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Introduction: Investigating the relationship between green technology
innovation (GTI) and urban carbon emission (CEI) is crucial for sustainable
economic development and achieving the dual carbon goal.
Methods: Using panel data from 272 cities in China between 2006 and 2022, this
paper empirically analyzes the impact of GTI on urban CEI by applying the fixed
effects and chain mediation models. Furthermore, the chain mediating effect of
environmental regulations and energy consumption structure is explored.
Results: GTI significantly reduces urban CEI, particularly in the eastern region,
non-resource-based, and large-scale cities, where its carbon reduction effect is
more pronounced. The mechanism analysis reveals that environmental
regulations and energy consumption structure not only play an independent
mediating role, but also exert a chain mediation effect.
Discussion: These findings enhance our understanding of the intrinsic
mechanisms underlying green technology innovation-driven carbon emission
reduction in China. Besides, they offer theoretical insights for policy formulation,
demonstrating a pivotal role in environmental governance and sustainable
development.
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1 Introduction

As global climate change becomes more severe, countries confront the dual challenges
of environmental degradation and rising CEI when pursuing sustainable green development
(Liao and Li, 2022). According to data from the International Energy Agency, global CO2

emissions related to energy reached a record 37.4 billion tons in 2023, a 0.9% increase
compared to the previous year. Over 75% of these emissions resulted from fossil fuel
combustion. At the same time, the frequency of extreme weather events and the reduction in
nuclear power generation have further intensified carbon emission pressures (Chen and
Wang, 2024). As the world’s second-largest economy and largest carbon emitter, China has
maintained the highest carbon emissions since surpassing the United States in 2005 (Liang
et al., 2019). With the ongoing expansion of China’s economy, the cost of this high-
pollution growth is rising at an alarming rate. In response to the growing costs of high-
pollution growth driven by economic expansion, the Chinese government has proposed
dual carbon. The goal is to achieve carbon peaking by 2030 and carbon neutrality by 2060.

In this macro context, the strategic importance of cities as drivers of economic and
social activities is increasing (Tang and Zhou, 2025). Although cities occupy only 0.4%–
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0.9% of global land, they account for 60% of global resource
consumption and contribute 70% of total carbon emissions (Wu
et al., 2024). It results in a rigid growth trend in resource demand
and consumption. Furthermore, this is further compounded by
China’s resource endowment, which is marked by abundant
labor but scarce capital, technology, and natural resources. It is
unlikely that this situation will change in the short term (Wu et al.,
2023). As a result, cities will face more severe carbon reduction
challenges. Consequently, the key issue for urban sustainable
development is achieving effective carbon control while
maintaining economic growth.

GTI is considered a key pathway to achieving economic
development and environmental protection goals (Lu and Lu,
2024). In the Porter Hypothesis, Porter and van der Linde (1995)
proposed that appropriate environmental regulations can stimulate
corporate innovation. This leads to a win-win situation of
environmental and ecological improvement and economic
benefits through technological progress. As climate change has
intensified recently, GTI has been recognized as a core tool for
reducing urban CEI and addressing climate risks. It encompasses a
range of innovative activities, from clean energy to emission
reduction and circular economy technologies. These activities are
characterized by synergies, environmental friendliness, and
sustainability (Chen et al., 2023). On one hand, through
technological improvements and applications, GTlI can save
energy, reduce pollution, and improve environmental
performance. Simultaneously, it enhances the green
competitiveness of market entities, thereby achieving win-win
development for both the economy and the environment. On the
other hand, GTI also improves residents’ quality of life and health
and enhances urban livability and attractiveness (Lu and Xia, 2024).
Ultimately, it drives the development of related industrial chains,
creating agglomeration and scale effects (Birol, 2013). The
International Energy Agency confirms that green technologies
account for over 60% of carbon emission reductions in climate
mitigation programs (IEA, 2013). For China, actively promoting
GTI helps alleviate environmental pressure and achieve the dual
carbon goals. Additionally, it enables China to gain a competitive
edge in the new technological revolution. This will establish a new
advantage in green development.

However, there are still significant differences in the academic
understanding of the relationship between GTI and urban CEI.
Although GTI is theoretically capable of promoting carbon
reduction, the rebound effect suggests that GTI may lead to
increased energy consumption. This may offset or even exceed
the energy savings and emission reduction effects of GTI (Dai
et al., 2023). Additionally, the varying levels of GTI development
in different regions result in significant spatial heterogeneity in its
emission reduction effects. As a result, drawing comprehensive
conclusions is challenging (Feng et al., 2025). Furthermore, GTI
is a typical public good with high input costs, technical risks, and
long payback periods. Its carbon emission reduction effects often
require realization through specific mediating pathways (Manso,
2011). While existing research has acknowledged the crucial roles of
environmental regulation and energy consumption structure, there
is insufficient analysis of how these factors play a chain mediation
role in GTI’s impact on CEI.

Based on the above analysis, this study primarily examines the
following research questions: Can GTI reduce carbon emissions at
the urban level? What are the intrinsic mechanisms through which
GTI affects urban carbon emissions? Do environmental regulations
and energy consumption structure play a mediating role in the
chain? Are there significant regional differences in the effects of
emission reduction? Clarifying these questions is crucial for
promoting high-quality development and carbon reduction in
China under the dual-carbon goal. Given this, this paper uses
panel data from 272 cities in China from 2006 to 2022. It
constructs a chain mediation mechanism linking GTI,
environmental regulation, energy consumption structure, and
CEI. This not only helps clarify the theoretical debate on GTI’s
carbon reduction effects but also reveals its underlying mechanisms.
More importantly, it provides theoretical and empirical evidence for
formulating precise and effective urban carbon reduction policies.

2 Literature review

2.1 GTI and CEI

As the concept of CTI has deepened in recent years, many
scholars have recognized its significant positive impact on reducing
urban CEI. From a theoretical perspective, the Natural Resource-
Based View suggests that GTI helps firms gain competitive
advantages. It also makes their environmental strategies valuable,
scarce, difficult to imitate, and irreplaceable strategic resources (Hu
et al., 2023). Recent empirical research has confirmed that GTI
promotes high-quality economic development and enhances
environmental sustainability across various countries and regions
(Wang et al., 2022). For instance, in terms of Wei and Ma (2024),
R&D expenditures increase CO2 emissions in APEC countries, while
the number of patents reduces carbon emissions. After the
discussion, it was found that GTI can effectively enhance a
region’s carbon emission reduction capacity. Moreover, it also
has significant spatial spillover effects on neighboring regions’
carbon emission reduction levels. At the international level, some
scholars have used the CS-ARDL method to conclude that GTI
positively impacts Thailand’s CEI and overall environmental
improvement (Xuan et al., 2024). Research on developed
countries, including the G7, also highlights that progress in green
technology helps these countries achieve carbon emission reduction
targets (Hu and Wu, 2022). This emphasizes the interdependence
between technological innovation and environmental protection.

However, some research holds an opposing view on the emission
reduction effects of GTI. They claim that GTP does not explicitly
ensure CO2 emission reductions. From the perspective of Rennings
and Rammer (2011), the market cannot effectively promote GTI.
Companies may require sufficient incentives or penalties to drive
GTI. Lu and Lu (2024) observed that GTI exhibits an inverted
U-shaped impact on the carbon intensity across Chinese provinces
from the perspective of energy output growth. Furthermore, Mongo
et al. (2021) proposed an indirect rebound effect of GTI. If this effect
is significant enough, energy demand growth may outweigh supply-
side efficiency gains. This could undermine GTI’s role in reducing
CEI. On the international level, Suki et al. (2022) emphasized that
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while GTI improved the environmental performance of Italian
cities, it did not obviously reduce CEI.

Additionally, a study in Malaysia employing the Bootstrapped
ARDL method found that GTI significantly increases CEI in the
short and long term (Li H et al., 2024). Other scholars contend that
the reduction of carbon emissions by GTI occurs in distinct phases.
Although GTI positively affects carbon reduction in the short term,
its effectiveness diminishes over time and even becomes ineffective
(Chen et al., 2023). Relevant research has shown that GTI can
effectively reduce CEI, but it is established in developed countries.
Besides, Lin and Ma (2022) pointed out a non-linear relationship
between GTI and CEI. Significant reductions occur only when the
GTI and human capital level reach a specific threshold. Zhu and
Zhang (2023) assessed the single-threshold effect of income on GTI
effectiveness using a threshold regression model based on data from
71 economies. The results showed that GTI led to significant CEI
only when the income level exceeded a specific threshold. Moreover,
Wang et al. (2023) found differences in the carbon reduction effects
of GTI across sectors. In the construction sector, GTI likely increases
CEI, while in the industrial sector, it produces relatively
fewer emissions.

2.2 GTI, environmental regulation (ER),
and CEI

Porter (1991) contended that stringent, well-designed
environmental regulations can stimulate GTI. This offsets
compliance costs, increases firm productivity, and creates a win-
win scenario. In this situation, both profitability and emission
reduction targets are improved. Public Health Policy provides a
new perspective on the impact of environmental regulations. It
emphasizes how such regulations influence firms’ innovative
behavior and contribute to emission reductions. Numerous
studies have empirically tested this hypothesis (Li Q et al., 2024).
The Innovation Offsets perspective suggests that under a well-
functioning environmental regulatory system, the environmental
benefits of resource efficiency improvements can outweigh the costs.
These costs are associated with internalizing environmental impacts
(Hart et al., 2022). Fragkiadakis and Paroussos (2021) confirmed a
positive correlation between the intensity of environmental
regulation and innovation output. Their study, which is based on
data from the manufacturing sector of 17 European countries,
supports this finding. Other research shows that stringent
environmental policies, such as carbon taxes on excessive
emissions, positively impact environmental sustainability. These
policies also lead to increased environmental costs. Moreover,
these policies significantly enhance environmental sustainability.
It also increases investment in green technologies, further
promoting sustainability in the G-7 economies (Aybudak et al.,
2025). Chhabra et al. (2023) emphasized that implementing
environmental laws, such as carbon pricing or taxation, is crucial
for countries heavily reliant on importing non-renewable energy
sources to meet consumption needs. Tang et al. (2025) found that
the marginal impact of environmental policy synergies on per capita
carbon emissions in China exhibits clear structural features at
different levels. These synergies effectively lower per capita
emissions and contribute to carbon neutrality targets.

However, due to the inherent uncertainty and high capital
requirements of innovative activities, some argue that
environmental regulation is necessary to reduce CEI (Wang
et al., 2025). Research based on Neoclassical Economics argues
that ecological regulations increase compliance costs, such as
pollution fees. This forces firms to redirect limited resources
from innovation to basic emission reduction projects, possibly
reducing overall innovation efficiency (Yin et al., 2022). Some
research has examined the mechanism of environmental
regulation. They conclude that regulation, acting as a driver, can
mediate the role of GTI in promoting a low-carbon transition
(Wang H. J et al., 2024). Furthermore, Wu and Yu (2025) argued
that market-based environmental regulatory instruments, such as
IERs, are most effective in promoting green innovation and emission
reductions among Chinese firms.

2.3 GTI, energy consumption structure (ECS)
and CEI

Achieving carbon neutrality through GTI has become the
consensus of most countries. The existing literature primarily
focuses on two aspects of the relationship between GTI, energy
consumption structure, and CEI. On the one hand, it examines the
impact of GTI on the structure of energy consumption. Xu et al.
(2022) emphasized a non-linear dynamic relationship between GTI
and energy efficiency. When innovation levels exceed a critical
threshold, CEI will be reduced significantly. From the perspective
of Guo et al. (2024), stronger policy support is required when
technological innovation levels are low. Once innovation levels
improve, policy intensity should be reduced once innovation
levels improve to promote green energy transformation. Yang
et al. (2023) emphasized that GTI fosters the development of
new energy sources. It will contribute to the reduction of fossil
fuel consumption. Other scholars argue that GTI, as a key energy-
saving mechanism, can guide resource flow from high-pollution,
high-energy-consumption industries to low-energy,
environmentally friendly industries. The process strongly
promotes the energy transition (Cao and Xu, 2023).

Another aspect is that research has also focused on the impact of
energy consumption structure on CEI. Zhang and Xu (2022)
constructed an energy security index system and found that
improving energy security helps decouple carbon emissions in
the Yellow River Basin. Liu H. Z. et al. (2022) stated that an
unreasonable energy consumption structure inhibits the low-
carbon economic transformation regionally and in neighboring
areas. Some scholars argue that reducing the cost of clean energy
and promoting energy structure reform can eliminate dependence
on traditional sources (Chen L et al., 2024). This paves the way for
developing and using clean energy, such as solar energy. It also
encourages the gradual replacement of high-carbon sources with
low-carbon alternatives, thus reducing CEI.

In addition, some scholars have analyzed the impact of related
policies and argued that energy quota trading has a dual green effect.
It reduces carbon inequality within and between cities. The effect is
more pronounced in national low-carbon pilot cities than in non-
pilot cities (Haowei, 2025). Some scholars have examined the new
energy city demonstration policy from constraint and incentive
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perspectives. They found that the carbon reduction effect of the
NECDP becomes significant only after the second year, indicating a
time lag (Che et al., 2023). Besides, some studies emphasize the
potential complexity of GTI. Gu et al. (2019) argued that GTI
improves energy efficiency, but its marginal effect gradually
diminishes. Moreover, economic growth stimulates higher energy
demand. This increases pollutant emissions in production processes
and poses greater climate change risks. Some scholars have found
that GTI may encourage residents to use energy-efficient products
more frequently by reducing energy consumption costs. It will lead
to increased CEI in turn (Pu et al., 2022).

In summary, existing research has examined the impact of CTI
on CEI from different perspectives, providing a solid theoretical
foundation for this study. However, there is still significant room for
further exploration. Firstly, regarding the effectiveness of GTI in
reducing carbon emissions, significant academic debate remains,
and no consensus has been reached. Secondly, most existing
research focuses on the effects of carbon emission reduction at
the provincial level. However, as cities are the main drivers of
economic development and the primary sources of carbon
emissions, the carbon reduction mechanisms of GTI at the urban
level remain underexplored. Thirdly, in terms of the mechanisms,
although some scholars have highlighted the vital role of
environmental regulation in the relationship between
technological innovation and carbon emissions, most studies
focus on its moderating effect. There has been relatively limited
discussion on the mediation effect pathways. In addition, while
existing research has examined themediating roles of environmental
regulation and energy consumption structure in the impact of GTI
on CEI, few studies have integrated these factors into a unified
framework. This limitation hinders the exploration of whether they
form a chain mediation of GTI-environmental regulation-energy
consumption structure-CEI.

Building on the research gaps mentioned above, this study
focuses on whether GTI can reduce urban CEI at the city level. It
also examines whether environmental regulation and energy
consumption structure can play a chain mediation role in
achieving urban carbon reduction goals. The potential
contributions of this paper are as follows. Firstly, in terms of
research methodology, this study differs from traditional single
mediation analysis. It reveals that GTI affects CEI through a
chain path. This path involves environmental regulation and
energy structure transformation, enriching the research
perspective. Secondly, existing research has mainly focused on
the provincial level, while cities have not been adequately
explored as the main battleground for carbon reduction. In
the context of increasing resource and environmental
constraints, the urban carbon reduction effects of CTI
urgently need to be studied. Thirdly, this paper differs from
previous research that focuses on the economic impact of
environmental regulation. It treats environmental regulation
as a policy incentive variable and explores its mediation paths.
It suggests that GTI only provides the direction for enterprises.
The innovation compensation effect and environmental
compliance cost of environmental regulation policies drive this
transformation. This study aims to provide references for
regulatory institutions to develop low-carbon development
strategies suited to China’s actual conditions.

3 Theoretical analysis and research
hypothesis

3.1 The direct impact of GTI on urban CEI

GTI is an innovation seeking to mitigate the conflict between
economic expansion and ecological degradation. It is crucial to
promote green, low-carbon economic development and achieve the
dual-carbon goal (He et al., 2025). This view is supported by the
theory of technology spillover, suggesting that green technology
produces significant positive spillover effects as a special public good
(Rong et al., 2023). On the one hand, applying key technologies such as
renewable energy and energy storage can transform urban energy supply
from centralized fossil energy systems to distributed clean energy. This
shift breaks the traditional dependence on high-carbon pathways.
Combined with e-mobility technology, this creates a chain system of
emission reduction at the source and control at the end. Consequently,
production costs for enterprises will decrease. This will stimulate
production motivation, attract broader participation in GTI activities,
and generate economies of scale (Colombelli et al., 2025). On the other
hand, the potential of GTI to reduce emissions is also supported by
Externality Theory. This theory argues that the environmental costs of
corporate carbon emissions and the social benefits of green innovation
are inadequately reflected in market pricing mechanisms (Hu and Tian,
2024). Similarly, using R&D subsidies, tax incentives, and othermeasures
will encourage enterprises to adopt cleaner and more efficient green
technologies. As a result, both capital and human investments inGTIwill
be increased. This will enhance individual enterprises’ ability to reduce
emissions. In addition, a significant spillover effect will be generated,
ultimately promoting the industry’s emission reduction process (Zhang
et al., 2024).

The impact of GTI on carbon emissions remains controversial at the
theoretical level. The Rebound Effect theory suggests that by reducing the
cost of green products, GTImay stimulate larger-scale consumption. This
may lead to an increase in overall carbon emissions instead of a decrease
(Wang Q et al., 2024). According to the time-lag effect theory, it is a
lengthy process for GTI to move from research and development to
industrial application. This delay makes it challenging to achieve
significant emission reductions in the short term (Yang Y. et al.,
2023). Additionally, under resource constraints, large-scale
investments in GTI may crowd out the improvement of traditional
emission reduction technologies. This includes energy efficiency
enhancements and other proven emission reduction paths. As a
result, overall efficiency may decline (Li C et al., 2024). What is the
actual emission reduction effect of GTI in the context of China’s rapid
urbanization?Due to theoretical controversies and situational complexity,
the exact impact of GTI on urban carbon emission reduction requires
empirical testing. Therefore, this paper proposes the following hypothesis:

Hypothesis 1: GTI has a significant effect on urban
carbon emissions

3.2 Analysis of the mediating effects of
environmental regulation

Environmental regulation refers to the administrative and legal
measures governments use to guide firms in following specific
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policies. According to Porter’s hypothesis, technological progress
reduces the costs of environmental monitoring and pollution
control. This makes previously unaffordable or technologically
infeasible environmental standards achievable (Song et al., 2022).
The application of GTI prompts the government to set carbon
emission caps. Consequently, mandatory constraints are imposed
on high-emission industries, forcing them to adopt emission
reduction measures (Cui et al., 2022). In addition, GTI has
expanded the scope of environmental standards. Using tools such
as carbon tax systems and green financial subsidies has shifted the
regulatory approach towards multi-incentive mechanisms. This has
accelerated the internalization of price mechanisms, directed
resources toward low-carbon sectors, and reduced per-unit
carbon emissions in urban areas (Ai et al., 2023). By utilizing
institutional constraints and incentives, environmental regulation
motivates market participants to reduce emissions, enhancing
carbon reduction effectiveness. From the perspective of resource
allocation, strict environmental regulations increase the costs and
risks for high-carbon industries. Thus, their marginal returns
decline. At the same time, the green technology sector benefits
from high returns due to policy support (Zhang et al., 2024). This
drives the concentration of factors such as capital, talent, and land in
low-carbon industries, accelerating the translation of innovations
into the marketplace.

However, themediatingmechanism of environmental regulation is
not always effective. As regulators, information asymmetry theory
suggests governments often lack sufficient technical and cost
information. This makes it difficult to accurately assess firms’
abatement potential and compliance costs, leading to indiscriminate
implementation of regulations (Tian et al., 2025). Additionally,
environmental regulatory policies encounter practical constraints
during implementation, including high costs and resistance from
interest groups (Alexander et al., 2024). Such constraints
significantly weaken the mediating effect. In the early stage of
technological innovation, the lack of maturity and limited market
acceptance of green technologies may result in overly advanced
policies that are disconnected from reality. Therefore, compliance
costs for enterprises increase, creating a compliance burden effect
and inhibiting short-term incentives to reduce emissions (Han and
Shao, 2022). More critically, behavioral distortion theory suggests that
stringent environmental regulations may cause enterprises to develop a
regulatory avoidance mindset. This leads them to circumvent
regulations through industrial shifts, data falsification, and exploiting
policy loopholes, rather than invest in GTI (Yu et al., 2021). Given the
academic disagreement on the mediating role of environmental
regulation, it is essential to verify whether GTI can reduce urban
CEI through this pathway. Consequently, this paper proposes the
following hypothesis:

Hypothesis 2: Environmental regulation plays a mediating role in
GTI and reducing urban CEI, though its direction remains uncertain.

3.3 Analysis of themediating effect of energy
consumption structure

Resource allocation theory holds that the market serves as a
fundamental mechanism for distributing resources. It guides the

flow of resources to more efficient and lower-cost areas through
price signals (Struben et al., 2020). Based on this theory, GTI can
reduce carbon emissions by optimizing the energy consumption
structure. On the supply side, GTI adjusts the relative prices of
energy sources and reduces the production cost of renewable energy.
With the rise of emerging energy supply modes, market choices are
becoming more diversified, and competition among enterprises is
intensifying. Under the market price mechanism, the cost advantage
of clean energy will be transmitted to various industries (Liu et al.,
2021). As a result, the development of the energy system towards
decarbonization is accelerated. From the demand management
perspective, this advantage will be passed to consumers as clean
energy costs decrease. It will incentivize them to reduce the use of
high-carbon energy. Carbon pricing and other tools will amplify
price signals, further guiding consumers tomake low-carbon choices
(Li et al., 2024). From the perspective of energy efficiency
improvement, the energy substitution theory suggests that
enterprises can adjust their energy structure. The optimization of
energy consumption structure promotes the concentration of energy
use in high-efficiency sources, reduces energy losses, improves
energy use efficiency, and enhances emission reduction
effectiveness (Zhang et al., 2023).

However, significant challenges have been encountered in the
practical application of this theoretical expectation. The
effectiveness of the mediating role of the energy consumption
structure remains a subject of intense debate in existing research.
Path-dependence theory emphasizes high sunk costs, technological
lock-in, and interest groups’ resistance to the established energy
system. Accordingly, the energy consumption structure becomes
highly rigid. Breaking free from the established path remains
difficult for GTI, even when driven by technological innovation,
particularly in the short term (Mi et al., 2021). Traditional high-
carbon energy sources maintain a dominant position in the energy
consumption structure (Yong et al., 2023). Market failure theory
further suggests that information asymmetry, monopoly power, and
externalities in the energy market imply that the market mechanism
alone may not achieve effective energy structure transformation. In
addition, the capacity of technological innovation to optimize the
structure may be weakened by market failures (Wang et al., 2020).
More importantly, some scholars contend that adjusting the energy
consumption structure frequently lags behind GTI. In some cases,
this delay may render the mediating role insignificant and even
hinder carbon emission reduction (Huang et al., 2022). Given the
divergence in existing research on the mediating mechanism of
energy consumption structure, it remains to be tested whether GTI
can reduce urban carbon emissions through this pathway. Thus, this
paper proposes the following hypothesis:

Hypothesis 3: Energy consumption structure plays a mediating role
in GTI and reducing urban CEI, though its direction remains uncertain.

3.4 Analysis of chain mediation between
environmental regulation and energy
consumption structure

The mechanism through which GTI influences urban carbon
emission reduction is viewed differently in academia. The
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supporting view is that GTI can optimize the energy consumption
structure and achieve the carbon reduction target. This is achieved
through dual regulation: policy guidance and the demonstration effect.
Regarding policy guidance, the government provides signals to market
players by formulating green innovation development plans and related
policies (Chen F et al., 2024). This reduces the cost of technology
application and accelerates the market penetration of low-carbon
technologies. At the level of the demonstration effect, industrial
ecology theory suggests that technological innovation networks and
industrial ecosystems incentivize upstream enterprises to provide
cleaner raw materials. They also encourage downstream enterprises
to offermore environmentally friendly products and services (Chen and
Jiang, 2025). Environmentally friendly products and services promote
the efficient utilization of energy. Furthermore, the synergistic
development of upstream and downstream enterprises is facilitated,
forming carbon synergy and emission reduction effects within the
industrial chain. According to Porter’s hypothesis, clean energy gains
policy advantages as environmental standards gradually rise with
technological support. In contrast, high-carbon energy faces
elimination pressure. As a result, key market players are forced to
invest in high-efficiency, low-carbon clean energy technologies (Gu
et al., 2022). As the proportion of clean energy increases, the policy
resistance of traditional high-pollution industries weakens. This creates
conditions for the implementation of stricter environmental standards.
With the support of technology, a positive feedback loop of regulatory
reinforcement and structural optimization forms, ultimately achieving
carbon reduction.

However, skeptical views challenge the effectiveness of such
chained mediating mechanisms. Resource curse theory suggests that
local governments may rely more on traditional taxes and employment
in resource-rich regions. This can lead to insufficient enforcement of
environmental regulations. Therefore, even when available, advanced
green technologies may not be effectively translated into strict
environmental constraints (Rammer et al., 2017). Neoclassical
economics further suggests that excessive environmental regulations
may create a crowding-out effect. This effect diverts resources away
from technological innovation and weakens firms’ capacity for
structural adjustment (Zhang and Fan, 2024). In addition, some
scholars using cross-country panel data have found that, in many
developing countries, environmental regulations are often reduced to
policy instruments. The intensity of these regulations is driven more by
political cycles and economic interests than by GTI. More critically,
institutional economics theory emphasizes that the effectiveness of the
chainmediationmechanism depends heavily on institutional quality. In
regionswith lower institutional quality, a broken chainmay exist among
GTI, environmental regulation, and energy restructuring (Zeng et al.,
2022). Most existing research focuses on single-path analysis and lacks
an in-depth examination of the multiple mediation effect (Liu et al.,
2025). As a result, consensus has not been reached regarding whether
GTI can upgrade the energy consumption structure and achieve carbon
emission reduction through strengthened environmental regulation.
This controversy requires clarification through more comprehensive
empirical research. Accordingly, this paper proposes the following
hypothesis:

Hypothesis 4: (H4). Whether GTI can reduce CEI by
strengthening environmental regulation and thus promoting
energy structure upgrades remains to be verified.

In summary, the mechanism of GTI on urban CEI is shown
in Figure 1.

4 Research design and data description

4.1 Model construction

4.1.1 Benchmark regression model
In order to test whether GTI reduces urban CEI (i.e., direct

impact), the following benchmark model is constructed for
empirical research:

CEIit � α0 + α1GTIit + α2Xit + μi + yt + εit (1)

In Equation 1, the subscripts i and t denote the city serial
number and year, respectively, α0 is constant terms, α1 and α2
are parameters to be estimated, CEIit is the degree of CEI in city i in
year t, GTIit is the level of green technology innovation in city i in
year t, Xit are control variables affecting the effect of carbon
emission, μi is individual fixed effect, yt is year fixed effect, and
εit is random perturbation term.

4.1.2 Mediation effect model
Based on the benchmark regression from Equation 1, drawing

on the relevant research (Jiang, 2022), we establish a mediation
model to identify the influence of GTI on CEI. The specific model is
as shown in Equations 2, 3:

Mediatorit � β + β0GTIit + β1Xit + μi + yt + εit (2)
CEIit � ρ + ρ1GTIit + ρ2Mediatorit + ρ3Xit + μi + yt + εit (3)

where mediator is the mediating variable, which in this paper is the
energy consumption structure (CES) and the level of environmental
regulation (ER); other variables have the same meanings as
in Equation 1.

4.1.3 Chain mediation effect model
Equations 2, 3 demonstrate the impact of GTI on CEI through

two independent mediating variables. However, these variables can
not only function independently but may also generate chain effects.
Drawing on relevant research findings (Ma et al., 2024; Li and Guo,
2024), this paper aims to clarify the mediating effect and construct a
chain mediation model. This model analyzes the complex pathways
by which GTI influences CEI via mediating variables, as shown in
Equations 4–6:

FIGURE 1
Theoretical model.
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ERit � λ + λ1GTIit + λ2Xit + μi + yt + εit (4)
CESit � γ + γ1GTIit + γ2ERit + γ3Xit + μi + yt + εit (5)

CEIit � θ + θ1GTIit + θ2ERit + θ3CESit + θ4Xit + μi + yt + εit (6)
where ERit represents environmental regulation, CESit represents
energy consumption structure, if model (1) α1, model (4) λ1,
model (5) γ1 and γ2, model (6) θ1, θ2 and θ3 are significant, then
the research hypothesis H4 is valid, that is, GTI can influence
urban carbon emission reduction by improving the level of
environmental regulation and then optimizing the energy
consumption structure.

4.2 Variable measurement and description

4.2.1 Explained variables
Urban carbon emissions (CEI). To accurately reflect the

environmental pollution caused by urban economic development,
referring to related research (Fan et al., 2023), and introducing the
CO2 emission to quantify total carbon emissions. Following the
IPCC-Intergovernmental Panel on Climate Change, the carbon
emission rate measures CO2 emissions from both direct sources
(e.g., coal, natural gas, liquefied petroleum) and indirect sources
(e.g., electricity, heat). Finally, the carbon emissions of each city are
summed to obtain the total carbon emissions. The calculation
formula is as shown in Equation 7:

CO2 � ∑Eij × nj (7)

In Equation 7, where CO2 denotes the total CO2 emissions of city i,
Eij denotes the consumption of energy j in city i, or the electricity
consumption of city i, and nj denotes the carbon emission factor of
energy j or the baseline emission factor of the power grid.

4.2.2 Core explanatory variables
The level of green technological innovation (GTI) is

measured by the number of green patent applications in the
IPC Green Inventory-WIPO. Based on the research by Xu and
Chen. (2024), this measure is chosen because it reflects the
dynamics of GTI more directly and promptly, while reducing
risk and uncertainty.

4.2.3 Mediating variables
1. Environmental regulation (ER), Porter’s hypothesis suggests that

it can force companies to eliminate inefficient and high-carbon
capacity. Simultaneously, it also stimulates new industries such as
renewable energy conservation and environmental protection.
This, in turn, promotes technological diffusion, contributing to
emission reductions throughout the industrial chain. Drawing on
Zhang and Chen (2021), this study uses the level of importance
assigned to environmental protection in government work reports
as a measurement.

2. The structure of energy consumption (CES), which is
measured by the proportion (%) of coal consumption in
total energy consumption, drawing on the study of Fu
(2010). Specifically, coal consumption is adjusted at the
prefecture and municipal levels based on provincial
nighttime lighting data and its quantitative correlation with

energy statistics; energy consumption, drawing on relevant
research (Lin and Meng, 2020), is adjusted at the prefecture
and municipal levels based on the share of industrial output
value. Then, inverse provincial energy consumption will be
used for positive normalization.

4.2.4 Control variables
To avoid the negative impact of omitting important variables on

regression results, this paper follows relevant research and selects the
following control variables (Zhang et al., 2024):

1. The density of population (DOP) is measured by the ratio of
the resident population to the area of the city. According to the
theory of urban agglomeration, urbanization can improve
energy efficiency through scale effects (Glaeser and Kahn,
2010). However, it may also exacerbate carbon lock-in due
to rapid infrastructure expansion (Levine, 2005).

2. The degree of financial development (FD) is measured by the
ratio of RMB loan balances of financial institutions to GDP. A
well-developed financial market eases corporate financing
constraints for innovation (Wang and Yi, 2023) and
promotes clean technology R&D and application (Wang
and Ullah, 2024). However, the technology lock-in effect
may slow the transformation of traditional high-carbon
industries.

3. The level of foreign investment (OP) is measured by the ratio of
total imports and exports to GDP. International trade theory
suggests foreign investment can generate technology spillover
effects (Ding et al., 2019). However, the carbon leakage theory
indicates that foreign investment may promote the transfer of
high-carbon industries (Khanna et al., 2025).

4. The government intervention level (GL) is measured by the
ratio of government fiscal expenditure to GDP (Chen et al.,
2024). According to Peguy’s tax theory, a higher GL
indicates the government has greater financial capacity
and willingness to intervene in the market. This may
include a carbon or environmental tax to correct market
externalities.

5. The human capital level (HE) is measured by the logarithm
of the number of students enrolled in general undergraduate
and tertiary education. Investment in education enhances
the ability to manage the environment (Zhang and Hussain,
2021). However, the theory of consumption upgrading
suggests that individuals with higher human capital tend
to favor lifestyles with a higher carbon footprint, such as
frequent travel and high-end consumption. This may offset
the effects of technological emission reduction (Liu
et al., 2023).

6. The level of economic agglomeration (LEA) is measured by
GDP and regional land area. High LEA promotes knowledge
spillovers, economies of scale, and specialization (Glaeser and
Kahn, 2010). However, environmental pressure theory
suggests that a dramatic expansion of the absolute scale of
economic activity often accompanies increases in LEA. This
expansion may generate carbon emissions that far exceed the
efficiency gains. The incremental increase in carbon emissions
may outweigh the reduction effect of efficiency improvements
(Romero-Lankao et al., 2014).

Frontiers in Environmental Science frontiersin.org07

Li and Cao 10.3389/fenvs.2025.1616667

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1616667


4.3 Data handling and description

Research focuses on Chinese cities at the prefecture level and
above. However, due to numerous missing values in cities from
Qinghai and Xinjiang, only provincial capitals were included in the
data analysis. The final research sample consists of 272 cities at the
prefecture level in China, excluding alliances and states. The GTI
data primarily comes from the China National Intellectual Property
Administration (CNIPA). The remaining variables are sourced from
the China City Statistical Yearbook, China Energy Statistical
Yearbook, China Regional Economic Statistical Yearbook, China
Industrial Statistical Yearbook, China Labor Statistical Yearbook,
China Environmental Statistical Yearbook, the National Bureau of
Statistics of China, and the EPS database.

Before the analysis, the data for certain variables (GTI, DOP, and
HE) were log-transformed. Simultaneously, selected variables were
winsorized at the 1st and 99th percentiles (CEI and GTI). The risk of
systematic bias was minimized due to the low proportion of missing
values in the raw data (<1%). Missing values mainly occurred in

isolation within a single year. To ensure data completeness, missing
values were supplemented using interpolation. Additionally, to
assess potential correlation issues between the variables, a VIF
test was conducted. The descriptive statistics of the variables are
presented in Table 1.

TABLE 1 Descriptive statistics of variables.

Variable N Mean SD Min Max VIF

CE Before
Interpolation

4502 4.013 4.124 0.064 50.216

After
Interpolation

4624 4.078 4.116 0.064 50.216

GTI Before
Interpolation

4609 4.458 1.931 0 10.301 3.61

After
Interpolation

4624 4.471 1.904 0 10.301

DOP Before
Interpolation

4486 2.581 1.267 0.504 21.297 2.99

After
Interpolation

4624 2.372 1.181 0.504 21.297

FD Before
Interpolation

4609 0.183 0.107 0.043 1.485 2.54

After
Interpolation

4624 0.185 0.102 0.043 1.485

OP Before
Interpolation

4574 0.021 0.023 0 0.147 2.00

After
Interpolation

4624 0.019 0.024 0 0.147

GL Before
Interpolation

4590 1.013 0.572 0.089 5.652 1.76

After
Interpolation

4624 1.001 0.559 0.089 5.652

HE Before
Interpolation

4615 16.143 0.978 13.193 19.625 1.68

After
Interpolation

4624 16.148 0.976 13.193 19.625

LEA Before
Interpolation

4620 4.036 0.726 1.763 8.362 1.14

After
Interpolation

4624 4.037 0.726 1.763 8.362

TABLE 2 Unit root test.

Variable Z-statistic P-value Conclusion

CEI −13.7654 0.000 Stationarity

GTI 5.5693 0.000

DOP −12.6753 0.000

FD −14.1380 0.000

OP 15.6923 0.000

GL −11.3833 0.000

HE −13.5474 0.000

LEA −65.3901 0.000

TABLE 3 Benchmark regression results.

Variable RE Fe

(1) (2) (3) (4) (5)

GTI −0.249*** −1.257*** −1.232*** −0.854*** −0.159***

(-6.277) (-49.848) (-39.015) (-24.594) (-3.119)

DOP 0.175*** −0.330*** 0.786* 1.592***

(5.692) (-5.666) (1.648) (3.420)

FD −0.248*** 0.413*** −0.050** −0.069*

(-6.551) (4.943) (-2.569) (-1.881)

OP 0.018 0.329*** 0.242*** 0.402***

(0.152) (5.654) (2.960) (2.817)

GL −0.989*** 5.595*** −4.786*** −2.477**

(-17.246) (9.119) (-3.794) (-2.254)

HE 0.728*** −6.692*** −3.454 14.446***

(3.640) (-2.643) (-1.284) (4.451)

LEA 22.513*** 0.914*** 0.297** 0.302**

(25.200) (8.817) (2.286) (2.072)

Cons −2.659*** 9.672*** 8.750*** 3.339 −5.568**

(-7.953) (78.941) (24.552) (1.232) (-2.042)

City FE YES NO NO YES YES

Time FE YES NO NO NO YES

Obs 4624 4624 4624 4624 4624

R2 0.350 0.446 0.900 0.915

Hausman chi2 (8) = 69.74 Prob > chi2 = 0.0000

Note: T-statistics are in parentheses; *, ** and *** represent 10%, 5% and 1% significance

levels, respectively.
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Table 1 shows that the maximum VIF value is 3.61, and the
average is 2.24. These values are relatively stable, indicating no
multicollinearity in the data. Additionally, the sample data used in
this paper is short panel data. A Unit Root Test was conducted on
the panel data to prevent pseudo-regression issues caused by a unit
root in the data. The results are shown in Table 2. The results show
that each variable rejects the unit root hypothesis at the 1%
significance level. Therefore, the data is stationary and does not
require further processing. Simultaneously, robust standard errors
clustered at the city level address the potential
heteroskedasticity issue.

5 Empirical results and analysis

5.1 Benchmark regression results

Before conducting the benchmark regression, model selection is
performed. The results of the Hausman test, shown in Table 3, reveal
that the P-value is less than 0.01, rejecting the null hypothesis.
Therefore, the panel fixed-effect model is selected for regression.
Columns (2) and (3) show that when control variables are added
sequentially without fixed effects, the regression coefficients for
carbon emission levels are significantly negative at the 1%. This
indicates that GTI substantially reduces urban CEI. Columns (4) and
(5) include individual and year fixed effects, respectively. The impact
of GTI on CEI remains significantly negative and passes the 1%
significance level. This finding provides preliminary support for
hypothesis H1. This finding aligns with multiple studies (Zhang
et al., 2024; Liu et al., 2022), which confirm the significant emission
reduction effect of GTI. This effect is realized through recycling,
reuse, and waste reduction, which lower resource consumption and
carbon emissions during production. Furthermore, this finding
confirms Porter’s theoretical expectation, which suggests that
technological innovation can create a win-win situation for both
the environment and economy (Porter and van der Linde, 1995).
However, unlike Miao et al. (2024), which resulted from a short
period and limitations in indicator selection, this study uses a more
extended time window, effectively avoiding the discrepancies due to
differing time methods. This approach effectively mitigates
discrepancies in results arising from variations in measurement
methodology (Li et al., 2023). It provides more robust empirical
evidence for the carbon reduction effect of GTI.

5.2 Independent mediation effect test

Columns (1) and (2) in Table 4 validate the role of
environmental regulation in urban carbon emissions. The results
show that the regression coefficient for environmental regulation is
2.213, significantly positive at the 1% level. Meanwhile, the
regression coefficient for carbon emissions remains significantly
negative at the 1% level. Furthermore, after performing the
Bootstrap mediation effect test, the estimated coefficient
is −0.663, and the 95% confidence interval excludes 0. This
suggests that GTI reduces carbon emissions by enhancing
environmental regulation, thereby verifying hypothesis H2. This
result aligns with Hu and Xiong (2024), which indicates that GTI

can improve local government enforcement of environmental
regulations and significantly reduce carbon emissions. It also
confirms how environmental regulations incentivize enterprises
to reduce emissions by lowering technology costs. However,
unlike Ma et al. (2022) and Lu et al. (2023), which focus
primarily on the direct impact of environmental regulations on
GTI, this paper reverses the trend. It explores how GTI can
strengthen the enforcement of environmental regulations,
revealing the dynamic role of technological progress in
institutional improvement.

The test results on the mediating role of the energy consumption
structure are presented in columns (3) and (4) of Table 4. Table 4
shows that the coefficient for GTI’s influence on the energy
consumption structure is 0.023, significantly positive at the 1%
level. The absolute value of its negative influence on carbon
emissions is smaller than the benchmark coefficient of 0.159.
This indicates that the energy consumption structure plays a
partial mediating role. The estimated coefficient in Bootstrap’s
1000 tests is −0.187, and the 95% confidence interval excludes 0.
This indicates that GTI can reduce carbon emissions by optimizing
the energy consumption structure, thereby verifying hypothesis H3.
These findings align with the study by Guo and Tan. (2024), which
suggests that new technologies reduce the cost of clean energy
development and improve its economic feasibility and
competitiveness. However, unlike Zhao et al. (2025), who
examined the impact of green innovation on the energy mix
from the perspective of corporate investment, this paper
systematically verifies the mediating mechanism at the city level.
It quantifies the magnitude of the mediating effect through a
Bootstrap test, providing more rigorous empirical evidence for
GTI’s indirect emission reduction pathway.

5.3 Chain mediation effect test

This paper examines the direct effect of GTI on CEI usingModel
6 from the SPSS plug-in PROCESS.We conducted a Bootstrap test at
the 95% confidence level, with 5000 sampling repetitions. The results
are shown in Table 5. The coefficient of environmental regulation on
energy consumption structure is 2.272, with a positive significance
level. This indicates a significant chain mediation effect between
environmental regulation and energy consumption structure. The
indirect impact is greater than 0. Moreover, the Bootstrap test results
in Table 5 show that the estimated coefficient of GTI is −0.017. The
95% confidence interval excludes 0, indicating that GTI can
optimize the energy consumption structure by improving the
environmental regulation level, thus reducing CEI. Hypothesis
H4 is verified. The chain mediation aligns with Li et al. (2024),
which argues that GTI enhances the technical feasibility of
environmental regulation. Strengthened environmental regulation,
in turn, guides market players to shift to cleaner energy options
through the price mechanism (Liu et al., 2020). Unlike Zhang et al.
(2024), who focus on the direct emission reduction effect of and
Esperon-Rodriguez et al. (2022), who emphasize the independent
impacts of environmental regulation and energy structure. This
paper demonstrates that GTI achieves emission reductions and
efficiency gains through two key pathways: regulatory
reinforcement and structural optimization.
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5.4 Robustness tests

5.4.1 Replacement of explained variables
Consumers are the primary beneficiaries of production

activities. Their consumption capacity and structure influence
production and affect urban carbon emissions. Therefore, this
paper follows the approach of Wu et al. (2024), using per capita
carbon emissions as a proxy for carbon emissions to test the effect of
GTI on carbon emission reduction. The regression results are
presented in column (1) of Table 6. The regression coefficient of
GTI remains significantly negative, confirming the robustness of the
previous benchmark regression results.

5.4.2 Sample shrinkage processing
The sample data’s descriptive statistics show that each variable’s

standard deviation is significant. To mitigate the impact of extreme
values, the data undergo 1% shrinkage and are regressed again. The
results in column (2) of Table 6 indicate that after sample shrinkage,

the direction of GTI’s effect on carbon emissions remains at the 1%
significance level, confirming the robustness of the
regression results.

5.4.3 Quantile regression
To further investigate the trend in GTI’s impact on CEI at

different stages, three specific quantile points (0.25, 0.5, 0.75)
were selected using quantile regression. This method reflects the
effect of GTI on carbon emissions at various development levels,
as shown in Table 6, columns (3), (4), and (5). The results
indicate a consistent and significant reduction in carbon
emissions due to GTI at different quantile points, all of which
pass the significance test.

5.4.4 Add individual and time fixed-effects
The time and region fixed-effects model is retested to eliminate

the influence of time-varying factors and individual differences. In
addition, it also controls for the differences caused by

TABLE 4 Mechanism test.

Variable ER CI CES CI CES CI

(1) (2) (3) (4) (5) (6)

GTI 2.123*** −0.145*** 0.023*** −0.132*** 2.272*** −0.109***

(3.617) (-2.886) (3.024) (-2.670) (4.395) (-2.869)

ER −0.006*** 3.563*** −0.005***

(-3.745) (3.681) (-4.572)

CES −1.194*** −1.170***

(-9.263) (-2.479)

Cons 169.308*** −4.484 15.600*** 13.052*** −2.476***

(7.438) (-1.627) (21.211) (3.979) (5.706)

Control YES YES YES YES YES YES

City FE YES YES YES YES YES YES

Time FE YES YES YES YES YES YES

Obs 4624 4624 4624 4624 4624 4624

R2 0.461 0.915 0.946 0.919 0.793 0.916

Note: T-statistics are in parentheses; *, ** and *** represent 10%, 5% and 1% significance levels, respectively.

TABLE 5 Results of the chain mediation test based on Bootstrap.

Mechanism path Estimated coefficient Standard error 95%Confidence interval

Lower limit Upper limit

Green-ER-CI −0.663*** 0.055 −0.751 −0.450

Green-CES-CI −0.187*** 0.046 −0.277 −0.096

Green-ER-CES-CI −0.017*** 0.003 −0.126 −0.003

Total indirect effects −0.867*** 0.012 −1.030 −0.415

Note: *, ** and *** represent 10%, 5% and 1% significance levels, respectively.
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multidimensional shocks in different cities. The results in Table 6
show that the regression coefficient for GTI is −0.181, with a
significance level of 1%. This confirms the robustness of the
previous results.

5.4.5 Adjust time windows dynamically
At the beginning of 2020, the COVID-19 Pandemic Shock

caused volatility in China’s economic development, so regressions
are conducted using sample data from 2006 to 2019. The results in

TABLE 6 Robustness test results.

Variable (1) (2) (3) (4) (5) (6) (7)

Replacement of
explained variables

Shrinkage
processing

q25 q5 q75 City and time
fixed-effects

Adjust time
windows

GIT −5.963*** −0.179*** −0.678*** −0.960*** −1.353*** −0.181*** −0.171***

(-4.509) (-4.011) (-28.994) (-33.721) (-34.374) (-4.051) (-2.977)

Cons −1.008*** −4.722* 2.578*** 5.036*** 8.100*** 28.510* 0.227

(-7.160) (-1.891) (8.872) (14.236) (16.550) (1.868) (1.068)

Control YES Yes YES YES YES YES YES

City FE YES YES YES YES YES YES YES

Time FE YES YES YES YES YES YES YES

Obs 4624 4624 4624 4624 4624 4624 3808

R2 0.827 0.928 0.928 0.935

Note: T-statistics are in parentheses; *, ** and *** represent 10%, 5% and 1% significance levels, respectively.

TABLE 7 Results of endogeneity treatment.

Variable Lag one period behind Instrumental variables approach

Phase I Phase II

GIT −0.203*** −1.218***

(−3.356) (−5.00)

IV −0.293***

(−8.79)

Cons −3.570 −0.187 8.841***

(−1.612) (−1.00) (20.85)

Control YES YES YES

City FE YES YES YES

Time FE YES YES YES

KP rk LM 76.064

[0.000]

KP rk Wald F 77.228

{16.38}

Obs 4352 4624 4624

R2 0.924 0.729 0.446

Note: T-statistics are in parentheses; *, ** and *** represent 10%, 5% and 1% significance levels, respectively; p-values for unrecognizable tests within []; critical values for Stock-Yogo tests at the

10% level within {}.
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column (7) of Table 6 show that the coefficient of GTI is still
significant at the 1% level, i.e., the previous benchmark regression
result is robust.

5.5 Endogeneity treatment

5.5.1 Core explanatory variables lagged one period
The GTI level in the previous period may affect current carbon

emissions, as GTI can reduce emissions through long-term
accumulation effects. Thus, following the approach of Yu (2023),
the GTI level lagged by one period is selected for the robustness test
based on time series principles. The results are shown in Table 7. It
reveals that the regression coefficient of the lagged GTI level
is −0.203, significantly negative at the 1% level. It confirms the
robustness of the previous benchmark regression results.

5.5.2 Instrumental variables approach
A reverse causality may exist between GTI and CEI. Regions with

lower emissions are often more inclined to promote green technology
development. Therefore, this study selects terrain ruggedness (TR) as an
instrumental variable for GTI. The rationale is that cities with complex
topography often face spatial constraints, transportation challenges, and
resource allocation problems. This makes them more inclined to
technological innovation as a solution. Additionally, topography is a
naturally occurring geographic feature, unaffected by contemporary
economic activities or policies. It aligns with the principles of correlation
and exogeneity for instrumental variables. Thus, the regression was
performed using the two-stage least squares method. The results (see
Table 7) show that the regression coefficient of GTI in the second stage
is −1.218, which is significant at the 1% level. The Kleibergen-Paap rk
LM statistic of the instrumental variable is 76.064 (p-value = 0.000),
rejecting the hypothesis of non-identifiability. Meanwhile, the
Kleibergen-Paap rk Wald F statistic exceeds the critical value at the
10% level of the Stock-Yogo weak identification test. This further
supports the robustness of the benchmark regression result,
indicating that GTI reduces urban CEI.

5.6 Heterogeneity test

Regional variations in GTI capacity arise due to differences in
geographic environment, resource type, and economic development.
Therefore, the heterogeneity effect of GTI on urban CEI is analyzed
based on geographic location, resource type, and urban scale.

5.6.1 Geographic location heterogeneity
Based on the geographic location division of the National

Bureau of Statistics, the sample cities were categorized into four
regions (east, central, west, and northeast) for regression analysis.
The results (see Table 8) show that, in the eastern region, the
regression coefficient of GTI on carbon emissions is −0.348,
significant at the 1% level. Additionally, the coefficients in the
central, western, and northeastern regions are insignificant. This
finding aligns with the heterogeneity analyses of Ran and Zhang
(2023). This result is expected because the abatement effect in the
eastern region arises primarily from the post-industrialization
development stage and well-established innovation networks. In
contrast, the central area is influenced by relevant strategies, with
resource allocation more inclined to industrial transfer, resulting in
insufficient investment in GTI (Wang Y et al., 2024). Unlike Zou
et al. (2025), who argue that GTI in the central and western regions
has significant potential for emission reduction, and Yang et al.
(2024), who emphasize the resource advantages in the west. This
study finds that the economy of the western region is highly
dependent on resource extraction, leading to the “resource curse”
effect, as shown in Su et al.’s (2024) study. Meanwhile, in contrast to
Li et al.’s (2021) view that SOE reform in Northeast China enhances
green innovation efficiency. This paper emphasizes that the high
proportion of state-owned enterprises, low marketization, and
severe cold climate hinder the effectiveness of GTI (Gao et al.,
2022). It provides empirical support for the development of locally
tailored low-carbon policies.

5.6.2 Resource types heterogeneity
Resource-based cities represent a unique category in China’s

urban development. Constrained by traditional industrial structures,
these cities rely excessively on conventional industries. It hinders
capacity in GTI. Based on the Central People’s Republic of China,
resource-based cities are assigned a value of 1, while non-resource-
based cities are assigned a value of 0. The results are presented in
Table 9. The results indicate that, compared to resource-based cities,
the carbon reduction effect of GTI is more pronounced in non-
resource-based cities. The coefficient difference of 0.156 is
statistically significant. This result aligns with Zhu et al. (2025),
who found that non-resource-based cities perform better in green
transitions due to stronger innovation capacity and industrial
flexibility. Similarly, Hou et al. (2025) confirmed that the
resource curse effect in resource-based cities hinders GTI. In
contrast to Xu et al. (2021), who argue that financial and
infrastructure advantages in resource-based cities promote green
technology diffusion. This study finds that path dependence in
resource-based cities weakens the carbon reduction effect of GTI.
It highlights the constraining mechanism of resource type on the
environmental impact of GTI.

TABLE 8 Geographic location heterogeneity.

Variable Eastern Central Western North-
eastern

GIT −0.348*** −0.107 −0.053 −0.114

(−6.027) (−1.544) (−0.476) (-0.673)

Cons 3.372** −6.958* −3.480 7.464

(2.105) (−1.913) (−0.374) (0.754)

Control YES YES YES YES

City FE YES YES YES YES

Time FE YES YES YES YES

Obs 1445 1360 1241 578

R2 0.929 0.912 0.914 0.923

Note: T-statistics are in parentheses; *, ** and *** represent 10%, 5% and 1% significance

levels, respectively.
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5.6.3 Heterogeneity of city scale
Based on the National Bureau of Statistics, cities are classified as

large-scale if their population exceeds 3 million and as small-scale if
their population is less than 3 million. These cities were then
regressed using the benchmark model (Equation 1). The results
(see Table 9) show that the estimated regression coefficient for large-
scale cities is −0.174, surpassing the 1% significance level. In
contrast, although small-scale cities are significant, they are less
effective than large cities in reducing CEI. The results of this
heterogeneity analysis strongly align with existing literature,
supporting Li et al. (2025), who found that GTI achievements in
large cities can be applied to broader areas at lower unit costs.
Promoting GTI in large cities leads to economies of scale and more
significant emission reductions. Meanwhile, it also supports the
theory of Zhu et al. (2024), who state that commercial
demonstration effects are more significant, market demand is
greater, and green innovations are more widely applied.
However, most urban classifications use GDP or industrial
structure as criteria, while this study categorizes cities based on
population size, providing a new empirical perspective for research
on urban scale heterogeneity.

6 Conclusion and policy implications

6.1 Conclusion

With the deepening of the dual-carbon goal and the innovation-
driven development strategy, GTI has become a key driving force for
urban low-carbon transformation. This paper examines
272 prefecture-level cities in China from 2006 to 2022 based on
resource allocation and externality theories. The study applies a
panel fixed-effect model and a chain mediation model to investigate
the effect and path of CEI in cities empowered by GTI. The following
key findings are obtained:

1. GTI can significantly reduce CEI. The conclusion holds even
after replacing the explained variable, lagging the core
explanatory variable by one period, and using the
instrumental variable method.

2. The mechanism test shows that environmental regulation and
energy consumption structure play independent and chain
mediation roles between GTI and urban CEI. Specifically,
GTI optimizes the energy consumption structure by
improving the level of environmental regulation, ultimately
achieving the goal of carbon reduction.

3. The heterogeneity results indicate that GTI significantly
reduces CEI in the eastern region, non-resource-based and
large-scale cities, compared to central and western areas,
resource-based and small-scale cities.

6.2 Policy recommendations

Based on the above conclusions, the following recommendations
are proposed:

Firstly, establishing amechanism for green innovation entities to
enhance the effectiveness of carbon reduction through technology.
To achieve the dual-carbon goal, it is necessary to deepen the
integration among industry, academia, and research. This
includes creating a green technology transfer platform, reducing
information barriers to technology diffusion, and promoting the
adequate flow of green technologies among various innovation
entities. Simultaneously, policy tools such as consumption
subsidies and tax reductions should be used to raise consumer
awareness and acceptance of green technologies. This would
incentivize consumers to choose green products and services,
thus creating stable market demand. Furthermore, mechanisms
such as carbon trading and tax subsidies should be improved to
internalize the positive externalities of GTI, thus enhancing
corporate innovation incentives and achieving dual benefits for
the environment and society. Additionally, an innovative
insurance system needs to be established to address the negative
externalities resulting from market failures. By improving risk-
sharing mechanisms, the investment risks for innovation entities
can be reduced, creating a favorable environment for GTI.

Secondly, environmental regulation policies should be
strengthened to facilitate the energy structure and foster new
urban carbon reduction activities. The study has shown that
environmental regulation ensures the complete realization of

TABLE 9 Resource Types and City Scale heterogeneity.

Variable Resource-based Non-resource-based Large-scale Small-scale

GIT −0.185** −0.183*** −0.174*** −0.123**

(-2.467) (-2.846) (-4.538) (-2.064)

Cons −8.251 −1.859 0.046 −1.403

(-1.139) (-0.796) (0.044) (-0.221)

Control YES YES YES YES

City FE YES YES YES YES

Time FE YES YES YES YES

Obs 1887 2737 1751 2873

R2 0.916 0.912 0.891 0.909

Note: T-statistics are in parentheses; *, ** and *** represent 10%, 5% and 1% significance levels, respectively.

Frontiers in Environmental Science frontiersin.org13

Li and Cao 10.3389/fenvs.2025.1616667

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1616667


GTI’s carbon reduction potential. Therefore, while developing green
technologies, the government should strengthen the top-level design
of environmental regulations. Based on the economic development
level of each city, targeted environmental standards should be
designed and effectively implemented. Furthermore, the energy
consumption structure is a critical pathway for carbon reduction.
Governments at all levels should leverage regional comparative
advantages to accelerate energy-saving technology upgrades. They
should guide the integration of green technologies into high-energy,
high-pollution traditional sectors and drive the energy industry
toward green and low-carbon development. Last but not least,
the decisive role of the market in resource allocation must be
emphasized. For high-carbon industries, strict emission standards
and total volume control should be implemented. Market-based
tools such as carbon trading and green finance should guide capital
flow toward clean energy and low-carbon technologies, achieving
synergies between environmental regulation and energy structure
optimization and improving emission reduction efficiency.

Thirdly, implementing a region-specific development strategy
and shaping a diverse environment for GTI. Given the different
stages and characteristics of development in various cities, a new
development paradigm should be established. It is characterized
by clear features, complementary advantages, and efficient
collaboration. Eastern cities should focus on accelerating the
aggregation of green technology resources, optimizing energy
supply and demand structures, and maximizing the diffusion of
innovation outcomes to create regional demonstration effects.
For central cities, it is essential to strengthen environmental
regulations and leverage geographic proximity to diffuse
eastern technologies. Meanwhile, the conversion rate of clean
energy technologies should be improved, and cooperation with
eastern cities should be enhanced. Although the GTI system in
Western cities is relatively underdeveloped, the region is
abundant in resources. Hence, the development strategy
should focus on exploring renewable energy sources like solar
and wind. Moreover, support for green finance, tax incentives,
and other related policies should be intensified. The study also
found that the carbon reduction effect of GTI is not significant in
resource-based, small-scale cities. This indicates a path
dependence in fossil-fuel-rich regions with high
transformation costs. Therefore, a gradual environmental
regulation strategy should be implemented, with transitional
periods and phased targets. This approach would avoid the
economic impact of one-size-fits-all environmental standards
and enable green, low-carbon development.

7 Discussions

This paper provides relevant insights by analyzing the impact
of GTI on CEI. However, there are some limitations in both the
data and the conclusions. Firstly, the data primarily comes from
urban statistical data in China. Due to data availability
constraints, samples with many missing values were excluded.
Furthermore, this study focuses on Chinese data, which may not
fully reflect the effects of GTI emission reduction in different
countries and regions. This limits the generalizability of the
conclusions. Secondly, despite adopting the panel fixed-effect

model, independent mediating effects, and chain mediation
effects, these models still struggle to capture the dynamic
relationship between GTI and CEI, particularly the long-term
effects. Thirdly, in addition, as an empirical study at the macro
level, this paper mainly relies on econometric analysis and lacks
the corresponding mathematical model derivation to explore the
theoretical transmission mechanism. Fourth, since the paper
addresses urban carbon emission reduction, it is essential to
consider whether policy changes, such as low-carbon pilot city
policies, affect the impact of GTI on carbon reduction. The paper
does not yet incorporate such a heterogeneity test.

Based on the limitations of this study, future research should
incorporate data from more countries and regions. It will
broaden data sources and improve the comprehensiveness of
findings. Moreover, future studies should enrich relevant theories
by constructing mathematical models and explaining the
intrinsic mechanisms of GTI impacting CEI. Additionally,
more complex models, such as GMM or time series
approaches, can be introduced to capture the long-term
dynamic relationship between GTI and CEI. Furthermore, it is
crucial to explore the potential U-shaped nonlinear relationship
or spatial spillover effects between GTI and CEI. Last but not
least, future research should investigate whether the dominant
industries or low-carbon pilot cities affect the relationship
between GTI and CEI. By adopting these research methods,
future studies are expected to more comprehensively reveal
the mechanisms and effects of GTI on CEI under various
policy environments and market conditions. It will enhance
the validity and reliability of the research. We hope the above
research directions can offer inspiration for further research in
this field.
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