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Actively leveraging the advantages of digital technology in promoting carbon
equity development has provided a feasible solution for achieving ecological
common prosperity. Based on provincial panel data fromChina spanning 2013 to
2023, this study investigates the intricate impacts of digital technologies on
carbon equity utilizing fixed effects, mediation, and moderating models. The
benchmark regression results indicate that digital technology has a significant
positive effect on carbon equity, with heterogeneous effects across regions:
“middle region > western region > eastern region”. The mechanism effect study
indicates that digital technology can indirectly promote the realization of carbon
equity by reducing energy intensity and optimizing the energy structure. The
moderating effect study reveals that both energy intensity and energy structure
negatively moderate the relationship between digital technology on carbon
equity. The research findings extend the theoretical boundaries of how digital
technology can contribute to the construction of carbon equity, while providing
certain reference value for the implementation of ecological civilization
construction and the high-quality development of the “carbon neutrality”
strategy in a manner that suits local conditions.
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1 Introduction

The international community has gradually reached a consensus that achieving carbon
emission reduction is a core measure for alleviating global warming and maintaining the
stability of the Earth’s ecosystem (Tian et al., 2021). Effective carbon reduction requires
simultaneous progress in both the “carbon quantity reduction” and “carbon equity” goals.
Nevertheless, current research and policy implementation have predominantly emphasized
quantitative targets while largely overlooking the critical dimension of carbon equity
development. Carbon equity, a concept originated from the theory of environmental
justice theory (Zhang and Huang, 2023), emphasizes the fair distribution of carbon
emission rights and responsibilities, aiming to ensure that entities such as countries,
regions, enterprises, and individuals, in the process of responding to climate change, follow
specific fair principles. They should not only bear a reasonable share of carbon emissions but
also enjoy balanced development opportunities (Jia, 2023; Lin and Zhao, 2023). From 2013 to
2022, the average value of the overall Gini coefficient of China’s carbon emission intensity was
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approximately 0.291, indicating persistent and significant
distributional imbalances. The uneven distribution of consumption,
wealth and income allocation (Tian et al., 2025a), as well as the
financial situation of the elderly and their lifestyles related to direct
and indirect energy consumption, has resulted in an inequitable
allocation of carbon emission responsibilities across socioeconomic
groups. This disparity significantly exacerbates existing inequalities.
Carbon equity plays an important role in achieving fair and just climate
mitigation (Hubacek et al., 2017) and ecological common prosperity.
From an international perspective, advancing carbon equity enables
developed nations to exercise leadership in climate governance while
fostering global collaboration in green technology transfer and low-
carbon industrial transformation. This approach not only stimulates
economic revitalization but also enhances their international
reputation as responsible climate actors. For developing countries,
carbon equity enables them to obtain technological sharing and
financial support, helping them break away from traditional high-
carbon development paths and accelerate the transition to a green and
sustainable model, achieving global collaborative emission reduction
and mutual benefit (Wang et al., 2021).

Therefore, scholars have actively explored how to measure and
promote carbon equity. First, in terms of measurement and
evaluation, existing studies predominantly employ fundamental
principles including economic capacity, responsibility sharing,
interpersonal equity, and ecological justice. These studies typically
utilize statistical metrics such as the Gini coefficient (Zhu et al., 2020),
Theil index (Tian et al., 2021), and Kakwani index (Seriño, 2020) to
quantitatively assess emission distribution fairness (Zhang and
Huang, 2023). However, such studies often focus on exploring the
construction of fair and efficient distribution plans and lack empirical
research that conducts quantitative tests to analyze their driving
mechanisms. Therefore, based on the research of scholars Liu and
Xu (2024), this study constructs a comprehensive carbon fairness
indicator evaluation system by comprehensively considering aspects
such as carbon emission responsibility, carbon reduction potential,
carbon reduction capacity, and carbon emission economic efficiency.
Secondly, scholars have pointed out that measures such as rational
allocation of carbon emission responsibilities (Wang and Lin, 2023),
narrowing the income gap among residents (Wu and Chen, 2023),
and establishing differentiated carbon pricing mechanisms (Fan et al.,
2023) are effective ways to promote the construction of carbon equity.
However, despite these insights, research on the role of digital
technologies in facilitating carbon equity remains notably
underdeveloped.

We are in the wave of the digital age, digital technology is like a
powerful torrent, profoundly reshaping every level of the social
economy (Wang et al., 2024), digital technology may play a
significant role in facilitating the construction of carbon equity.
Firstly, within the energy sector, digital technologies contribute to
the advancement of smart grids, allowing for accurate energy
distribution and efficient usage by leveraging real-time data
monitoring and analysis capabilities (Pettifor and Wilson, 2020;
Huang and Chen, 2024). They minimize energy transmission
losses and wastage, effectively cutting down carbon emissions, and
thereby enhancing the efficiency of carbon distribution. Secondly, in
industrial manufacturing, digital production technologies and
intelligent manufacturing systems optimize production efficiency
and energy productivity through precise control of material and

energy inputs (Li et al., 2025; Wu et al., 2023). These technological
advancements significantly reduce per-unit carbon footprints while
ensuring equitable carbon quota allocation among competing
enterprises. Thirdly, in the field of transportation, digital platforms
integrated with intelligent transportation systems enable optimized
traffic flow management, enhance intelligent operation of new energy
vehicles, and facilitate innovative shared mobility solutions (Buhe and
Chen, 2021). These technological integrations provide an effective
pathway for reducing carbon emissions in transportation systems.
Finally, in the operation of enterprises, the deep integration of digital
technology with the industrial structure creates new opportunities for
the innovation efficiency of high-tech enterprises to soar (Li et al.,
2022), and helps enterprises achieve low-carbon innovation and
carbon reduction. Digital technology has fully permeated the entire
chain of enterprises’ products, services and production and operation
(Yuan and Gao, 2022), which not only can enhance innovation
performance and competitiveness, but also can prompt enterprises
to incorporate environmental protection and sustainable
development into their economic goals. Through the application of
low-carbon technologies and process optimization, emissions can be
reduced, ultimately facilitating the realization of carbon equity.

While digital technology demonstrates significant theoretical
potential for advancing carbon equity, its practical efficacy remains
insufficiently examined through empirical research. Consequently, a
pertinent question arises: Can digital technologies facilitate the
attainment of carbon equity? If so, what are the transmission
mechanisms through which digital technologies impact on carbon
equity? Additionally, given the regional heterogeneity within China,
this study examines whether digital technologies demonstrate
differential effects on carbon equity across regions. This study
endeavors to address these questions, investigate the effects of
digital technologies on carbon equity, elucidate the unique role of
digital technologies in this realm, and offer insights to inform the
development of tailored policies. Such efforts will contribute to both
theoretical research and practical exploration of global climate
governance and sustainable development. In conclusion, current
research on digital technology and carbon equity reveals three
critical gaps. Firstly, the profound relationship between digital
technology and carbon equity has received limited attention, leading
to a dearth of empirical evidence. Secondly, existing studies examining
the impact mechanisms of digital technologies on carbon equity have
largely overlooked the mediating role of energy transition. Thirdly,
considering the network characteristics inherent in digital technology
within the digital economy, further discussion is required regarding the
regulatory effects between digital technology and carbon equity.

This study, differing from prior research, intends to explore in
greater depth the complex influence of digital technology on carbon
equity, presenting three marginal contributions. First, this study
establishes an innovative link between digital technology and carbon
equity, delving into their deep-seated connection and broadening the
horizons of digital carbon reduction research. Second, from an energy
transition perspective, this study investigates the mechanisms by which
digital technology influences carbon equity through dimensions such as
energy intensity and structure. It offers theoretical underpinning for
comprehending the efficacy of digital technology in advancing carbon
equity. Third, given the significant heterogeneity across different
regions, it is imperative to explore the differentiated moderating
effects between digital technology and carbon equity.

Frontiers in Environmental Science frontiersin.org02

Zhang et al. 10.3389/fenvs.2025.1593632

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1593632


The structure of the rest of this study is outlined as follows: In
the second section, we will elaborate on the theoretical framework
and the research hypotheses formulated in this investigation. The
third section outlines the model construction, measurement of
relevant variables, data sources, and provides descriptive
statistics. The fourth section offers a thorough examination of the
empirical findings. Lastly, we present the research conclusion, policy
implications, and future directions of this study.

2 Mechanism analysis and research
hypothesis

2.1 Direct influence mechanism and
research hypothesis

The core issue to realizing carbon equity is emission reduction
sharing, which includes two parts: carbon allocation and carbon
reduction. This study argues that the unique dynamic accuracy, full
penetration, and high transparency of digital technology can directly
affect the realization of carbon equity from the two aspects of carbon
allocation optimization and carbon emission reduction.

On one hand, drawing from the theory of digital carbon
management, digital technology can facilitate a rational carbon
allocation scheme and positively influence carbon equity. Firstly,
by enabling real-time monitoring and verification of emissions data,
these technologies ensure data comprehensiveness and reliability
(Zhang et al., 2022; Qing et al., 2024). This capability establishes a
robust foundation for precise responsibility allocation in emission
reduction efforts. Secondly, by leveraging big data analytics, digital
technology can accurately quantify carbon emissions across regions,
industries, enterprises, and individuals. This capability facilitates
systematic analysis of electricity consumption patterns and
associated carbon footprints across diverse user groups, thereby
supporting differentiated emission responsibility allocation. Such
granular assessment prevents uniform reduction mandates while
ensuring responsibility assignments accurately reflect emission
profiles. Thirdly, digital technology can establish a carbon
allocation information-sharing platform, which helps break down
information barriers among regions, industries, enterprises, and
individuals. Participants can gain real-time insights into others’
carbon emissions, reduction progress, and allocation status,
mitigating unreasonable distributions caused by information
asymmetry. Finally, digital systems provide continuous
monitoring of key emission drivers, including economic growth
patterns, industrial restructuring, and energy transition dynamics.
Through integrated algorithmic models, these systems can
dynamically adjust allocation schemes in response to evolving
conditions, ensuring optimal emission distribution.

On the other hand, digital technology can leverage cost-
effectiveness, technological efficiency, and resource utilization to
reduce carbon emissions, thereby promoting carbon equity. Firstly,
grounded in transaction cost theory, the utilization of digital
technology has facilitated the emergence of Internet platforms that
transcend temporal and spatial constraints. These platforms enable
real-time data sharing and interconnectivity, reducing circulation costs
and energy consumption, which in turn decreases carbon emissions.
Secondly, innovation theory suggests that the pervasive application of

digital technologies optimizes post-production emission control
technologies for industrial carbon outputs (Guo et al., 2022).
Furthermore, the pervasive nature of digital technology enhances
organizational operational efficiency, facilitating the transition of
conventional industries towards environmentally friendly and low-
carbon operations (Han et al., 2025). This technological integration
encourages enterprises to progressively adopt shared responsibility for
emission reduction. Lastly, digital technology can establish a spatial
correlation network that not only optimizes resource utilization across
production, distribution, and consumption but also enhances
coordination among industries. This ensures rational allocation of
human resources, capital, and technology, further improving resource
utilization efficiency and ultimately achieving the goal of reduced
carbon emissions (Tian et al., 2025b).

Based on the above analysis, this study proposes research
hypothesis 1: Digital technology can promote the realization of
carbon equity.

2.2 Indirect conduction mechanism and
research hypothesis

Energy consumption, as a fundamental component of carbon
emission systems, exhibits an intrinsic relationship with carbon
equity. This study examines the energy-related factors that influence
carbon equity and explores the indirect transmission mechanisms
through which digital technology can mitigate carbon inequities by
addressing both energy intensity and energy structure.

(1) The progress of digital technology facilitates the establishment
of an efficient energy information management system,
enabling precise resource allocation and significantly
reducing energy intensity, thereby mitigating carbon
distribution inequities. Prior research has identified
technological progress as the most critical factor in
decreasing energy intensity (Li and Zhou, 2006; Chen,
2022). As a leading green production factor, digital
technology facilitates both the transition from conventional
energy sources to cleaner alternatives and the enhancement of
energy system integration. These technological advancements
improve overall productivity while optimizing resource
allocation efficiency (Bastida et al., 2019; Dogan and Pata,
2022). Additionally, digital technology streamlines information
search processes, broadens information dissemination
channels, reduces information acquisition and dissemination
costs, and accelerates spatial correlations and network
externalities spillovers, thereby enhancing information
utilization efficiency (Ceccobelli et al., 2012; Lange et al.,
2020; Gao et al., 2022). According to externality theory, the
reduction in energy intensity achieved through digital
technology not only positively impacts the profitability of
enterprises or departments adopting such technologies but
also contributes to societal benefits by reducing pollution
and promoting carbon reduction. Existing studies have
established a strong correlation between energy intensity and
carbon emissions (Schneider and Smith, 2009), with high
energy intensity often indicating greater reliance on energy
resources, leading to increased carbon emissions and
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environmental challenges (Jing et al., 2023). Lower energy
intensity can lower the carbon intensity of economic output,
enable the equitable distribution of carbon emissions among
various regions and sectors, and guarantee a fairer distribution
of carbon emission quotas and assignment of reduction in
emissions responsibilities for all entities, thereby promoting the
achievement of carbon equity.

(2) Digital technology can promote intelligent and diversified
energy production, as well as refined and efficient energy
consumption, improve the unreasonable status quo of energy
structure, and then exert a positive influence on alleviating the
problem of “carbon equity”. Concerning the relationship
between digital technology and the makeup of energy
sources, on the one hand, digital technology can promote
energy technology innovation, take digital technology as a
key input factor, penetrate all aspects of energy production,
processing, storage, and distribution. This comprehensive
digital transformation enables smart energy systems while
advancing structural upgrades in the energy sector (Liao and
Ru, 2024). In addition, the inertia constraint of traditional
energy structure leads to insufficient kinetic energy for
energy structure optimization, while the continuous
development of digital technology produces a technology
spillover effect. Specifically, the technical sophistication and
knowledge diffusion enabled by digital technologies facilitate
continuous improvements in energy system structure, enhance
production efficiency, and promote optimal allocation of energy
resources (Acemoglu et al., 2012). On the other hand, digital
technology utilizes the Internet of things, big data analytics,
artificial intelligence, among other tools, to achieve precise
collection and thorough examination of energy consumption
data, unlocking the potential for energy savings and facilitating
precise control and efficient use of energy resources. Digital
technology can also promote the energy consumption side
response and promote green consumption, reduce the energy
demand of energy-consuming industries, enhance the
alignment of energy supply with demand, and promote
green consumption patterns. While energy production and
consumption activities are major factors contributing to
carbon dioxide emissions in China, the advancement of
energy production efficiency and the application of green
consumption patterns can decrease carbon emissions from
the perspective of structural optimization (Song and Liu,
2023). This dual approach helps mitigate the wide disparities
in emission levels while promoting amore balanced distribution
of carbon outputs, thereby addressing critical challenges in
“carbon equity”.

Therefore, this study proposes research hypothesis 2: The
carbon equity effect of digital technology is mediated by energy
intensity and energy structure.

2.3 Moderating effects and research
hypothesis

Based on the energy management theory, enterprise carbon
management is embedded in the energymanagement system, and its

carbon equity is affected by energy intensity and energy structure.
Therefore, the interaction between digital technology and carbon
equity could be influenced by the transition in energy systems.
However, existing research has largely overlooked the role of energy
transition as a critical moderating factor in digitally enabled carbon
management (Cao et al., 2021). Energy consumption constitutes the
main contributor to carbon emissions, and a transition towards
green and low-carbon energy often yields significant carbon
reduction outcomes. To attain carbon management outcomes in
the pursuit of low-carbon development, economic entities will pay
more attention to energy use and tend to reduce energy intensity or
adjust energy structure. From the perspective of information theory
and resource allocation theory, low energy intensity reduces the
noise of information transmission and the resistance of resource
flow, thereby accelerating the rate and expanding the scope of digital
knowledge and technology spillover. This spillover effect follows the
relevant theoretical models of knowledge transmission and
technology diffusion. As in the ideal diffusion medium, the
innovative elements continue to penetrate the surrounding areas,
driving the improvement of industrial technology level, thus
vigorously promoting the production efficiency to a new height,
effectively reducing the unreasonable loss of resources in the
production, distribution, and use process, and thus generating
carbon equity effect. On the other hand, compared with
regions with unreasonable energy structure, regions with
optimized energy structure have significant advantages of
relatively low implementation cost, stronger operability, and
better effect in promoting the advancement and utilization of
digital technologies. From a cost-benefit perspective, an optimal
energy structure minimizes the cost incurred by resource
misallocation, thereby enhancing the efficiency of digital
technology in terms of input-output ratio research, development,
and implementation. From the perspective of practical operation, a
well-structured energy system provides both a stable energy
foundation and a conducive industrial environment for digital
technology applications, significantly increasing their practical
operationalizability. From the perspective of practical effect
assessment, the synergistic effect of optimized energy structure
and digital technology can more effectively improve energy
efficiency, reduce carbon emissions, and promote carbon equity.
Therefore, reducing energy intensity and achieving a balanced
energy structure play a crucial “enabling” role in the process
where digital technology promotes carbon equity, emerging as
one of the key driving forces for the realization of carbon equity.

In conclusion, this study proposes research hypothesis 3: Energy
intensity and energy structure act as moderators in the impact of
digital technology on carbon equity.

The theoretical framework of this study is illustrated in Figure 1.

3 Model construction and variable
measurement

3.1 Model construction

To validate the three hypotheses presented in this study, we
utilize fixed effects models, mediation analysis models, and
moderation analysis models to investigate the effect of digital
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technology on carbon equity, along with its underlying transmission
mechanisms. Specifically, we introduce a digital technology index
into the carbon equity analysis framework and construct the
following basic regression model:

Carbonit � α0 + α1Digitalit + αnXit + λi + εit (1)
where Carbonit represents the carbon equity index of province i in
year t, Digitalit is the core variable of this study and represents the
digital technology index of province i in year t, and Xit represents
the control variable in the model. It includes four kinds of variables:
environmental policy (Environmentit), education level (Eduit),
industrial structure (Industryit), and openness to the outside
world (Openit). Furthermore, in Equation 1, α0 denotes the
intercept, λi signifies the unobserved individual-specific fixed
effect, and εit stands for the random error term.

Furthermore, this study incorporates two intermediary
variables, energy intensity (Efficiencyit) and energy structure
(Constructionit), and employs the mediation model to investigate
the indirect effect mechanism of digital technology on carbon equity.
The formulation of the models (2, 3) is presented as:

Mediationit � β0 + β1Digitalit + βnXit + λi + εit (2)
Carbonit � ω0 + w1Digitalit + w2Mediationit + wnXit + λi + εit

(3)
In addition, this study uses the regulatory effect model to test the

regulatory effect between digital technology and carbon equity. In
this study, energy intensity (Efficiencyit) and energy structure
(Constructionit) are used as regulating variables, and the following
model (4) is established:

Carbonit � μ0 + μ1Digitalit + μ2Regulationit

+ μ3Digitalit × Regulationit + μnXit

+ λi + εit (4)
Regulationit is the regulating variable, including energy intensity
(Efficiencyit) and energy structure (constructionit).
Digitalit × Regulationit is the interaction term between digital
technology and the regulating variable.

3.2 Measurement and description of variable

3.2.1 Explained variable
This study follows the research methods of Liu and Xu (2024)

and employs the carbon emission fairness index they constructed,
which evaluates carbon equity from four dimensions: carbon
emission responsibility, carbon emission reduction potential,
carbon emission reduction capability, and carbon emission
economic efficiency, as presented in Table 1. A higher value
indicates greater fairness in carbon emissions compared to other
regions. Specifically, from the perspective of responsibility, the
region exhibits more balanced historical, per capita, and
industrial carbon emissions relative to peer regions. From an
industrial standpoint, this region does not exhibit imbalances in
carbon emissions caused by excessive concentration of high-carbon
industries or underdeveloped low-carbon industries compared to
other regions. In terms of development rights and interests, this
region has not lost development opportunities due to overly
stringent carbon emission restrictions during its pursuit of
economic growth and social progress.

FIGURE 1
Diagram of the theoretical framework illustrating the influence of digital technology on carbon equity.
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3.2.2 Core explanatory variable
Drawing upon existing data, this study expands the assessment

framework of digital technology by adopting the methodology from
research on developing a digital technology index system (Liu and
Chen, 2023). It gauges the overall development status of digital
technology in different regions across four dimensions: digital
infrastructure, digital trading market, digital factor inputs, and
digital industry scale. Specifically, digital infrastructure is
measured through internet penetration rates, internet access port
density, and long-distance optical cable networks. The evaluation of
the digital trading market is conducted using metrics such as the
index of digital financial inclusion and the overall volume of
telecommunications service. Digital factor inputs are quantified
by the digital industry R&D full-time equivalent and the digital
industry R&D internal expenditure. Lastly, industrial scale is
assessed based on primary business revenue, enterprise counts,
and employment figures within the digital sector.

Table 2 breaks down the components of the digital technology
assessment framework. Given the multidimensional nature of digital
technology indicators, this study employs the projection pursuit
approach, which is grounded in an accelerated genetic algorithm, to
quantify the digital technology index. This method involves
optimizing the projection vector a(j) to map high-dimensional
data onto a lower-dimensional subspace through specific
combinations, thereby capturing the underlying structure or
characteristics of the original data as accurately as possible. The
direction of projection for the high-dimensional data is optimized
on a global scale to achieve the peak value of the projection index
function Q(a), thereby enabling the derivation of the one-

dimensional projected value z(v) corresponding to the digital
technology index. The specific formula is provided below:

maxQ a( ) � Sz (5)

z v( ) � ∑
n

j�1
a j( )y v, j( ) (6)

max � Q a( ) � Sz ·Dz

s.t.∑
n

j�1
a2 j( ) � 1

⎧⎪⎪⎨
⎪⎪⎩ (7)

In the above Equations 5-7 represents the projection index function;
Sz represents the standard deviation of z(v);Dz represents the local
density of z(v); a(j) represents the projection direction of indicator
j; z(v) represents the projected value of the digital technology index;
v represents the v sample; y(v, j) represents the value of the j
subdivision index of v sample after dimensionless processing.

3.2.3 Mediating variables and moderating variables
Drawing from the theoretical analysis outlined above, this study

identifies energy intensity (Efficiency) and energy structure
(Composition) as the mediating and moderating factors for the
empirical analysis. Our study utilizes the ratio of total energy
consumption to gross domestic product as a proxy for energy
intensity, with a higher ratio signifying reduced efficiency in
energy utilization. Drawing on the research conducted by scholars,
including Niu and Hu (2011), we characterize the energy structure
using the ratio of carbon emissions to energy consumption, with a
lower ratio signifying a more optimized energy structure.

TABLE 1 Provincial carbon emission equity index evaluation system.

Primary
index

Secondary index Evaluation methodologies Unit

Carbon equity
index

Carbon emission responsibility Carbon emission
reduction potential

Carbon emission reduction capacity
Carbon emission economic efficiency

Per capita carbon emissions
Energy consumption per unit of industrial added value

Industrial output as a percentage of GDP
Ratio of provinces and cities to national GDP/Ratio of provinces and

cities to national carbon emissions

Tons per person
Tons of standard coal/
10,000 yuan
%
—

TABLE 2 Evaluation indicator system of digital technology.

Primary index Secondary index Unit

Digital infrastructure Internet penetration rate %

The count of Internet access ports ten thousand

Length of long-distance optical cable line km

Digital trading market Digital financial inclusion index —

100 million yuan
Total volume of telecommunication service

Digital factor input Digital industry R&D full-time equivalent man-year

Digital industry R&D internal expenditure ten thousand yuan

Digital industry scale Digital industry’s main business income ten thousand yuan

Number of digital industry enterprises pieces

Number of employees in the digital industry person
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3.2.4 Control variable
Numerous internal and external factors, in addition to digital

technology, exert an influence on the enhancement of the carbon
equity index. To guarantee the reliability of the model’s outcomes,
this study incorporates a range of control variables, including
environmental policy (Environment), education level (Edu),
industry structure (Industry), and openness to the outside world
(Open). (1) Environmental policy (Environment). Environmental
policy represents a critical focus in carbon equity research, as
industrial composition and spatial distribution significantly
influence carbon equity outcomes. This study utilizes provincial-
level pollution discharge fees as a proxy measure for environmental
policy implementation intensity. (2) Education level (Edu).
Education level affects the realization of carbon equity to some
extent. The study utilizes the metric of the number of college and
university students per 100,000 inhabitants. (3) Industrial structure
(Industry). The proportion of the tertiary industry’s output value to
the total output value serves as a vital indicator of industrial
structure, holding a prominent position in the analysis of carbon
equity. (4) openness to the outside world (Open). The level of
external openness is a key consideration in carbon equity research.
For this study, we utilize the metric of the ratio of total export value
to gross domestic product.

3.3 Sources of data and descriptive statistic

Our research samples consist of data from 30 provinces across
China, covering the period from 2013 to 2023, which were selected
for this study. Data from Hong Kong, Macao, Taiwan, and Tibet
were excluded due to significant gaps in energy-related information.
The dataset utilized in this study was obtained from the China
Statistical Yearbook and various other public sources made available
by the National Bureau of Statistics. To enhance the precision and
dependability of our estimates and mitigate heteroscedasticity, we
applied logarithmic transformations to the relevant variables.
Missing annual data for certain regions were imputed using the
linear interpolation method. Descriptive statistics for the variables
are presented in Table 3.

4 Empirical test and result analysis

4.1 Analysis of spatial-temporal trend
evolution of digital technology index

Using the above calculation method, this study calculates the
digital technology index of the sample region from 2013 to 2023,
selects four-time points of 2013, 2017, 2021, and 2023, and draws the
digital index map of each region, as shown in Figure 2, focusing on
the spatial and temporal evolution trend of digital technology.

Regional disparities in digital technology adoption reveal a
consistent pattern, with urban centers such as Beijing and
Shanghai and eastern provinces including Jiangsu and Zhejiang
demonstrating significantly higher adoption rates across temporal
observations. Beijing, as a prominent hub for scientific and
technological innovation in China, boasts a concentration of
research institutions, universities, and high-tech firms. It

possesses robust R&D capabilities and innovative prowess in
cutting-edge digital domains, including artificial intelligence, big
data analytics, and cloud computing. With its status as an
international metropolis and sound financial and trade system,
Shanghai has deeply integrated digital technology with financial
technology, smart city, and other application scenarios, which has
promoted the widespread adoption and swift advancement of digital
technology. These eastern cities, benefiting from their advantageous
geographical location, abundant resource endowment, and favorable
policy environment, have emerged as the vanguard of digital
technology development in China, steering the nation’s digital
technology trajectory. The Jiangsu and Zhejiang regions, with
their robust industrial economic base, furnish the necessary
funding and practical application scenarios for the advancement
of digital technology. Drawing upon the abundant scientific research
resources of higher education institutions and leveraging an
aggressive talent acquisition policy, it manages to attract a
significant pool of specialized professionals. With well-developed
infrastructure and a vibrant innovation ecosystem, these regions
have achieved deep integration of digital technologies across
industries, establishing themselves as national leaders in
technological advancement. The middle region demonstrates a
comparatively lower but steadily improving level of digital
technology adoption relative to its eastern counterparts. As the
strategy for the revitalization of the middle region is
implemented in depth, the middle region has progressively
increased investments in infrastructure, talent recruitment, and
nurturing, fostering favorable conditions for the growth of digital
technology and gradually bridging the gap with the eastern region.
Conversely, the progress of digital technology in the western region
demonstrates a notable disparity, trailing considerably behind, and
exhibiting a more pronounced chasm in comparison to the eastern
and middle regions.

From the standpoint of intra-regional variations, while the
eastern region boasts a generally higher level of digital
technology, disparities do exist among its internal cities. For
example, the level of digital technology in Hainan and Hebei is
relatively low in the eastern region. Hainan, being a prominent
tourism province, has an industrial structure heavily reliant on
tourism. Consequently, the scope of digital technology
application scenarios is relatively narrow, and investments in
digital technology research and innovation are inadequate.
Although Hebei is a large economic province, its industrial
structure is dominated by traditional manufacturing, and there is
a significant difference in the rate and extent of digital technology
development. Guangdong Province experienced significant
advancements in digital technology between 2017 and 2022.
Firstly, Guangdong took the lead in digital government reform in
2017. Secondly, Guangdong promotes the drive of industrial
integration, accelerates the integration of digital economy and
real economy, and provides broad application scenarios and
practical opportunities for the development of digital technology.
Finally, Guangdong continues to strengthen the construction of new
information infrastructure. In 2021, the province established
46,700 new 5G base stations, accumulating a total of
170,000 stations-accounting for approximately one-eighth of the
national total. By the end of 2022, Guangdong aimed to achieve
more extensive 5G network coverage, thereby enhancing the
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hardware foundation for digital technology development. Within the
middle region, there exists a disparity in the advancement of digital
technologies among various cities. The capital cities of Henan, Hubei,
and other provinces, with their political, economic, and cultural center
status in the region, have certain advantages in the development of
digital technology and can attract more resources and talent. And
some relatively small cities, due to limited economic strength and
resources, digital technology development is relatively slow. The
difference in digital technology development between cities within
the western region is even more significant. As the core province of
western China, Sichuan has strong competitiveness in the growth of
digital technology, which can radiate and drive the development of
surrounding areas. However, remote ethnic minority areas due to
underdeveloped transportation infrastructure and economic
constraints, resulting in limited penetration and application of
digital technologies.

In terms of temporal and spatial progression, the years spanning
from 2013 to 2017 constitute a phase marked by swift expansion,
during which the digital technology levels across all regions
exhibited a tendency towards rapid advancement. This disparity
may stem from the nation’s emphasis on the digital economy,
coupled with the backing of pertinent policies, leading all regions
to boost their investments in the digital technology sector. At the

same time, as the Internet becomes more widespread and
information technology advances rapidly, the application of
digital technology in various fields continues to expand, which
promotes the improvement of the level of digital technology. The
years from 2017 to 2021 marked a phase of stable progress,
characterized by a moderation in the speed of digital technology
advancement. After the rapid development in the early stage, digital
technology has achieved certain results in some fields and has begun
to enter the stage of technology integration and application
deepening. At the same time, it also faces some technical
bottlenecks and industrial restructuring problems, which need to
be further optimized and upgraded. 2021–2023 entered the
differentiation adjustment period, the level of digital technology
in some cities continued to grow, while the growth rate of some cities
slowed down or even declined. This may be related to factors such as
the adjustment of industrial structure, scientific and technological
innovation ability, and policy orientation in various regions.

In conclusion, China’s digital technology development exhibits
marked spatial disparities and demonstrates a gradual progression
over time. To promote the comprehensive development of China’s
digital economy, it is crucial to strengthen regional cooperation,
augment support for the middle and western regions, and ensure
balanced progression in digital technology.

FIGURE 2
Digital technology index.

TABLE 3 Descriptive statistics of each variable.

Variable Carbon Digital Environment Edu Industry Open

Obs 330 330 330 330 330 330

Mean 0.826 0.414 10.718 7.628 3.906 0.266

Std.Dev 0.539 0.386 0.895 0.269 0.158 0.269

Min 0.231 0.034 8.040 6.748 3.540 0.007

Max 2.651 2.616 12.923 8.381 4.428 1.348
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4.2 Correlation analysis of carbon equity

The relationship between carbon emission and carbon equity
and the data distribution between the two are visually demonstrated
by constructing scatter plots. As illustrated in Figure 3, the scatter
plot analysis reveals a significant inverse correlation between these
variables, indicating that carbon equity decreases as carbon
emissions increase. To quantify this relationship more precisely,
we conducted curve fitting analysis, which yielded an influence
coefficient of −0.28. This result not only confirms the negative
association but also provides a precise measure of its magnitude.

First, from an economic point of view, the increase in carbon
emissions is often accompanied by the acceleration of
industrialization and the increase in energy consumption.
However, these economic activities are not evenly distributed
across all regions or groups but tend to be concentrated in
specific geographic areas or social classes. This asymmetric
allocation results in inequitable environmental burden-sharing,
wherein certain regions or populations benefit economically while
disproportionately bearing the associated environmental costs,
including heightened pollution exposure and carbon emission
pressures, thereby undermining carbon equity. Second, from the
perspective of policy formulation and implementation, rising carbon
emissions may reflect the inadequacy of policies in balancing
economic development with environmental protection. Should
the policy fall short of effectively steering the reduction of carbon
emissions and ensuring an equitable allocation of carbon resources,
it could result in a sustained increase in carbon emissions and a
continuous erosion of carbon equity.

In conclusion, the inverse relationship between carbon
emissions and carbon equity stems from a multitude of factors.

4.3 Pearson correlation analysis

In linear regression, the model’s estimates become biased as a
result of accurate or elevated correlations among the explanatory
variables. Consequently, it is necessary to conduct a collinearity
assessment of the explanatory variables (see Figure 4). In this study,
the Pearson correlation test is conducted for each variable, and the

results are shown in the figure. A common belief is that collinearity
among variables is indicated when the correlation coefficient
exceeds 0.7. All correlation coefficients amongst the independent
variables discussed in this study are less than 0.7, suggesting a
relatively weak correlation, thus enabling the conduct of subsequent
empirical tests.

4.4 Analysis of benchmark regression results

Table 4 offers the baseline regression outcomes depicting the
effect of digital technologies on carbon equity. Model (1) presents
the estimation outcomes for the comprehensive Chinese sample,
whereas models ranging from (2) to (4) exhibit the estimations
specifically for the eastern, middle, and western regions of China,
respectively. In model (1), the coefficient associated with the effect of
digital technology on carbon equity yields a value of 0.993, which is
statistically significant at a high level. This finding implies that the
progression in digital technology holds substantial promise for
improving carbon equity in general. This result provides
empirical support for hypothesis 1, confirming digital
technology’s direct positive influence on carbon equity. With its
excellent data processing, network collaboration, and intelligent
analysis capabilities, digital technology can achieve horizontal
and vertical leapfrog in expanding the scale of carbon equity
achievements, optimize carbon trading and market mechanisms,
and strengthen the internal and external information management
efficiency of carbon equity entities, so as to promote the realization
and deepening of carbon equity in multiple dimensions. Concerning
the control variables, the elasticity coefficient of education level is
1.538. The reason is that education level encourages individuals to
practice low-carbon behaviors through knowledge dissemination
and cultivation of environmental awareness, leads the economic
transition to low-carbon and green job creation through the
improvement of labor quality, reduces the imbalance of carbon
emissions caused by cognitive differences and other reasons, and
helps achieve the goal of carbon equity. For each unit change in
industrial structure, carbon equity will decrease by 0.639 units,
which indicates that the scale effect and path dependence of
traditional high-carbon industries hinder the development of

FIGURE 3
Scatter plot fitting of carbon emissions and carbon equity index.
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low-carbon industries and the total carbon emissions remain high,
which is not conducive to the realization of carbon equity. The
influence coefficient of openness to the outside world on carbon
equity is positive, which echoes the research results of Hao and Liu
(2015), that is, an open economic environment can promote the
international or regional exchange and transfer of low-carbon
technologies, funds and ideas, so that different countries or

regions can learn from each other’s advanced carbon emission
reduction experience and introduce efficient low-carbon
technology and equipment, so as to balance carbon emission
levels and push for carbon equity.

According to model (2) - model (4), the effect of digital
technology on carbon equity presents the research results of
“middle region > western region > eastern region”. This study

FIGURE 4
Pearson correlation test.

TABLE 4 Baseline regression results.

Variable (1) (2) (3) (4)

Nationwide Eastern region Middle region Western region

Digital 0.993*** 0.513*** 3.200*** 2.792***

(0.165) (0.138) (0.685) (0.544)

Environment 0.060 0.072 0.067 0.007

(0.048) (0.044) (0.110) (0.110)

Edu 1.538*** 1.704*** 2.360*** 0.711***

(0.147) (0.294) (0.432) (0.225)

Industry −0.639** −1.704*** −2.560*** −1.969***

(0.262) (0.392) (0.511) (0.547)

Open 0.540* −0.265 1.191 0.288

(0.290) (0.263) (1.435) (0.970)

cons −9.605 −8.864*** −9.472** −2.199

(1.313) (1.832) (4.201) (2.998)

N 330 121 88 121

R2 0.541 0.577 0.782 0.570

Note: *, **, *** represent statistical values at the significance level of 10%, 5%, 1%. Robust standard error in parentheses. The following table is the same.
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believes that the main reason is that in contrast to the middle and
western areas, the initial level of digital technology in the eastern
region is higher, and the early application of digital technology in
various fields has achieved significant carbon emission reduction
results. However, within the middle and western territories, digital
technology still has huge application space and development
potential. It has a more prominent improvement effect on the
realization of carbon equity in the middle and western regions.

4.5 Endogeneity test

In the process of identifying endogenous variables, this study’s
theoretical analysis reveals that digital technology facilitates the
achievement of carbon equity in various dimensions, while
carbon equity also acts as a crucial impetus for the progression
in digital technology. Consequently, it is plausible that a
bidirectional causal relationship exists between the relationship of
digital technology and carbon equity, suggesting that the digital
technology index may well be an endogenous variable within the
model. In the endogeneity test, given that the conventional hausman
test is unable to tackle the problem of heteroscedasticity, this study
adopts the heteroscedasticity-robust DWH (Durbin-Wu-Hausman)
test method. The results yield a statistic of 14.733 and a P-value of
0.000, suggesting the presence of endogeneity in the digital index
within the model. The selection of instrumental variables adheres to
two fundamental requirements: the variables must correlate with the
endogenous regressor while remaining exogenous to the error term.
Accordingly, this study employs two validated instruments for
digital technology index: the number of fixed telephone lines per
100 inhabitants and the density of post offices per million
population. Fixed telephone number per 100 people (iv1): The
regional fixed telephone number per 100 people has a certain
impact on the construction and installation of digital-related
equipment and the improvement of digital technology (Tian et
al., 2025a), but it does not play a direct role in carbon equity. The
number of post offices per million people (iv2): The number of post
offices is often highly correlated with the Internet penetration rate
and the development of communication technology. However, with
the development of information technology, the communication
mode represented by post offices only plays a negligible role in
modern society (Huang et al., 2019), so it can be considered that it is
difficult to exert an impact on carbon equity. In order to reduce the
endogenous estimation bias caused by bidirectional causality and
missing variables, this study adopts a two-stage least square method
(2SLS) for estimation, so as to improve the unbiasedness of
parameter estimation and obtain a consistent estimator. Models
(5) and (6) in Table 5 give regression results using instrumental
variables. The initial regression analysis reveals a notable
relationship between the digital technology index (Digital) and
the chosen instrumental variables: the fixed telephone line count per
hundred individuals (iv1) and the number of post offices per million
people (iv2). Additionally, the Cragg-Donald Wald F statistic, used
to identify weak instrumental variables, yields a value of 50.056,
which substantially exceeds the 10% critical threshold of 19.930. The
results demonstrate the lack of a weak tool variable and affirm that
the instrumental variable fulfills the correlation assumption. The
P-values obtained from both the Sargan and Hansen tests are greater

than 0.05, leading us to fail in rejecting the null hypothesis that there
is no correlation between any of the exogenous variables and the
random error term in the equation. This confirms the exogeneity of
the instrumental variables. The regression outcomes from the
second stage indicate a significantly positive coefficient for digital
technology at the 1% significance level, affirming the stability of this
study’s findings even after accounting for endogeneity concerns.

In this study, we further introduce the one-stage lag of carbon
equity index into the model, so as to separate potential unobtainable
factors and reduce the bias of model estimation. When the random
disturbance term of the model has heteroscedasticity or
autocorrelation, the generalized moment estimation (GMM)
estimator is more effective than the 2SLS estimation, and GMM
can reduce the dynamic panel bias, so this study further adopts the
GMMmethod to estimate the corresponding dynamic panel model.
Specifically, a systematic GMM estimation method is used to correct
for unobservable individual heterogeneity and missing variable bias.
In comparison to differential GMM, system GMMoffers an effective
solution to the issue of weak instrumental variables and yields time-
invariant parameter estimates. Compared with horizontal GMM,
this method can eliminate individual heterogeneity in the model and
enhance the estimation results’ accuracy to some degree. The
estimation result presented in model (7) of Table 5 pertains to
the system GMM model. Initially, the outcomes of the AR test
indicate that the model demonstrates first-order autocorrelation, but
not second-order, implying insignificant serial correlation among
the error terms in the original model. Secondly, with a P-value
exceeding 0.05 in the Hansen test, it indicates that the over-
identification restrictions are valid. Based on these tests, it is
evident that system GMM estimation is applicable. Notably, after
addressing the endogeneity issue, both model types demonstrate
that digital technology has a substantial positive effect on carbon
equity, further supporting hypothesis 1 of this study.

4.6 Mechanism analysis

Table 6 displays the outcomes of the intermediary mechanism
by which digital technology impacts carbon equity. By examining
the coefficients of influence and the significance levels of both the
core and intermediary variables within the model, it becomes
apparent that digital technology has an indirect influence on
carbon equity, to some degree, through the mediation of energy
intensity and energy structure. This provides ample support for
hypothesis 2 of this study. Specifically, models (8) and (9) build upon
model (1) and utilize energy intensity as an intermediary variable for
conducting a stepwise regression analysis. Digital technology
employs a significantly adverse effect on energy intensity, and the
influence coefficient is −0.468, that is, every 1-unit change of digital
technology will reduce energy intensity by 0.468 units, that is, energy
utilization efficiency will increase by 0.468 units. While keeping
other factors constant, a 1-unit increase in energy intensity leads to a
significant decrease in carbon equity by 0.421 units. Therefore, the
improvement of digital technology indirectly increased carbon
equity by 0.197 units (−0.468×-0.421), representing 19.839% of
the total effect. The estimation results of model (10) and model
(11) reveal that energy structure optimization, acting as the
intermediary variable, exerts a intermediary effect on the
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relationship between digital technology and carbon equity. Every 1%
change in digital technology will promote the optimization level of
energy structure by 1.115%, and then exert 0.336 indirect effects
(−1.115×-0.301) on the realization of carbon equity, accounting for
33.837% of the total effect. Overall, digital technology exhibits a
positive indirect influence on carbon equity across both pathways,
suggesting that it not only impacts carbon equity directly through
spillover effects but also exerts a certain degree of influence on
carbon equity through various transmission channels.

4.7 Moderating effect analysis

Table 7 presents the regression outcomes concerning the
moderating effect results of digital technologies on carbon equity.
The analysis demonstrates that bothmoderators (energy intensity and
energy structure) exhibit statistically significant effects at the 1% level,
confirming their substantial moderating influence. Importantly, the
direction of these moderating effects is negative, indicating that the
relationship between digital technologies and carbon equity weakens
as energy intensity or structural inefficiencies increase. The analysis
reveals distinct constraining effects for eachmoderating variable:①In
model (12), the regression outcomes for both digital technology and
energy intensity are significant at the 1% level. Specifically, the
regression coefficient for digital technology is notably positive,
whereas the coefficient for energy intensity is markedly negative.
This is due to the fact that the index used to gauge energy intensity is

negatively oriented, meaning a higher value indicates lower energy
utilization efficiency. The regression coefficient associated with the
interaction between digital technology and energy intensity is
markedly negative. This indicates that a reduction in the negative
energy intensity index has a dampening effect on the positive
influence of digital technology on carbon equity. In other words,
reducing energy intensity positively regulates the beneficial effect of
digital technology on achieving carbon equity. It can be contended
that digital technologies play a more significant role in advancing
carbon equity as energy intensity decreases. ②In model (13), the
variables of digital technology, energy structure, and their interaction
effects all exhibit significance at the 1% level. Notably, the coefficients
of digital technology and its interaction terms are of opposite signs,
suggesting that an inadequate energy structure exerts a negative
restraining influence on the effect of digital technology on carbon
equity. The reason lies in the fact that an unreasonable energy
structure leads to the rigidity of the energy supply system, limiting
the stable supply and compatibility of clean energy required by digital
technology. This, in turn, weakens the potential of digital technology
to optimize carbon emissions in energy production, transmission, and
consumption, thereby hindering the achievement of carbon equity. To
more clearly depict the moderating effect of energy intensity and
energy structure, this study draws the moderating effect diagram
(Figure 5). When energy intensity is low and energy structure is
reasonable, digital technology has a positive influence on the carbon
equity effect. However, when the energy intensity is strong and the
energy structure is unreasonable, the positive effect becomes negative.

TABLE 5 Instrumental variable regression and system GMM regression.

Variable (5) (6) (7)

One-stage regression Two-stage regression System GMM

Digital 1.095*** 0.199***

(0.184) (0.037)

iv1 −0.013***

(0.004)

iv2 0.002***

(0.000)

L.Carbon 0.833***

(0.014)

cons 2.150*** −5.963*** −2.906***

(0.729) (1.069) (0.300)

Control variable Yes Yes Yes

DWH 0.000

Cragg-Donald Wald F 50.056(>19.930)

Sargan 0.444

Hansen 0.999

AR (1) 0.004

AR (2) 0.700

N 330 330 300
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In general, under the influence of the two types of regulating variables,
digital technology contributes to the realization of carbon equity,
which further provides strong support for hypothesis 3 in this study.

4.8 Robustness test

To evaluate the dependability of the results, this study conducts
comprehensive sensitivity analyses through three methodological
variations: substitution of the dependent variable, reduction of
control variables, and modification of the sample composition (see
Table 8). To address the issue of right truncation in the sample, this
study excluded the relevant variable data from 2023. The resulting
model coefficients alignedwith the research findings presented herein,
thus confirming the robustness of the study’s model outcomes.
Furthermore, this study employs the robustness testing
methodology adopted by Sun and Deng (2022) by conducting a
robustness verification through the reduction of control variables.
Specifically, a regression analysis is conducted to explore the
relationship between digital technology and carbon fairness, after
excluding environmental policies from the model’s configuration. The
analytical results reveal that digital technology retains a significantly

beneficial impact on carbon fairness, consistent with the outcomes of
the initial regression analysis. Ultimately, this study adopts the
robustness testing methodology proposed by Qi and Li (2018) to
modify the research samples, examine potential biases introduced by
outliers, and confirm the aforementioned robustness by excluding
approximately 1%, 5%, and 10% of the sample regions. The results
align with previous test outcomes, suggesting that the empirical
findings presented in this study are reliable and stable.

4.9 Discussion

In conclusion, the research in this study on the impact of digital
technology on promoting carbon equity is not only robust in China,
but also has broad applicability globally. Future research can further
explore the specific practices and experiences of different countries
and regions in utilizing digital technology to promote carbon equity,
providing more beneficial references and lessons for achieving a fair
global carbon distribution environment. This study through
empirical verification reveals the mechanism of the impact of
digital technology on promoting carbon equity and reaches the
following conclusions:

(1) The universal impact of digital technology on promoting
carbon equity.

This study has found that digital technology can effectively
promote the “multi-dimensional equilibrium” and “dynamic
optimization” of carbon equity. In the Chinese context, for every

TABLE 6Mechanism test of digital technology’s influence on carbon equity.

Variable (8) (9) (10) (11)

Efficiency Carbon Construction Carbon

Digital −0.468*** 0.385*** −1.115*** 0.247***

Environment (0.062) (0.078) (0.170) (0.060)

0.050* −0.044 0.272 0.017

(0.026) (0.030) (0.071) (0.024)

Edu −0.734*** 0.328*** −0.842*** 0.384***

(0.077) (0.101) (0.213) (0.072)

Industry 0.033 0.829*** −1.253*** 0.438***

(0.167) (0.194) (0.462) (0.154)

Open −0.305*** −0.244** 0.913*** 0.159*

(0.097) (0.114) (0.268) (0.090)

Efficiency −0.421***

(0.064)

Construction −0.301***

(0.018)

cons 5.979*** −0.427*** 10.929*** −3.447***

(0.803) (1.007) (2.215) (0.759)

Sobel test Z = 4.954
P = 0.000

Z = 6.087
P = 0.000

Bootstrap
test1

Z = 4.780
P = 0.000

Z = 5.620
P = 0.000

N 330 330 330 330

R2 0.450 0.455 0.204 0.663

TABLE 7 Moderating effect test of digital technology’s influence on carbon
equity.

Variable (12) (13)

Efficiency Construction

Digital 1.145*** (0.125) 0.883*** (0.144)

Efficiency
Digital*Efficiency

Construction
Digital*Construction

−0.110** (0.055)
−2.531*** (0.336)

−0.190*** (0.024)
−0.393*** (0.058)

Environment 0.064* 0.056**

(0.034) (0.025)

Edu 0.358*** 0.330***

(0.093) (0.070)

Industry 0.752** 0.402**

(0.159) (0.164)

Open −0.222** 0.292***

(0.106) (0.071)

cons −5.266*** −3.526***

(0.937) (0.826)

N 330 330

R2 0.515 0.703
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1-unit increase in digital technology level, the carbon equity index
significantly increases by 0.993 units, and this effect remains
significant among the eastern, middle, and western regions of
China. This conclusion demonstrates cross-regional validity,
extending beyond the Chinese context due to its fundamental
growth logic and operational mechanisms. Digital technology’s
capacity for efficient information integration and data processing
facilitates real-time emissions monitoring and dynamic
performance assessment by both corporate and governmental
entities (Shen and Tan, 2022). Digital technology can break down
information barriers by establishing information sharing platforms,

enhance the accuracy and effectiveness of environmental
supervision, and promote the realization of carbon equity. This
capability of digital technology is not limited by geographical
location or industrial scale, and the mechanism it promotes for
carbon equity governance has universal laws applicable worldwide.
For instance, Canada has integrated multiple sources of data
through the “Digital Climate Action Platform” to optimize the
allocation of carbon taxes, establishing a more reasonable carbon
allocation scheme, and effectively promoting the construction of
carbon equity. The digital technology in Germany’s Industry
4.0 system has achieved precise optimization of carbon
monitoring records throughout the production, transmission, and
consumption chains, significantly improving the accuracy of carbon
responsibility allocation. These cross-national implementations
validate the consistent positive relationship between digital
technology adoption and carbon equity enhancement, suggesting
its potential replicability in other regional contexts.

(2) Digital technology indirectly affects carbon equity from a
global perspective through energy intensity and
energy structure.

Digital technology not only has a direct driving effect on carbon
equity, but also can indirectly promote it by optimizing energy
intensity and energy structure. With the deep penetration of digital
technology, it utilizes its efficient allocation function to significantly
improve energy utilization efficiency. The “Digital Action Plan for
Energy Systems” of the European Union in 20231 achieved real-time
power load prediction and cross-domain scheduling amongmember
states, promoting an average annual reduction of 3.7% in energy
consumption per unit of GDP, significantly alleviating the
imbalance of carbon burden in energy-poor areas caused by high

FIGURE 5
Moderating effect diagram (This figure shows the moderating effects at different levels of (a) energy intensity and (b) energy structure.)

TABLE 8 Robustness test.

Variable (14)
L.Carbon

(15)
Reduce
variable

(16)
Reduce
samples

Digital 1.046*** 0.957*** 0.936***

(0.207) (0.163) (0.181)

Environment 0.024 0.053

(0.055) (0.050)

Edu 1.867*** 1.568*** 1.556***

(0.193) (0.146) (0.155)

Industry −1.005*** −0.705*** −0.587**

(0.347) (0.257) (0.275)

Open 0.459 0.382 0.500*

(0.367) (0.262) (0.301)

cons −10.307*** −8.877*** −9.806***

(1.675) (1.179) (1.368)

N 270 330 308

R2 0.510 0.538 0.528

1 https://ec.europa.eu/commission/presscorner/detail/en/IP_22_6228.
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energy consumption. At the level of energy structure
transformation, digital technology significantly optimizes the
energy structure through precise analysis and planning functions,
promoting the green transformation of energy and effectively
achieving carbon equity. Taking Japan as an example, in the
development of hydrogen energy, by using digital technology to
analyze the energy demand characteristics of different regions and
precisely planning the hydrogen energy layout, hydrogen energy can
be more efficiently covered to remote areas such as Tokushima
Prefecture, Shiga Prefecture, and Kobe Port Island, which have a
single energy structure and high carbon emissions, increasing the
proportion of clean energy in these areas and narrowing the carbon
equity gap caused by regional differences in energy structure.

(3) The moderating role of digital technology in promoting a
carbon-inequity-free energy transition.

The research reveals that the promoting effect of digital technology
on carbon equity exhibits a significant threshold characteristic, and its
moderating effect is constrained by both energy intensity and energy
structure. At the energy intensity regulation level, when the energy
intensity drops below a certain value, the enabling effect of digital
technology can unleash a “multiplier effect”, significantly reducing the
carbon emission intensity of high-energy-consuming industries and
markedly narrowing the carbon efficiency gap between regions
(Ardolino et al., 2025). Finland’s “Finnish Forestry 2030 Strategy”2

empowers the clustered development of the forestry industry through
digital technology. When the energy intensity drops below 0.8 tons of
oil equivalent per million euros, the digital technology triggers the
“multiplier effect”. This significantly reducing the industry’s carbon
emission intensity and narrowing the regional carbon efficiency gap. In
the energy structure regulation dimension, when the proportion of
clean energy in the energy consumption structure exceeds a certain
value, digital technology can significantly enhance the utilization rate
of clean energy, promote regional clean energy sharing, and reduce
carbon emissions through structural optimization, balancing the
phenomenon of large carbon emission gaps. After the proportion
of clean energy exceeds 50%, Australia uses digital technology to
facilitate cross-regional transactions, raising the clean energy
utilization rate to 85%,3 promoting widespread clean energy sharing
and achieving carbon equity.

The research further reveals that digital technology plays a
fundamental and revolutionary enabling role in the process of
achieving global carbon equity. With the addition of energy
factors, the effectiveness of digital technology has also
significantly increased. This new paradigm of technology
empowering carbon equity not only provides scientific technical
means for accurately measuring the responsibilities and
contributions of different entities in responding to climate
change, but also offers solid power support for building a more
stable and effective governance system within the framework of
global climate governance and ecological common prosperity in
the process.

5 Conclusion and suggestions

Drawing upon the achievement of carbon fairness facilitated by
digital technology, this study elucidates the influence of digital
technology on the attainment of carbon fairness through three
perspectives: basic effect, transmission mechanism, and regulatory
effect utilizing China’s provincial panel data spanning from 2013 to
2023. After constructing a quantitative index for digital technology
that includes dimensions such as digital infrastructure, digital
trading markets, digital factor inputs, and the size of the digital
industry, this study utilizes panel fixed-effects models, as well as
mediation and moderation analyses, to explore the complex
interplay between digital technology and carbon equity at the
national, regional (covering the three primary regions), and
provincial levels. The key findings are summarized below: (1)
The advancement of digital technology can significantly
contribute to achieving carbon equity in China, exhibiting a
spatial pattern of “middle region > western region > eastern
region”. It has emerged as a crucial force in addressing the
challenges of carbon equity. After incorporating instrumental
variables and employing both two-stage least squares and
systematic GMM regression methods, the findings maintain their
robustness. (2) Digital technology plays a substantial, albeit indirect,
role in attaining carbon equity by lowering energy intensity and
enhancing the energy structure, ultimately aiding in the achievement
of carbon equity. (3) Digital technology exerts a notable moderating
impact on the attainment of carbon equity. In regions with relatively
low energy intensity, digital technology exerts a more pronounced
influence on realizing carbon equity. Moreover, in areas with a more
optimized energy mix, digital technology has the potential to play an
even greater role in advancing carbon fairness.

The findings of this study carry policy implications that are
crucial for fully unveiling the carbon equity benefits of digital
technology:

(1) The prior research indicated that the beneficial impact of
digital technologies on carbon fairness varies across different
regions. For the middle region, where the facilitative effect is
most pronounced, the government should enhance policy
support by establishing a dedicated digital technology
development fund. This fund should prioritize investments
in digital infrastructure, including the expansion and
upgrading of 5G base stations and data centers.
Furthermore, collaborative efforts between universities and
enterprises should be encouraged to jointly cultivate digital
technology professionals, thereby providing essential human
capital for the growth of the digital technology industry.
Additionally, preferential tax policies have been
implemented to attract digital technology enterprises to
establish research and development centers or industrial
bases in the middle region. This will facilitate the
widespread application of digital technology across various
sectors and reinforce its role in promoting carbon equity. The
western region should proactively establish a digital
technology exchange and cooperation mechanism with the
eastern region, developing a digital technology integration
platform between the east and west through government
guidance and enterprise participation. Firstly, this initiative

2 https://mmm.fi/en/forest-strategy.

3 http://arena.gov.au/projects/advanced-energy-trading-platforms/.
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aims to introduce advanced digital technologies and
management practices from the eastern region to facilitate
the digital transformation of local traditional industries.
Secondly, it seeks to leverage the region’s own resources to
attract investment from eastern digital technology enterprises,
fostering the joint advancement of digital technology
applications tailored to the western region, thereby
enhancing the beneficial effect of digital technology on
carbon equity. Although the role of digital technology in
promoting carbon equity is currently limited in the eastern
region, as a leading area in digital technology development,
emphasis should be placed on advancing high-end innovative
applications of digital technology for carbon reduction. It is
necessary to augment funding for the exploration and
advancement of cutting-edge technologies, like AI and
blockchain, across areas such as carbon accounting,
emissions trading, and environmental footprint tracking.
Encouragement should be provided for scientific research
institutions and enterprises to collaborate on addressing key
challenges, thereby developing internationally competitive
digital technology solutions for carbon reduction. This
methodology will facilitate the realization of the latent
worth of digital technology in promoting carbon fairness
in the eastern region.

(2) The previous study revealed that the energy transition exerts a
significant facilitation effect on achieving carbon equity
through digital technology. Consequently, by reducing
energy intensity, national-level policies should be
established to set clear targets and implementation
guidelines for energy intensity reduction across various
industries. This would incentivize companies to utilize
digital technologies for the establishment of energy
management systems, facilitating the real-time tracking of
energy consumption data. By employing sophisticated
technologies, including big data analytics and AI, these
systems can enhance energy utilization processes and
attain meticulous energy management control. For
instance, the promotion of intelligent manufacturing
technologies in the industrial sector, utilizing digital twins
to simulate and optimize production processes, can enhance
energy efficiency, decrease energy intensity, and thereby
promote carbon equity. Simultaneously, we will bolster our
backing for the utilization of digital technologies within the
clean energy industry. By leveraging fiscal subsidies, tax
incentives, and other policy measures, enterprises will be
encouraged to adopt digital technologies to enhance the
efficiency of clean energy production, storage, and
transmission. For instance, big data and Internet of things
technologies can be utilized to optimize the layout and
scheduling of wind and photovoltaic power generation,
thereby increasing the proportion of renewable energy
within the overall energy mix. Furthermore, leveraging
digital technology to create an energy market exchange will
enable efficient distribution of clean energy resources, foster
advancements in energy structure optimization, and
ultimately aid in the attainment of carbon fairness.

(3) Prior research has shown that the energy intensity and
composition have notable moderating impacts.

Consequently, in regions characterized by lower energy
intensity, the deep integration of digital technologies and
low-carbon industries should be further intensified. A
dedicated fund for innovation at the intersection of digital
technology and low-carbon industries will be established to
motivate companies to innovate and implement low-carbon
technologies driven by digital advancements. For instance,
this initiative will support enterprises in utilizing digital
technology to develop new energy-saving materials,
optimize building energy efficiency systems, and promote
regional industries towards a higher level of low-carbon
development. The aim of this methodology is to optimize
the utilization of digital technology with the purpose of
advancing carbon equity. For regions possessing a balanced
energy mix, it is crucial to bolster the policy framework that
supports the utilization of digital technologies. Establish
comprehensive regulations and standards to govern the
implementation of digital technologies in the energy sector,
ensuring data security and privacy. Additionally, promoting
collaboration between energy enterprises and digital
technology firms by forming industrial alliances. These
alliances should jointly undertake energy digital
transformation projects, leveraging digital technologies to
elevate the intelligence level of the energy system and
further amplify the positive impact of digital technologies
on carbon equity. Through the comprehensive
implementation of the aforementioned multi-dimensional
policy measures, it is anticipated that the full potential of
digital technology will be harnessed, thereby facilitating the
resolution of carbon equity challenges and promoting
sustainable and inclusive development in China and the
global low-carbon transition. However, this study does
have certain limitations, which will serve as key areas for
our team’s future research: Primarily, the study restricts its
analysis to China as the research subject, omitting an
examination of the global impact of digital technology on
carbon equity. Global carbon emission reduction is an issue
that requires international cooperation. The status of carbon
equity and the levels of digital technology development
exhibit considerable variation among nations. Therefore,
the absence of international comparisons limits our ability
to fully understand the universal principles and unique
characteristics of how digital technology promotes carbon
equity. In future research, the team will strive to incorporate
international data and analyze the differences in models and
pathways through which digital technology fosters carbon
equity under varying political systems, economic
development levels, and cultural contexts, thereby
providing more valuable recommendations for global
carbon emission reduction efforts. Second, this study
primarily concentrates on the positive impacts of digital
technology on carbon equity while giving limited attention
to potential negative effects associated with its development.
Furthermore, the manufacturing and utilization of digital
technologies consume energy and resources, thereby
generating carbon emissions. Additionally, the
implementation of digital technologies might create a new
digital divide, further widening disparities in the capacity of
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different regions to achieve carbon reduction and carbon
equity. To provide a more comprehensive analysis, we will
explore the “green paradox” of digital technology to better
elucidate its influence on environmental governance.
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