 
empirical study eventually employs a SDM with both person and 
temporal fixed effects.

Firstly, this study investigates the direct influence of the digital 
economy on high-quality development. The regression results in 
Table 7 indicate that the digital economy exerts a considerable positive 
effect on high-quality development within the local region 
(coefficient = 0.4837, p < 0.01). This signifies that the expansion of the 
digital economy significantly fosters high-quality economic 
development by expediting the movement of resources and production 
factors, enabling product and service enhancements, and bolstering 

economic resilience. These processes generate new catalysts for growth 
that facilitate the transition to high-quality development. However, the 
regional spillover effect of the digital economy on adjacent regions is 
markedly negative (coefficient = −0.5751, p < 0.01). This indicates that 
although the digital economy promotes local development, it may 
exacerbate regional disparities in resource distribution. Specifically, 
the concentration of technology and skill in central regions frequently 
results in a polarized development pattern of “core innovation versus 
peripheral support.” Consequently, adjacent regions encounter 
difficulties including inadequate technical dissemination and talent 
exodus, resulting in low-end industrial lock-in that hampers their 
potential for high-quality growth. Subsequent study of both direct and 
indirect effects indicates that the direct effect of the digital economy 
on high-quality development is markedly positive (coefficient = 0.4922, 
p < 0.01). The digital economy promotes the shift to a greener 
economy by replacing high-energy, high-pollution industries with 
advanced technology sectors, hence fostering high-quality 
development. However, the indirect effect is significantly negative 
(coefficient = −0.5874, p < 0.01), suggesting that industrial upgrading 
in core locations may result in the migration of traditional industries 
to adjacent regions. Consequently, peripheral regions are encumbered 
by energy-intensive, low-value businesses, leading to adverse spatial 
spillover effect that exacerbate regional development disparities.

The outcomes for the control variables are as follows. Economic 
development level (PCGDP) exerts considerable positive direct effects 
(coefficient = 1.4585, p < 0.01) and indirect effects 
(coefficient = 3.7192, p < 0.01) on high-quality development. This 
indicates that economic expansion fosters local high-quality 

TABLE 5  (Continued)

Variable Region 2013 2016 2019 2022

C Qingyuan 0.945 0.989 0.969 0.972

T 0.051 0.036 0.043 0.04

D 0.219 0.189 0.203 0.197

C Shaoguan 0.993 0.999 0.976 0.982

T 0.044 0.032 0.033 0.026

D 0.208 0.179 0.18 0.16

C Jieyang 0.895 0.974 0.959 0.925

T 0.048 0.047 0.062 0.063

D 0.207 0.215 0.244 0.241

C Shanwei 0.78 0.92 0.976 0.978

T 0.027 0.016 0.017 0.017

D 0.144 0.123 0.13 0.129

C Chaozhou 0.997 0.976 0.973 0.943

T 0.053 0.026 0.029 0.028

D 0.229 0.159 0.168 0.163

C Heyuan 0.896 0.929 0.896 0.984

T 0.025 0.028 0.029 0.024

D 0.149 0.162 0.162 0.154

C Yunfu 0.786 0.853 1 1

T 0.026 0.021 0.01 0.01

D 0.143 0.134 0.1 0.1
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development and produces beneficial spatial spillovers to adjacent 
regions. A plausible reason is that regional economic expansion may 
enhance the flow of digital elements and computational resources, 
promoting a beneficial cycle of dual circulation both internally and 
externally among areas. Carbon emissions (CE) exert a substantial 
adverse direct impact on high-quality development 
(coefficient = −0.0503, p < 0.1), although the indirect effect is not 
statistically significant (coefficient = −0.0069, p > 0.1). This suggests 
that increased carbon emissions, which are frequently associated with 
wide development models and low-end industrial activity, harm local 
high-quality development while having little impact on nearby regions 
Industrial structure upgrading (UPI) exhibits no notable direct effect 
(coefficient = −0.0053, p > 0.1), nevertheless, the indirect effect is 
significantly negative (coefficient = −0.4844, p < 0.01). This outcome 
indicates systemic disparities in regional development. The suppressive 
geographical impact may arise from the concentration of advanced 
industries in core areas, restricting industrial upgrading prospects in 
peripheral regions. Government intervention (GOV) exhibits a 
notable positive direct influence on high-quality development 
(coefficient = 0.0919, p < 0.05), although the indirect effect is not 
significant (coefficient = 0.3607, p > 0.1). This suggests that local 
government actions, such as resource allocation, policy incentives, 
and institutional innovation, can effectively improve high-quality 
development within the region but may have limited spatial spillovers. 
Openness to the outside world (OP) demonstrates a notable positive 
direct effect (coefficient = 0.0613, p < 0.01), although the indirect 
effect is not significant (coefficient = −0.0488, p > 0.1). This discovery 
indicates that openness, by drawing foreign technology, capital, and 
sophisticated management methods, can successfully propel local 
industrial advancement and institutional innovation, optimizing 
resource allocation and improving total factor productivity. 
Nonetheless, the spatial spillover to adjacent regions 
remains constrained.

4.3.2 Spatial spillover effects of the digital 
economy on carbon emissions

Table 8 presents the findings of the spatial spillover analysis of the 
digital economy on carbon emissions. Prior to estimate, a number of 
spatial correlation and model specification assessments were 

performed. The outcomes of the LM error test, Robust LM error test, 
and Robust LM lag test all passed at the 1% significance level, 
signifying substantial spatial dependency in the data. Moreover, the 
Wald and LR tests invalidated the null hypotheses of simplification to 
SAR or SEM models, hence endorsing the application of the Spatial 
Durbin Model (SDM). The Hausman test results demonstrated that a 
fixed-effects model is suitable, with both individual and time fixed-
effects validated as significant by the LR tests. Consequently, a 
two-way fixed-effects SDM was employed for the empirical research.

As shown in Table 9, the digital economy (DE) has a significant 
negative direct effect on carbon emissions (CE) (coefficient = −0.2012, 
p < 0.05), indicating that the development of the digital economy 
contributes to carbon emission reduction within the local region. This 
suggests that digital technologies may help restructure traditional 
production models and improve energy efficiency, thereby reducing 
carbon output. However, the spatial spillover effect of the digital 
economy on carbon emissions is not significant (coefficient = −0.9089, 
p > 0.1). Both the direct effect (coefficient = −0.1662, p > 0.1) and the 
indirect effect (coefficient = −0.2759, p > 0.1) in the spatial lag term 
are statistically insignificant. This result indicates that the digital 
economy’s impact on carbon emissions remains largely localized, with 
limited influence on neighboring regions.

Regarding the control variables, high-quality development (HQD) 
has a significant negative direct effect on carbon emissions 
(coefficient = −0.3396, p < 0.05), while the indirect effect is not 
significant (coefficient = −0.6981, p > 0.1). This indicates that 
improvements in high-quality development can help reduce local 
carbon emissions through mechanisms such as industrial upgrading, 
technological advancement, and institutional innovation. However, 
no significant spatial spillover effect is observed. Economic 
development level (PGDP) shows a significant positive direct effect on 
carbon emissions (coefficient = 1.6970, p < 0.01), as well as a 
significant positive indirect effect (coefficient = 14.0427, p < 0.01). 
This suggests that during the industrialization process, economic 
expansion may lead to increased emissions due to lagging 
technological transformation and delayed industrial restructuring. 
Additionally, consumption upgrades associated with economic growth 
may also contribute to a rising carbon footprint. For industrial 
structure characteristics (IND), neither the direct effect 
(coefficient = 0.0288, p > 0.1) nor the indirect effect 
(coefficient = −0.2941, p > 0.1) is significant, indicating that the 
current industrial structure has a limited direct impact on carbon 
emissions within and across regions. Similarly, urbanization (UR) 
does not exhibit a significant impact on carbon emissions. Both the 
direct effect (coefficient = −0.1846, p > 0.1) and the indirect effect 
(coefficient = 1.5655, p > 0.1) are statistically insignificant, suggesting 
that the level of urbanization has not yet translated into measurable 
changes in regional carbon emission patterns. Finally, openness to the 
outside world (OP) also shows no significant effects on carbon 
emissions. Both the direct effect (coefficient = −0.0235, p > 0.1) and 
the indirect effect (coefficient = −0.1766, p > 0.1) are insignificant, 
implying that current levels of openness have not substantially 
influenced local or neighboring carbon emission levels.

To assess the adequacy of the sample size, we  conducted a 
simulation-based power analysis tailored to the Spatial Durbin Model 
(SDM). Using the empirical setting of our study (21 prefecture-level 
cities, 2013–2022, N × T = 210), we calibrated the data-generating 
process with effect sizes obtained from our baseline estimates: the 

TABLE 6  Results of the digital economy’s test of high-quality 
development.

Test Statistic p-value

LM-error 36.98 0.00

Robust LM-error 53.239 0.00

LM-Lag 52.095 0.00

Robust LM-Lag 68.354 0.00

Wald-SAR 61.88 0.00

Wald-SEM 64.14 0.00

LR-SAR 53.93 0.00

LR-SEM 54.18 0.00

Hausman test 0 0.00

LR test ind fixed-effects 31.46 0.00

LR test time fixed-effects 349.81 0.00
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digital economy’s impact on high-quality development (β = 0.4837) 
and on carbon emissions (β = −0.2012). The paper generated 1,000 
synthetic datasets under these parameter values, applied two-way 
fixed-effects SDMs with the same spatial weight matrix used in the 
empirical analysis, and calculated the proportion of replications in 
which the digital economy coefficient was statistically significant at the 
5% level. The results show that the available sample achieves a power 
of 93% for detecting the effect on high-quality development and 73% 
for detecting the effect on carbon emissions. Sensitivity checks with 
smaller effect sizes and varying spatial autocorrelation parameters 
yielded similar conclusions. These results confirm that the sample size 

in this study is sufficient to provide reliable statistical power for the 
main effects of interest.

5 Discussion and conclusion

The findings reveal that the digital economy has a significant and 
positive direct impact on both high-quality development and carbon 
reduction in Guangdong Province. This indicates a transformation in 
the region’s development model from the traditional pattern where 
economic growth came at the expense of environmental degradation, 
to an advanced model characterized by the coexistence of economic 
growth and environmental protection. A comparison of the impact 
coefficients shows that the digital economy’s influence on high-quality 
development is notably greater than its impact on carbon emissions. 
This outcome can be attributed not only to the inherently long-term 
and gradual nature of carbon reduction but also to specific regional 
factors in Guangdong. The province’s early-stage expansion of digital 
infrastructure has led to a situation where the growth of high-energy 
consumption has outpaced the substitution of green electricity. 
Additionally, the technological carbon reduction effects typically 
exhibit a time lag, resulting in short-term emission reductions being 
less pronounced than the economic growth facilitated by digitalization. 
Nevertheless, from a long-term perspective, the digital economy holds 
substantial potential to contribute to carbon reduction. Currently, 
policy priorities remain more focused on accelerating economic 
growth, making the drive toward high-quality development stronger. 
To fully harness the synergistic potential between the digital economy 
and low-carbon transition, it is essential to break existing constraints 
in energy systems and institutional mechanisms, thereby enhancing 

TABLE 7  Results of the SDM model of the digital economy for high-quality development.

Variable Coefficient Spatial Lag (Wx) Direct effect Indirect effect Total effect

DE
0.4837*** −0.5751 *** 0.4922*** −0.5874*** −0.0952

−20.06 (−2.91) −22.49 (−3.33) (−0.52)

PC GDP
1.4585*** 3.7192*** 1.4037*** 2.7895*** 4.1932***

−7.47 −3.62 −8.36 −3.15 −4.43

CE
−0.0503* −0.0069 −0.0489 0.0056 −0.0433

(−1.65) (−0.03) (−1.48) −0.03 (−0.21)

ISS
−0.0053 −0.4844*** 0.0024 −0.4235*** −0.4211**

(−0.22) (−2.98) −0.1 (−2.71) (−2.59)

GOV
0.0919** 0.3607 0.0787* 0.3101 0.3889

−2.35 −1.35 −1.72 −1.23 −1.51

OP
0.0613*** −0.0488 0.0622*** −0.0559 0.0063*

−9.64 (−1.02) −10.43 (−1.37) −0.15

rho
– – −0.2383 – –

– – (−0.91) – –

sigma2_e
– – 0.0001*** – –

– – −10.31 – –

Observations 210 210 210 210 210

date FE Yes Yes Yes Yes Yes

st FE Yes Yes Yes Yes Yes

Standard errors in parentheses: ***p < 0.01, **p < 0.05, *p < 0.1.

TABLE 8  Test results of the digital economy’s impact on high-quality 
development.

Test Statistic p-value

LM-error 8.184 0.004

Robust LM-error 16.079 0

LM-Lag 0.156 0.693

Robust LM-Lag 8.051 0

Wald-SAR 73.22 0

Wald-SEM 70.26 0

LR-SAR 59.99 0

LR-SEM 60.83 0

Hausman test 0 0

LR test ind fixed-effects 51.14 0

LR test time fixed-effects 812.93 0
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the mutual promotion of carbon reduction and digital economic 
development. For policymakers, the results highlight the importance 
of balancing the pursuit of rapid digital expansion with energy system 
reforms, ensuring that the benefits of digitalization can be translated 
into long-term carbon reduction. For regional governments in less-
developed areas, targeted digital infrastructure investment is essential 
to narrow the gap with the Pearl River Delta and to promote more 
balanced and coordinated development. For practitioners, especially 
in manufacturing and service industries, the study underscores the 
need to integrate digital technologies into production and 
management processes to achieve both efficiency gains and 
environmental benefits. Finally, for entrepreneurs and technology 
developers, the findings suggest significant opportunities in green 
digital innovations, such as smart energy management systems, 
low-carbon supply chains, and digital solutions for emission 
monitoring, which can enhance competitiveness while supporting 
sustainability goals.

Based on the construction of a comprehensive evaluation system 
for the digital economy and high-quality development, this study 
selects panel data from Guangdong Province at the city level from 
2013 to 2022. The main conclusions are as follows: (1) The overall 
development of the digital economy in Guangdong Province has 
steadily improved, with a notable acceleration after 2018, largely 
driven by macro-level policy initiatives. However, regional disparities 
remain, with the Pearl River Delta significantly ahead of other areas. 
(2) High-quality development across Guangdong Province has also 
improved, with the Pearl River Delta region experiencing the fastest 
growth. (3) The coupling coordination between the digital economy 
and high-quality development has generally improved, though 

regional differences persist, with the Pearl River Delta maintaining a 
higher level of coordination. (4) The digital economy exerts a 
significant and positive impact on both high-quality development and 
carbon reduction, indicating its dual role in promoting economic 
growth and environmental sustainability. However, its effect on high-
quality development is noticeably stronger than its effect on carbon 
emissions. This discrepancy is primarily due to the gradual nature of 
carbon reduction, regional policy biases, and uneven development, 
which make the short-term carbon reduction effect less evident than 
the economic growth effect.

Based on the above conclusions, the following policy 
recommendations are proposed: (1) Fully leverage the role of the 
Digital Economy in promoting High-Quality development and 
carbon reduction, and further strengthen R&D in digital technologies. 
Currently, the development level of the digital economy in eastern, 
western, and northern Guangdong lags behind. By increasing 
investment in digital economy R&D, it is possible to reinforce the 
core pathway through which the digital economy empowers high-
quality development. Targeted breakthroughs in the application of 
digital technologies for carbon reduction should be  clarified, 
gradually improving Guangdong’s regional economic structure and 
accelerating the development of new quality productive forces. (2) 
Promote balanced regional development by enhancing the spillover 
and driving effects of the Pearl River Delta, and mitigate the regional 
imbalance between the Pearl River Delta and other areas. The 
development gap among cities in Guangdong is the result of long-
term, multifaceted factors. To overcome this challenge, the key lies in 
breaking the one-way siphoning of resources. It is necessary to shift 
the role of eastern, western, and northern Guangdong from passive 

TABLE 9  SDM model results of the digital economy’s impact on high-quality development.

Variable Main Wx LR_Direct LR_Indirect LR_Total

DE
−0.2012** −0.9089 −0.1662 −0.2759 −0.4421

(−2.14) (−1.34) (−1.36) (−0.78) (−1.60)

HQD
−0.3396** −0.6981 −0.3303* −0.1734 −0.5038

(−2.05) (−0.56) (−1.78) (−0.30) (−1.03)

PC GDP
1.6970*** 14.0427*** 1.0583** 5.6350*** 6.6933***

−3.05 −4.42 −2.1 −4.51 −5.09

COIS
0.0288 −0.2941 0.0514 −0.1491 −0.0976

−0.47 (−0.75) −0.83 (−0.83) (−0.50)

Urbanization ratio
−0.1846 1.5655 −0.3197* 0.8772 0.5575

(−1.37) −1.33 (−1.68) −1.5 −1.13

OP
−0.0235 −0.1766 −0.0126 −0.0623 −0.0769

(−1.14) (−1.18) (−0.57) (−0.94) (−1.15)

rho
−1.4946***

(−4.54)

sigma2_e
0.0001***

−9.59

Observations 210 210 210 210 210

date FE Yes Yes Yes Yes Yes

st FE Yes Yes Yes Yes Yes

Standard errors in parentheses: ***p < 0.01, **p < 0.05, *p < 0.1.
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recipients of resource transfers to active participants in resource 
integration, thereby promoting balanced and coordinated 
development. (3) Enhance cross-regional policy connectivity to 
increase the Digital Economy’s contribution to carbon reduction. At 
present, policy coordination across cities remains limited. It is 
essential to strengthen inter-regional policy collaboration 
mechanisms, build a comprehensive data element circulation 
network, and optimize the spatial layout of green digital industries. 
This will help establish a fully integrated “digital-low carbon” 
development model across the entire province.
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