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Introduction: To achieve higher levels of development in China, building an
environmentally friendly, low-carbon economic system is crucial, and
policymaking plays a key role in this. Low-carbon and innovative cities pilot
were launched in 2010 and 2008, respectively, with the range of pilot cities
continuing to expand to date. This study aimed to calculating carbon emission
efficiency and exploration the impact of dual pilot low carbon cities and
innovative cities on carbon emission efficiency.

Methods: Using a multi-period DID model, this study analyses data from 284
prefecture-level cities in China between 2006 and 2020. The Super-SBM model
with undesired output is applied to calculate urban carbon emission efficiency.

Results: The study performs a sequence of robustness tests; it is still found that
the dual-pilot policy has a positive promotion effect on urban carbon emission
efficiency. Heterogeneity analysis indicates that the effect of dual-pilot is more
significant in the central and western regions, with notable differences observed
regardless of city size. The impact mechanism analysis finds that the dual-pilot
policy boosts the rate by enhancing green innovation in general. The synergy
analysis found that the efficiency improvement effect of the dual-pilot on carbon
emissions would bemore significant than that of the single-pilot policy, indicating
that the dual-pilot policy has a synergistic effect and is still significant two years
after either the single-pilot or the dual-pilot.

Discussion: The findings indicate that the dual-pilot policy has a better capacity
to reduce carbon emission and improve its efficiency, which can work to achieve
green development. Nevertheless, the limitation is that it fails to reflect spatial
differences, and the relevant research will be further strengthened.
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1 Introduction

This study focuses on China’s commitment to green innovation and modern high-
quality development, prioritizing a “people-oriented” approach and actively working
toward establishing a global community with a shared destiny. China has taken
proactive steps to propose and implement various targets as well as initiatives aimed at
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reducing its emissions. The 2022 Annual Report on China’s Policies
and Actions to Respond Climate Change suggests a new deployment
plan that includes top-level design, medium- and long-term
greenhouse gas emission strategies, and establishing a
comprehensive national strategy to adapt to climate change.
Simultaneously, it is recommended that the industrial structure
be adjusted, the growth of “two high, one low” projects be
regulated, and clean energy be applied to improve quality and
energy efficiency so that pilot demonstrations are advanced. The
innovative pilot project began with the development of an
innovative city in Shenzhen and later expanded to include
62 cities from the initial 16. The significance of low-carbon
growth in China’s socioeconomic progress is growing.

The current literature mostly discusses low-carbon city pilots in
relation to economic and environmental aspects, including
innovative carbon reduction policy (Song Q. et al., 2021),
enhancing energy efficiency (Chen and Wang, 2022), and
stimulating economic growth (Liang et al., 2023). Green
efficiency is assessed using various methods to create a “siphon
effect” and energy efficiency generating a positive spatial spillover
effect (Fang et al., 2024). The impact of carbon reduction is analyzed
in terms of production, residents, and government administration to
provide recommendations for enhancing economic growth at the
micro, meso, and macro levels. It aims to connect people’s ways of
making a living and local governments using low-carbon pilot
policies. This involves considering available resources and the
unique characteristics of those in charge of implementing policies
in government (Zhao and Wang, 2021), as well as the level of
environmental governance (Zeng J. et al., 2023). The focus is on
factors such as employment (Chen et al., 2021) and individual
consumption (Wang K. L. et al., 2022) in support of
development. The impact of policy implementation is affected by
personal characteristics known as the “rule of man.” Improvements
in the quality of labor and employment and incentives for green
consumption indicate that developing primary and tertiary
industries through industrial transformation can help achieve a
low-carbon effect. Eventually, the literature indicates that
innovation is fundamental to reducing emissions and saving
efficiency by applying technological innovation in enterprise
production (Yang, 2023), establishing a conducive atmosphere
for fostering creativity, and disclosing environmental information
in a timely manner (Pan et al., 2022). This adheres to the innovation-
led approach of green development.

Current research on innovative cities focuses on three main
aspects. (1) Innovative cities focus on several industries to
encompass both services and manufacturing. On the one hand,
social network analysis and super-efficiency DEA are utilized to
assess R&D outcomes and social change and to investigate the
influence of industry innovation (Zeng S. et al., 2023). Research
has also examined in-depth the spatial spillover effect, focusing on
the “demonstration effect” of urban innovation—the radiation
impact on surrounding cities (Gao and Yuan, 2022). (2) The
mechanism study of innovative city formation, joint knowledge
spillover effect, and government support for innovative policy will
link market externalities and government activism (He et al., 2023)
from green innovation technology (Jiang et al., 2023), enhance the
aggregation of city formation factors (Li and Wang, 2020) and
promote industrial upgrading (Zhou et al., 2023) to explore the

construction and development of innovative cities. (3) The “Indicator
System for Building Innovative Cities” of 2016 establishes key
indicators for evaluating innovative cities in China. It emphasizes
enhancement of the economy, boosting innovation capacity, and
creating a favorable innovative environment. Xu (2024) contends
that urban innovation serves as a catalyst for economic growth and
may be utilized to address pollution issues and enhance public
awareness of environmental conservation. Zhang et al. (2023)
argue that the strategy has effectively reduced the financialization
of tangible firms. They suggest that a negative management outlook,
unfavorable regional business conditions, and decreasing company
activity have intensified the shift to being “out of touch with reality
and in favor of emptiness.”

There has been extensive research on low-carbon cities and
innovative cities individually, but less attention has been given to the
impact of the two policies combined. Their combination has a
significant impact on improving the efficiency of reducing carbon
emissions (Zhang and Fan, 2023). There has been little research on
integrated low-carbon city experiments with innovative city
experiments. Zhang and Zheng (2023) proposed that sustainable
living can be advanced by improving energy structures rather than
solely relying on eco-friendly production. Further research is needed
on the merging of the two types of city pilot. Initially, there has been
more research on single policies compared to dual or multiple
policies, with less emphasis on the interactions between policies.
In addition, research on factors that affect carbon emission
efficiency has concentrated mainly on industrial structure,
economic growth, available resources, and innovative
development, with few studies considering policy factors.

Therefore, this paper examines the impact of a dual pilot
program involving low-carbon and innovative cities on urban
carbon-emission efficiency using a multi-period difference-in-
difference model. Urban carbon emission efficiency is assessed
through the super-SBM model to solve specific problems with
undesired output. In low-carbon and innovative cities, do dual
pilot projects effectively reduce emissions and increase efficiency?
If the answer is affirmative, how does the existence of the two pilots
affect carbon emission efficiency? Is there variation in the effect? Do
dual pilots enhance cities’ carbon efficiency more than single pilots?
Is there a synergistic impact? Possible contributions to such
questions may include the following. Initially, the research topic
focuses on how a dual pilot of low-carbon and innovative cities
affects the efficiency of urban carbon emissions. At present, only a
limited body of research has examined the impacts of the dual-pilot
strategy. This study aims to enhance and expand evaluation of the
policies regarding the development of green, low-carbon, creative
Chinese cities. The estimation process also employed several
robustness checks to guarantee the soundness of the conclusions,
including a multi-period difference-in-differences model, a super-
efficient SBM model of undesirable output, a PSM-DID model, a
parallel trend test, a placebo test, and quantile regression and
counterfactual tests. Eventually, after considering spatio-temporal
evolution as a characteristic of efficiency, this paper adopts a multi-
period DID estimation framework to analyze the evolution
mechanism of efficiency. In order to explore the synergies of the
pilots in more depth, it also incorporates regional heterogeneity and
considers the process of green innovation and industrial structure
analysis on efficiency.
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2 Institutional background and
research hypotheses

2.1 Institutional background

China’s economy is currently grappling with balancing carbon
emissions and economic growth during a transitional phase.
Developing a low-carbon economy is paramount for attaining
green development by effectively utilizing ecological resources,
promoting responsibility and protection in actions, and meeting
energy-saving targets. China has already established the Three
Rings Low Carbon City Pilot Zone, and as part of its low-carbon
economy practice, it will follow the principle of policy innovation and
diffusion gradually and progressively (Zhang et al., 2022). In 2009, the
low-carbon initiative set the goal of minimizing greenhouse gas
emissions by developing low-carbon industrial systems and
consumption habits. In 2010, China selected a group of eight cities
in five provinces to serve as low-carbon pilot cities with the aim of
promoting the growth of low-carbon industries and urban areas while
reducing reliance on fossil fuels. This initiative aimed to engage local
governments in low-carbon initiatives. The second phase of the pilot
program for low carbon cities began in late 2012. Currently, with the
exception of Hunan, Ningxia, Tibet, and Qinghai, at least one city in
every province, municipality, and autonomous region in the country
is participating in the low-carbon city pilot.

Local governments respond positively to development goals,
leading to the sequential pilot deployment of innovation-oriented
cities. Clear criteria exist for identifying innovative cities based on
factors such as innovation investment, advancements in science and
technology, and dependence on external technology. In 2008, the
regional innovation system was successfully established with the
approval of Shenzhen as a national pilot innovative city.
Immediately before 2010, 16 cities including Dalian and 20 cities
(districts) including Haidian District in Beijing were chosen as pilot
cities. The third batch of 61 pilot districts was released in a detailed
list; in April 2018, the National Development and Reform
Commission (NDRC) confirmed 17 cities, including Jilin
Province, as a new type of city experimental zone. Taking the
lead in creating low-carbon and innovative cities will have a
significant impact on the country’s innovation strategy to
promote economic growth and environmental protection.

2.2 Research hypothesis

Environmental regulation is very important to the growth of a
green economy, as implementing suitable regulatory measures can
provide a fresh boost to its development and enhance carbon
emission efficiency. Its successful implementation depends on the
establishment of a cooperative structure that links central and local
governments. From the perspective of pilot-city construction, local
governments promote the realization of this development through
three kinds of environmental governance policy tools: command
and control tools through mandatory intervention to set strict
emission reduction targets and technical standards; front-loading
environmental protection to transform traditional industries to
promote innovation and upgrading; reducing environmental
emissions to enhance emission efficiency (Xu and Cui, 2020). In

contrast, market-incentivized policy tools are biased toward
autonomous choice through fully mobilizing the role of the
market to guide enterprises to use environmental taxes, carbon
emissions trading, subsidized low-interest loans, and other forms of
low-carbon technological innovation (Yang et al., 2020). When
trying to achieve a city’s environmental goals, public
participation policy tools primarily involve advocating for
universal supervision and involvement and aggressively
promoting the low-carbon ideal (Zhang et al., 2021). As the
implementation of a growing set of environmental laws and
regulations increases, the spread of low-carbon ideals will help
reduce urban carbon emissions and ultimately achieve efficiency.

Dual-pilot cities have more significant emission reductions and
efficiency gains than single-pilot cities. Low-carbon pilot cities will
reduce their emissions by implementing policies that can help them
become more innovative. On the one hand, in pursuit of enhanced
financial returns and in accordance with the tenet of “cost
effectiveness,” they will reallocate the expenses incurred in
technological research and development toward managing
emissions. However, this reallocation of funds has resulted in a
decline in carbon emissions efficiency due to accumulated
expenditure on human labor and material resources during their
transitional (Guo and Liang, 2022). On the other hand, cities that are
innovative serve as a catalyst for new ideas and advances. By
implementing policies that foster innovation, cities can enhance
their performance in reducing carbon emissions (Yu et al., 2022).
Technological breakthroughs resulting from this will lead to more
environmentally friendly production and reduced energy use. These
two effects coupled with low carbon policies have a dampening effect
on carbon emissions, indicating a synergy between the two, where
dual-pilots are more effective than single pilots in increasing carbon
emission efficiency. The following hypotheses are thus proposed.

Hypothesis 1: The dual-pilot construction of low carbon and
innovative cities makes a significant contribution to improving
urban carbon emissions efficiency.

Hypothesis 2: The dual pilot of low-carbon and innovative cities is
more effective than the construction of single-pilot cities in
improving urban carbon emission efficiency.

Dual-pilot low-carbon and innovative cities are designed to face the
challenge of climate change and “. . .build a high-level science and
technology innovation center to attract high-end talent and innovation
resources.” In a context of political limitations, dual-pilot cities will
attract more clean-energy enterprises to move in and invest while
increasing incentives for local businesses to invent, adapt, and
upgrade technology for use in both production and daily life (Shang
et al., 2023). The level of green innovation will reduce carbon emissions
by supporting more technological development (Dong and Wang,
2024). This is because reduced carbon emissions can reduce
economic losses and increase efficiency through environmental
supervision and management. In terms of scale and technology,
direct carbon emission reductions are induced through scale effects,
and technological innovations indirectly cause reductions in production
costs and thus promote energy transformation, further achieving carbon
reduction targets (Fang et al., 2023). Environmental control helps the
technological capability of advanced innovation, where the constraints
on carbon emissions considerably increase the cost of production for
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polluting enterprises, motivating them to further transform and
upgrade. The new technology will then reduce production costs
(Porter and van der Linde, 1995). In pursuit of these overarching
objectives of energy conservation, economic expansion, and scientific,
technological, and innovative (STI) advancement, the dual pilot
program serves as a catalyst for fostering a dual development
paradigm that simultaneously emphasizes low-carbon practices and
innovative endeavor. This approach is designed to harmonize
environmental sustainability with economic growth, leveraging
technological advancements to mitigate carbon emissions while
simultaneously driving economic expansion and technological
innovation. Strong human capital in science and technology
innovation provides favorable competitiveness for technological
development, and the scientific research results and invention patents
formed by its research all provide a strong impetus for urban
development. Innovative technology thus inhibits urban carbon
emissions from technological progress (Si et al., 2023).

Hypothesis 3: The dual pilot construction of low carbon and
innovative cities improves the efficiency of urban carbon emissions
by increasing levels of green innovation in cities.

The assessment of the industrial structure is the primary element
that is impacting carbon emission efficiency. For the purposes of
reducing emissions and boosting efficiency, the government has
established a low-emissions system with macro-controlled taxes,
subsidies, and other policies. However, because of many cities’
abundant natural resources and more advanced mining sectors,
the accelerated use of non-renewable energy will contribute to
increasingly severe urban environmental degradation (Fang et al.,
2022) and pollution. In order to build a clean industrial system and
develop new industries, as well as to encourage the development of
conventional industrial technology and management concepts, it is
necessary to create an advanced industrial structure by gradually
raising the bar for research and development, expediting the
practical conversion of scientific findings to realize the power-
driven transformation to low carbon. Improving production
efficiency and reducing the weight of high-carbon industries will
help upgrade industrial infrastructure, thereby lowering carbon
emissions (Zheng et al., 2021). It is secondary industries that are
the principal application for energy consumption, with less demand
from the primary and tertiary sectors. By comprehensively
considering the double effect of policy constraints and industrial
structure advancement, efficiency will be enhanced if, following the
dual pilot’s implementation, the share of secondary industry in the
advancement of industrial structure is optimized.

Hypothesis 4: The dual pilot construction of low carbon and
innovative cities improves the efficiency of urban carbon emission
by optimizing the industrial infrastructure.

3 Research design and sample
explanation

3.1 Modeling setting

This study investigates the effects of the low-carbon and
innovative cities pilot program on the carbon efficiency of carbon

emissions. The analysis takes into account the varied pilot times,
selection criteria for pilot cities, and potential influence of
unobservable characteristics on policy implementation. This
study carefully addressed the complex issues surrounding
endogeneity and meticulously dissected the intricate relationships
that can potentially confuse the analysis. By employing meticulous
empirical techniques, the research effectively distinguished the
influence of policy interventions on carbon emission efficiency,
revealing a noteworthy correlation between the two. The model
aims to isolate the impact of the dual pilot program by comparing
carbon emission efficiency before and after its implementation while
controlling for factors such as the non-random selection of pilot
cities and unobservable variables. Thus, this study can accurately
measure the influence of the dual testing policy on efficiency. The
effect of having two pilots on efficiency is further analyzed. The
multi-period difference-in-difference model (1) is defined as follows:

Effit � β0 + β1DIDit + β2Controlit + μi + λt + εit,

in which Effit signifies urban carbon emission efficiency, i
indicates city, and t indicates year. DIDit is designated as the core
explanatory factor, signifying whether a particular city qualifies as
dual-pilot. It assumes a value of 1 for the current and succeeding
years if the city fulfills the criteria for both the low-carbon city and
innovative city pilots. Controlit serves as a set of control variables
indicating the control variables that may change with i and t and
thus influences the city’s carbon emission efficiency. μi and λt denote
city and time fixed effects—that is, individual factors in the city layer
that do not vary with time and time factors that do not vary with the
city, respectively. εit denotes the stochastic perturbation term, and β1
is the core coefficient, which denotes the net effect of the
implementation of the dual-pilot city policy on the carbon
emission efficiency; if β1 > 0 and is successful, the pilot will
considerably improve efficiency, confirming the program’s
effectiveness.

3.2 Measurement of urban carbon
emission efficiency

The primary driver of long-term economic growth is the
increase in factor inputs and the enhancement of factor
productivity. Therefore, a low-carbon footprint is seen as
having fewer inputs and more desired outputs while also
minimizing non-desired outputs. The radial efficiency measure
aims to achieve target efficiency by increasing outputs and
decreasing inputs equally. However, it has limitations such as
overestimating actual efficiency, the inability to distinguish the
efficiency of individual factors, and primarily emphasizing the
quantification of green total-factor productivity. Consequently, the
research incorporates efficiency measurement while considering
carbon dioxide emissions. The SBM model is used to calculate
carbon emission efficiency (Yang et al., 2021). Identifying the
variables in Table 1 as the SBM model can yield efficiency
values greater than 1, potentially impacting study accuracy.
Tone (2002) proposed the highly efficient SBM model with
undesirable output, which is used in this paper to boost its
relevance. The calculation formula is shown below.
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Eff � min
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i � 1, 2,/, m; j � 1, 2,/, n; k � 1, 2,/, m;
r � 1, 2,/, c1; q � 1, 2,/, c2

xik is the element in the input matrix containing the variables of labor,
capital, and energy,where idenotes the ith input factor and kdenotes the kth

decision making units (DMUs) from which the current efficiency is

benchmarked. y+
rk and y−

qk are the elements in the expected output
and undesirable output matrices, respectively, expressed in terms of the
variables of urbanGDP andurban carbon emissions, where r and p are the
rth and pth elements of desired and undesired outputs. λj is the weight
vector, which is the weight of each decision-making unit. n and m are
respectively the number of DNM and input indicators. j is the jth DMU,
and c1、c2 indicate the quantity of anticipated and unexpected output
indications, respectively. Table 1 below displays the precisemeasurements.

3.3 Variable settings

3.3.1 Variable being explained
Eff is measured by Table 1 above.

TABLE 1 Measurement of urban carbon emission efficiency indicators.

First-level indicator Secondary indicator Explanation

Input Labor Number of persons employed in units in each prefecture (Unit:
10,000 persons)

Capital The determination of capital stock is made through the perpetual
inventory method: Ki,t � Ki,t−1(1 − δi,t) + Ii,t ,where Ki,t is the physical
capital stock of the ith city in year t (unit:million yuan); δi,t is the economic
depreciation rate, which is calculated using the depreciation rate
estimated by Zhang et al. (2004), which is 9.6%; Ii,t is the gross fixed asset
formation—that is, the capital flow of the ith city in year t (unit: million
yuan) adjusted to constant 2006 prices

Energy source The primary components of energy estimates are electricity usage, natural
gas, artificial gas, and liquefied petroleum gas. The unit refers to the
“General Principles for Calculating Comprehensive Energy
Consumption” will be converted to standard coal; the conversion factor is
1.33 kg tec/m3, 1.7143 kg tec/kg, 0.1229kg tec/(kW · h)

Expected output Urban GDP Total urban GDP

Unexpected output Urban carbon emissions Includes artificial gas, natural gas, liquefied petroleum gas, electricity
consumption of the whole society, and total thermal energy (including
steam heating and hot water heating). According to IPCC 2006, the
carbon emission factor per kilogram of raw coal is 2.53 kgCO2/kg; refer
also toWu and Guo (2016) to calculate the carbon emissions generated by
the city

TABLE 2 Meaning of control variables and rationale for their selection.

Variable Unit Clarification Choosing reason

ECO CNY Gross urban product per capita Early in the process of economic development, constant economic development can be
extremely polluting, but once it passes the inflection point it decreases, with different
impacts on low carbon development (Magazzino, 2017)

TECH % Urban S&T expenditures as a share of GDP Investment in S&T R&D serves as a rigid foundation for cultivating the innovative
advancement of a city, functioning as a key stimulant for technological progress and
economic expansion within the urban sphere

POPU persons/
km2

Population per unit area in cities Referring to Wang and Li (2021), the increase in population density has a scale effect
on the efficient utilization of resources and the treatment of pollution emissions

Stu persons Number of students enrolled in urban general higher
education institutions

Referring to Zhao and Toh (2023), in support of the dual-pilot policy, pilot cities have
emerged with a “New Deal for Talent,” which attracts highly skilled workers in all
aspects to provide a labor base for low-carbon and innovation

Gorv % Local fiscal expenditures as a share of GDP Governments can make effective interventions in the urban environment, but at the
same time, over-intervention can make the environment worse, and local fiscal
spending can influence the strength of policy implementation (Song W. et al., 2021)

FDI % Total urban FDI as a share of urban GDP FDI will result from technology spillover, while simultaneously embracing the outside
world to attract investment, achieving more funds to realize carbon emission reduction
(Wang T. et al., 2022)
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3.3.2 Core explanatory variables
Whether or not a city serves as a pilot for both low carbon cities

and creative cities with two pilots (DID) (hereinafter referred to as
“dual pilot”) was confirmed through modeling. For data accuracy, it
was necessary to remove cities with significant amounts of
missing data.

3.3.3 Control variable
As seen in Table 2 below, five control variables were chosen.

3.3.4 Mechanism analysis
In accordance with Hypotheses 2 and 3, two mediator

variables—the level of green innovation (INNO) and the industrial
structure (INDU)—were employed in the influencing mechanism
analysis (Wen et al., 2022). Liu et al. (2022) cites INNO, which is
measured as the aggregate count of patent applications submitted within
the city, encompassing inventions, utility models, and designs. The
number of patent applications for various types of inventions reflects, to
some extent, the efficiency of the utilization of R&D resources and funds
and can be a better measure of green innovation capacity. INDU is
expressed by the share of secondary industry in urban GDP (Wang and
Yi, 2023), which affects production efficiency.

3.4 Data

We analyzed panel data from 284 prefecture-level cities in China
for 2006–2020. The sample excluded Hong Kong, Macao, and
Taiwan. Additionally, cities in Tibet were excluded due to
incomplete data, discrepancies in data from cities with changes in
administrative levels, and difficulties in acquiring data for certain
cities. Urban carbon emission figures are based on accounting by Wu
and Guo (2016). The statistics were obtained from publications such
as the China Urban Statistical Yearbook, China Urban Construction
Statistical Yearbook, China Regional Statistical Yearbook, China
Research Statistics Service Platform (CNRDS), China Energy
Statistical Yearbook, and the China Economic Statistical Database.

Interpolation was utilized to compensate for discrepancies in data
from cities in Tibet, and to address localized missing data.

Low-carbon city pilots represented 52.15% in eastern cities1,
27.06% in western cities2, and 20.79% in central cities3. Innovative
city pilots accounted for 56.35% in mid-eastern regions, 20.38% in
western cities, and 23.27% in central cities. The proportion of dual-
pilot cities in eastern, western, and central cities was 55.56%, 24.44%,
and 20%, respectively. The proportion of low-carbon cities,
innovative cities and cities in the east, west, and middle of the
double pilot cities is about 2:1:1, which is flat, indicating that most of
the policy implementation tends to be located in areas with better
initial economic development. Although the pilot cities accounted
for a small proportion, they might indirectly achieve carbon
emission reduction through policy, rational resource allocation,
and experienced sharing. The data’s statistical properties are
presented in Table 3.

4 Empirical results and robustness test

4.1 Characterizing the time-series evolution
of urban carbon emission efficiency

The fundamental focus of this study is to examine the impact of
urban carbon emission efficiency as an explanatory variable in the

TABLE 3 Descriptive statistics of key variables.

Variable Sample
size

Full
sample
mean

Standard
deviation

Sample
size

Control
group
mean

Standard
deviation

Sample
size

Experimental
group mean

Standard
deviation

Eff 4,260 50.83882 27.64584 3585 48.68579 24.81723 675 62.2738 37.40218

DID 4,260 0.068545 0.252708 3,585 0.002232 0.047193 675 0.420741 0.494044

ECO 4,260 46,457.25 103,320.7 3,585 41,531.9 110,446.2 675 72,616.34 42,154.32

TECH 4,260 0.264003 0.367045 3,585 0.23609 0.339108 675 0.41225 0.462248

POPU 4,260 435.8495 375.3737 3,585 390.5592 306.8563 675 676.3914 566.4121

Stu 4,260 87,025.18 158,377.2 3,585 48,878.84 83,914.34 675 289,624.6 268,719.6

Gorv 4,260 20.30533 21.6294 3,585 21.5112 23.20354 675 13.90087 6.666218

FDI 4,260 1.984231 2.551124 3,585 1.776217 2.526,637 675 3.089016 2.393023

INNO 4,260 6,645.289 18,540 3,585 3,085.426 6,646.079 675 25,552.12 38,881.3

INDU 4,260 47.62679 33.94821 3,585 47.92114 36.76263 675 46.06348 9.645884

1 Geographically, it includes the following provinces and municipalities

where the prefecture-level cities are located. Eastern province cities

include Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang,

Fujian, Shandong, Guangdong, and Hainan.

2 Western province cities include Inner Mongolia, Guangxi, Chongqing,

Sichuan, Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang.

3 Central province cities include Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi,

Henan, Hubei, and Hunan.
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dual pilot program. Additionally, understanding the temporal
development patterns of the past 15 years is crucial.

Figure 1 shows carbon emission efficiencies at both sub-regional
and total levels from 2006 to 202, as calculated by the model. Over the
course of 15 years, its efficiency has shown a steady pattern of
development over time. Cities in the eastern, central, and western
regions have carbon emission efficiencies that are in line with general
national trends. Efficiency is highest in the eastern region, steadily
increasing since 2006. Western cities have the lowest efficiency with
more fluctuations. Central regions have efficiency similar to the national
average. In 2017, there was a notable decrease in efficiency in the central
area, likely caused by increased energy demand. This led to a slight
recovery in efficiency, although the effect was not substantial, showing a
decrease of 4.16%. The disparity in efficiency ratings among areas in
China decreased notably 2008–2017 but has progressively increased
since 2017. The curve’s trendmay be categorized into two stages. Urban
carbon efficiency averaged roughly 0.5 during the steady development
stage from 2006 to 2016. Having amean yearly expansion rate of 7.03%,
efficiency grew from 0.56 to 0.65 throughout the growth and
development period from 2017 to 2020. This development was
quick but exhibited changing patterns. China’s economy transitioned
to high-quality development by optimizing its industrial and energy
structure and deepening pilot demonstrations. Generally, there is an
obvious upward trend in the overall efforts of regions to reduce carbon
emissions, and the effectiveness of these efforts is consistently
improving. However, cities in middle and western regions of the
country still need to narrow the gap with cities in the eastern part.

4.2 Baseline regression

Table 4 displays the regression findings regarding the effect of
the dual pilot strategy on efficiency. Model (1) is a double fixed-
effect model without control variables, considering the impact of the

year and the city. Model (2) includes control variables in a two-way
fixed effect model. Models (3)–(5) are double fixed-effect models
with a lag of one to three periods on the core explanatory variables.
Model (6) is a regression model that assumes no dual-pilot policy
implementation for dual-pilot cities starting from 2010, with the
second group of pilot cities set as 2012, and it assumes no dual-pilot
policy implementation for dual-pilot cities thereafter.

As the results indicate, when the model includes the double fixed
effect of year and city, irrespective of whether the control variables
are included or primary explanatory variables are lag-dependent, the
impact of the double-pilot policy on urban carbon emission
efficiency is consistently positive. This shows that the
implementation of the dual-pilot program has a noticeable impact
on efficiency, which further confirms the expected role of the city’s
double pilot to reduce carbon emissions, verifying Hypothesis 1. In the
meantime, the significant explanatory variables are those lagged for
one to three periods, signifying a delay in the impact of the program.
The coefficients of the models incorporating control factors exhibit a
substantial decrease, thus affirming the effectiveness and legitimacy of
the control variables. In controlling for variables, the regression
coefficients for population density and human capital were
significantly positively correlated. An increase in population density
has a scale effect on the effective use of resources and pollution
emission treatment. Similarly, an increase in human capital
indicates an increase in talent and labor force. Therefore, increasing
population size and attracting high-skilled workers from all aspects of
the city will provide a labor-force base for achieving low-carbon and
innovation. The government’s macro-control level is significantly
negative, indicating that there is now excessive policy intervention,
resulting in the local financial expenditure ratio increasing but with
smaller impact on efficiency. In this study, evaluating the effects of
economic progress, FDI share, and scientific and technological
development on urban carbon emissions is hard to judge. From
model (6), it can be seen that dual-pilot cities were implemented

FIGURE 1
Characteristics of the time-series evolution of urban carbon emission efficiency in different regions.
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from 2010 to 2020, and assumption 1 remains valid for the cities in the
first two pilot batches. This means that the policy is generalizable, and
the consequences are positive and meaningful for both the initial two
rounds of the pilot cities and the subsequent cities that adopt the dual-
pilot approach.

4.3 Parallel trend test and dynamic analysis

To assess the carbon emission efficiency trends between pilot
and non-pilot cities before the program’s implementation, a parallel
trend test is required for the multi-period DID model used in the

TABLE 4 Baseline regression results.

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

Standard of
reference

Panel
regression

One lag
period

Two lag
periods

Lag phase
three

Set the second batch of
double pilot as 2012

DID 19.0783*** 12.8672***

(5.3008) (3.5349)

L.DID 14.7605***

(4.4011)

L2.DID 17.8126***

(4.6837)

L3.DID 23.3983***

(5.3041)

DID2012 13.2552***

(2.7769)

POPU 0.0171** 0.0172*** 0.0175*** 0.0180*** 0.0178***

(2.5624) (2.6302) (2.9179) (3.8399) (2.8506)

Stu 0.4304*** 0.4255*** 0.3587** 0.3374** 0.5174***

(2.6932) (2.6164) (2.1401) (2.0848) (3.3255)

Gorv −0.2807*** −0.2859*** −0.2910*** −0.2929*** −0.2868***

(−3.3864) (−3.3644) (−3.3730) (−3.2894) (−3.4114)

FDI −0.0023 −0.0029 −0.0030 −0.0032 −0.0023

(−1.0515) (−1.2479) (−1.2320) (−1.2559) (−1.0486)

ECO 0.0000 0.0000 0.0000 0.0000 0.0000

(0.5824) (0.5792) (0.5524) (0.5365) (0.5866)

TECH −0.0116 −0.0111 −0.0145 −0.0057 −0.0093

(−0.7050) (−0.6514) (−0.8482) (−0.2259) (-0.5702)

_cons 49.7035*** 43.8373*** 45.4193*** 46.4670*** 46.7847*** 43.1289***

(57.5448) (13.3827) (12.4004) (13.1166) (14.9040) (13.7036)

Control
variable

NO YES YES YES YES YES

Year and
urban

fixed effects

YES YES YES YES YES YES

N 4,260 4,260 3,976 3,692 3,408 4,260

r2_a 0.1395 0.2092 0.5486 0.5483 0.5489 0.2028

sigma_u 18.4181 17.9302 18.4029

sigma_e 19.2925 18.4957 18.5707

rho 0.4768 0.4845 0.4955

Note: *, **, and ***are significant at the level of 10%, 5%, and 1%, respectively.
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dual-pilot program. Referring to the framework of McGavock
(2021) and Song et al. (2019) and considering that the sample
data spans 15 years and that the duration frame prior to and
subsequent to the policy’s implementation is extensive, it was
decided to tail process the model-related time virtual variables
and construct the following model using the interaction terms of
the dual-pilot policy dummy variables with 10 years, corresponding
to before and after policy implementation. Within this framework,
the initial 4 years following the execution of the program, along with
the subsequent approximate 5 years after its enactment, were
identified as critical moments for analysis.

Effit � α + ∑5
k�−4

βkD
k
it + ρControlit + ηi + γt + εit.

Dk
it denotes a series of dummy variables corresponding to the first

four to the last 5 years of program execution, with the assignment
rule set to actioni to denote the year in which the dual-pilot program
was acted in the ith city. If year − actioni ≤ − 4, then D−4

it � 1; if
year − actioni � k, then Dk

it � 1; if year − actioni ≥ 5, then D5
it � 1.

The parameter βk reflects the effect of the dual-pilot program on
efficiency before and after implementation, and parallel trend
assumption has been successfully validated if βk is not significant.
The remaining variables are the same as in the baseline model.

From Figure 2, the regression coefficients pertaining to the dual-
pilot program, when comparing the 4 years preceding its
implementation to the subsequent 2 years post-implementation,
failed to achieve significance in the tests, indicating that the
comparison between the pilot cities and non-pilot cities during
this period was passed using the parallel trend test. The evidence
demonstrates that there is no discernible distinction in the trend of
efficiency change between trial and non-trial cities in each year prior
to the operation of the dual pilot program. From the dynamic effect,
the regression coefficients of the dual-pilot policy did not pass the
significance test in the 2 years after its implementation, but there is
an upward tendency in efficiency compared with before its
implementation. The coefficients at 5% significance level turned
out to be significantly positive after the operation of the dual-pilot
program for 3 years, suggesting that the impact of the dual pilot on
improving carbon efficiency was delayed until year 3, which means
that the policy effects has time lags issuance, implementation until
the effectiveness, and the performance of the effect It takes time to
accumulate. The regression coefficients indicate that the dual-pilot
program has a progressively increasing effect on the efficiency of the
city, starting with the third year of policy implementation. Overall,
those results prove Hypothesis 1.

4.4 Robustness test

4.4.1 PSM-DID test
The PSM-DID test addressed the visible factors that influence

the dual-pilot policy’s deployment using propensity score matching
(PSM). Matching samples are acquired by a year-by-year
comparison of pilot and non-pilot cities in order to consider
individual variations. The overall impact of the dual-pilot project
is then made apparent by applying the DID model to exclude the
influence of time-varying and unobservable elements. The

procedure involves measuring matching variables with six control
variables, using a Logit model for regression, applying the caliper
nearest-neighbor matching method based on propensity scores to
match pilot with non-pilot cities, identifying propensity score values
and cities without the policy as the control group, and then
conducting regression on the matched samples using the DID
method. The regression findings are displayed in Table 5 below.
Regression results after fitting were compared with the results of
Table 4 before matching. It was observed that the average causal
influence of the dual-pilot project is positive. The distributions of
Figure 3 below exhibit a high degree of similarity, as confirmed by
passing the parallel trend test. This suggests that the conclusions are
strong and reliable.

4.4.2 Placebo test
The double difference model passes the placebo test, which

examines whether the dual pilot strategy impacts carbon
emission efficiency or if other variables are responsible. This
study employs a randomized treatment group selection
procedure due to the use of short panel data. The coefficients
on the “dummy policy variables” of the interaction terms
randomized to the new setup are assumed to remain
significant in the dummy scenario. In this scenario, it is
implied that the initial estimations could be skewed and that
alterations following the creation of the dual pilot may have been
impacted by other variables. Conversely, an insignificant
coefficient indicates a robust result. The initial step involved
removing the provided text referring to the sample data of the
treatment group obtained from the original source dataset one by
one. Next, participants are randomized into different treatment
groups and these groups are combined with the rest of the raw
data set. Thirdly, regression analysis is conducted utilizing the
randomized treatment group. After doing this 1,000 times, the
resulting distribution of estimated coefficients is obtained.

The “dummy policy variables” estimates are derived from
1,000 simulations. The Figure 4 displays the coefficient
distributions and T-statistics. The graph shows that the estimated
coefficients and p-values are mostly clustered around the horizontal
axis at 0, to the left of the original values. This suggests that the

FIGURE 2
Parallel trend test.
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coefficients of the variables are not significant, so we can consider
the results of the model to be robust.

4.4.3 Quantile regression test
This investigation employs panel quantile regression to calculate

the model and analyze the influence of data distribution on the
robustness of the results, in addition to the marginal effect of
applying the dual-pilot strategy at distinctive quartiles (10%, 30%,

50%, 70%, and 90%) (Wen et al., 2022). The results from Table 6
suggest that as the effect of the dual-pilot strategy on efficiency
steadily increases, the quantile regression coefficients of the dual-
pilot strategy increases as the quantile increases. Except for the 10%
quantile, which does not effectively represent the impact of the dual-
pilot program on urban efficiency, the remaining quantiles show
relevance. The dual-pilot strategy has a more significant effect on
municipalities with high as opposed to those with low efficiency.

TABLE 5 PSM-DID test results and other robustness test results.

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

PSM-DID Subsample test Counterfactual test
(2007)

Exclusion of other
policies

DID 0.5791* 12.9814*** 12.6104*** 12.7091***

(1.9221) (3.40) (3.5030) (3.4920)

DID2007 −2.9094 −1.5776

(−1.3662) (−0.6648)

Smart city pilot 1.5835

(1.0295)

Carbon trading pilot 2.6337

(0.8545)

_cons 61.5006*** 50.72333 49.7035*** 56.4232*** 43.9380*** 43.9046***

(14.7822) (12.83) (88.7820) (7.5450) (13.5254) (13.5587)

Control variable YES YES NO YES YES YES

Year and urban fixed effects YES YES YES YES YES YES

N 1,305 4,200 1,136 1,136 4,260 4,260

r2_a 0.1656 0.0281 0.0398 0.2094 0.2096

sigma_u 19.1421 17.7370 20.8231 23.4850 17.8344 17.8711

sigma_e 21.1214 17.9158 11.4273 11.3684 18.4935 18.4919

rho 0.4510 0.4950 0.7685 0.8102 0.4819 0.4829

FIGURE 3
PSM-DID test.

FIGURE 4
Placebo test.
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4.4.4 Additional robustness tests
Three additional robustness tests were conducted by the study

based on the insights of the above tests.① Subsample test: deleting the
data processing group’s sample of first-tier cities—Beijing, Shanghai,
Guangzhou, and Shenzhen—to exclude the possibility of influencing
results because of various other factors, such as the economy. ②
Constructing a counterfactual test like that of Qiu et al. (2021): take
the cities before the construction of the dual-pilot in 2006–2009 as the
research samples, set the dual-pilot time as 2007, and compare the
counterfactual experiment with the baseline regression model for
evaluation. ③ Excluding the influence of other policies: in the same
time span, both the smart city pilot and the carbon trading pilot may
have the effect of reducing carbon, so enhancing efficiency through
the dual-pilot project may include the influence of other policies. To
eliminate interference with other measures, the interaction terms of
the smart city pilot program and the pilot time and the carbon trading
pilot and the pilot time are added to the group of control variables. If
the dual-pilot project remains substantial, this indicates that the policy
is unaffected by other policies, and vice versa.

Table 5 displays the results. Column (2) controls for double-
fixed effects after removing some of the samples and finds that the
policy effect is still markedly positive, showing that whether dealing
with a first-tier city or not does not have much effect on the
implementation of the dual-pilot policy. Column (3) regresses
DID2017 with and without control variables and finds that the
coefficients are insignificant, suggesting that the disturbances do not
explain the observed increase in efficiency and that the increase in
efficiency is largely due to the policy itself. Column (4) after
excluding the smart city and carbon trading pilot strategy—the
dual-pilot program—continues to show positive, suggesting that the
dual-pilot policy is not affected by other policies to improve urban
carbon emission efficiency.

5 Influencing mechanism analysis

5.1 Heterogeneity analysis

5.1.1 Location heterogeneity analysis
The overall cities are grouped, and heterogeneity is further

examined by looking at the regions in which different cities are
located, the sizes of different cities, and their administrative levels.
This prevents the possibility of the overall analysis hiding the
possible differences between the dual pilot on the carbon
emission efficiency of various cities and the differences between

the geographic locations, city sizes, and administrative levels of
the cities.

Regarding the geographical positioning of cities, China varies in
its economic development due to geographical differences across
eastern, central, and western regions. This study’s findings indicate
that the implementation of the dual-pilot program had a substantial
impact on improving carbon emission efficiency in the central and
western regions. The estimated coefficients for the eastern regions
are not significant, probably due to the complexity of the factors
affecting the region, such as the high degree of economic outward
mobility, excellent geographic location, and the inflow of highly
skilled workers, meaning that a large number of resources are
already fully utilized, so that the effects of the dual-pilot policy
are not yet fully apparent. The effect of the dual-pilot project has
been weakened by the geographical constraints of cities in the
western region, with their economic strength and industrial base
weaker than cities in the central region, making innovation
more difficult.

5.1.2 Analysis of urban scale heterogeneity
Larger and smaller cities differ in terms of industrial structure,

scientific and technological trends, and economic development due
to disparities in the extent of urban development. Referring to the
city classification criteria published by the State Council, we divided
cities with a permanent population of 3 million or less into one type
of city and cities with over 3 million permanent inhabitants into two
types. Table 7 shows that the implementation of dual-pilot cities can
markedly improve their carbon emission efficiency. Type Ⅰ cities
improved their carbon emission efficiency more than type Ⅱ cities,
but type Ⅱ cities have greater significance. This could be because type
Ⅰ cities have a smaller population than type Ⅱ cities and their
economies have developed more slowly, their governments have
less macro control, and their limited current scientific and
technological potential. Therefore, cities with initially low carbon
emission efficiency can increase their extraction rate by
implementing the dual-pilot policy. This will allow them to then
implement carbon reduction measures and improve innovation,
resulting in an enhanced extraction rate.

5.2 Influencing mechanism analysis

To gain insight into dual-pilot city construction on carbon
emission efficiency, two recursive models are added to the multi-
period DID model (1) to establish a mediating effect model.

TABLE 6 Quantile regression test results.

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

Eff_10% Eff_30% Eff_50% Eff_70% Eff_90%

DID 4.529 10.08** 15.62*** 23.27*** 36.00***

(6.324) (4.855) (3.914) (4.134) (7.352)

Control variable YES YES YES YES YES

Year and urban fixed effects YES YES YES YES YES

N 4,260 4,260 4,260 4,260 4,260
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Meit � α0 + α1DIDit + α2Controlit + μi + λt + εit,

Effit � η0 + η1DIDit + η2Meit + η3Controlit + μi + λt + εit,

where Meit is a collection of mediator variables, and the remaining
variables have the identical interpretation as model (1). The
estimated coefficient α1 obtained from the estimated model
reflects the potential impact of the dual-pilot project on the
mediator variables, and η2 illustrates the effect of the mediator
variables on efficiency. If both α1 and η2 are significant, it means that
there is a mediating effect—through the mediator variable, the dual-
pilot program can influence efficiency. In the case that both α1 and
η2 are significant: if η1 is not significant, the findings demonstrate
that the mediator variable serves as a fully mediating agent in the
relationship; if η1 is significant, it demonstrates that the mediator
variable plays a partially mediating role. In the event that at least one
of the variables α1 and η2 is not statistically significant, the Sobel test
must be employed to determine whether there is a mediating effect.
If the test yields a significant result, then there is a mediating effect.
However, there can be no mediating influence. For the non-
significant Sobel test results to further relax the assumption that
the sample obeys the standard normal distribution, a bootstrap test
is conducted using sampling. Hence, there is no mediating effect if
the indirect effect’s confidence interval comprises zero, and vice
versa. The remaining variables are the same as in the baseline model.

5.2.1 The influence mechanism of the green
innovation level

This paper illustrates the influence of the level of green
innovation on the direction of the project on efficiency and
explores whether there is any difference in the influence
mechanism in terms of the overall, city size, and geographic location.

As shown in Table 8 above, the establishment of dual-pilot cities
in Columns (1) and (2) generally has a virtuous relationship with
green innovation at the 1% significance level. There is a significantly
positive effect of the green innovation level on the carbon emission

efficiency of the city, but at this time, project construction may not
have a substantial impact on efficiency. This shows that the level of
green innovation has a complete mediating effect on urban carbon
emission efficiency—that is, the establishment of dual pilot cities is
through the green innovation level and thus has a positive impact on
urban efficiency. At the same time, the Sobel test yielded a p-value of
0, the data demonstrating the existence of a mediation effect, with
the fraction of this effect accounting for 92.2% of the overall impact.
In terms of city size, the impact of the level of green innovation
within rows (3) and (4) of category 1 cities on efficiency is less
pronounced, but the Sobel and bootstrap tests are both passed,
signaling the presence of an ongoing mediating influence. There is
also a full mediation effect in columns (5) and (6) for Type II cities,
indicating that large-scale cities are subject to a larger mediation
effect than small-scale cities and further indicating that the effect of
the level of green innovation level on carbon emission efficiency is
also heterogeneous. Regarding geography, there is also a full
mediating effect in the eastern region, some intermediation
effects exist in the central region, and no intermediation effects
exist in the western region. The reasoning behind the
implementation of this plan in the eastern region appears to be
sound. The city boasts a robust economy and innovative capabilities,
and green innovation can be achieved through a mutually beneficial
approach of reducing emissions, enhancing efficiency, and
generating economic growth. In the central region, the strength
is marginally lower than the eastern region, but there is still a good
environmental and innovation foundation, and the implementation
of environmental regulating policies can be efficiently executed. In
the western region, the dual-pilot policy exhibits a noteworthy and
favorable influence on green innovation. Nevertheless, despite the
apparent boost to green innovation, its subsequent effect on
enhancing efficiency remains relatively muted, and both tests
show that there is no intermediary effect. The impact is not
significant, while both tests were not yield passed. However, most
secondary industry is concentrated in the western region with its

TABLE 7 Results of heterogeneity analysis.

Variable Regional heterogeneity Urban scale heterogeneity

Eastern region Central region Western region Type I cities Type Ⅱ cities

DID 8.3085 13.9178*** 12.9599** 13.1757* 11.3983***

(1.5118) (3.6781) (2.4360) (1.7715) (2.9246)

_cons 48.3924*** 40.2656*** 44.6284*** 43.5628*** 48.4730***

(5.8838) (7.4558) (4.737) (6.3854) (19.3278)

Control variable YES YES YES YES YES

Urban fixed effect YES YES YES YES YES

Year fixed effects YES YES YES YES YES

N 1,500 1,500 1,260 1,593 2,667

r2_a 0.3087 0.3147 0.1261 0.0896 0.3021

sigma_u 14.5075 21.0633 17.1126 15.4480 20.1758

sigma_e 20.6646 14.7608 17.4824 15.4690 18.9616

rho 0.3302 0.6706 0.4893 0.4993 0.5310
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TABLE 8 Analysis results of the mechanisms influencing green innovation levels by general, city size, and geographic location.

Variable Population By size of city

Type I city Type Ⅱ cities

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

INNO Eff INNO Eff INNO Eff

DID 1.6e + 04*** 4.7746 3.3e + 03* 14.7651* 1.8e + 04*** 2.6807

(3.9269) (1.3047) (1.6654) (1.8053) (3.7478) (0.7013)

INNO 0.0005*** −0.0005 0.0005***

(5.9378) (−1.2804) (5.3547)

Control variable YES YES YES YES YES YES

Urban fixed effect YES YES YES YES YES YES

Year fixed effects YES YES YES YES YES YES

_cons −1.3e + 04*** 51.6668*** −6.2e + 03*** 40.5988*** −1.6e + 04*** 56.1175***

(−5.3836) (18.9959) (−2.6570) (8.7248) (-4.1474) (25.3624)

N 4,260 4,260 1,593 1,593 2,667 2,667

r2_a 0.7919 0.5773 0.3379 0.0976 0.5066 0.3436

sigma_u 5.40E + 03 15.5378 1.50E + 04 18.3607

sigma_e 3.10E + 03 15.4011 9.70E + 03 18.3888

rho 0.7463 0.5044 0.7144 0.4992

Sobel test p = 0.000 p = 0.000 p = 0.000

Bootstrap test Confidence intervals for indirect effects [0.73, 6.68]

Variable By geographic location

Eastern region Central region Western region

(7) (8) (9) (10) (11) (12)

INNO Eff INNO Eff INNO Eff

DID 1.7e+04*** 0.315 4.8e+03* 8.6247** 5.6e+03** 10.5752

(2.6771) (0.0588) (1.8052) (2.302) (2.4595) (1.6445)

INNO 0.0005*** 0.0011*** 0.0004

(4.4082) (3.928) (1.3142)

Control variable YES YES YES YES YES YES

Urban fixed effect YES YES YES YES YES YES

Year fixed effects YES YES YES YES YES YES

_cons −2.7e+04*** 60.9604*** −7.6e+03*** 48.5884*** −1.3e+04*** 50.1440***

(−6.1613) (8.9289) (−2.9927) (13.3431) (−3.0341) (6.7603)

N 1,500 1,500 1,500 1,500 1,260 1,260

r2_a 0.5763 0.3589 0.6973 0.3448 0.5558 0.1319

sigma_u 2.30E + 04 14.0894 1.20E + 04 20.0396 1.00E + 04 17.0342

sigma_e 1.20E + 04 19.9011 2.80E + 03 14.4329 3.60E + 03 17.425

rho 0.7793 0.3339 0.9453 0.6585 0.8945 0.4887

Sobel test p = 0.000 p = 0.000 p = 0.186

Bootstrap test Confidence intervals for indirect effects
[−1.15, 3.83]
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rich resources; thus, the pollution caused by activities such as
production and extraction is difficult to improve only through
policy and innovation but needs the influence of the concerned
parties. It is apparent that the dual-pilot program can not only
directly reduce carbon emissions and improve efficiency, but it can
also advance urban green development by raising the bar for urban
green innovation.

In conclusion, this supports the effect on levels of green
innovation by demonstrating the mediating role of green
innovation and the differences that exist between city size in the
eastern and central regions.

5.2.2 Analysis of the influence mechanism of
industrial structure

From the data presented in columns (1) and (2) of Table 9
above, it can be observed that the implementation of the dual-pilot
model in cities has a significantly negative impact on its industrial
structure, but efficiency is not significantly influenced by the ratio
from secondary industries. Meanwhile, the Sobel test p-value of
0.837 is not significant, and the bootstrap test found that the
confidence interval for the indirect effect includes the value of 0.
The statement may be interpreted as suggesting that there is no
mediating effect. In consideration of the city scale, the influence of
industrial structure on efficiency in columns (3) and (4) of type I
cities is not significant, and both tests fail, indicating that there is no
mediating effect. On the other hand, the coefficients in columns (5)

and (6) of type II cities are all significant, and the optimization of
industrial structure continues to play an intermediary role,
suggesting the presence of a partial mediating effect—large-scale
cities are more susceptible to the mediating effect than small-scale
cities. It further indicates that secondary industry plays an
indispensable role in type II cities, and the industrial scale effect
on efficiency reveals heterogeneity at the city scale. With respect to
geographic location, there is no mediating effect in all three regions,
indicating that the mediating effect of industrial structure on
efficiency does not have significant heterogeneity in terms
of geography.

In summary, this demonstrates that the industrial structure only
has a mediating influence in type II cities, which in turn validates the
mechanism of industrial structure effect.

5.3 Synergistic effect of dual pilot low
carbon and innovative cities

Within the body of current literature, Guo and Liang (2022)
and Yang and Shi (2023) have shown that the implementation of
the pilot low-carbon city and pilot innovative city initiatives can
enhance carbon emission efficiency and decrease carbon
intensity, respectively. Thus, to promote a reduction in
carbon emissions, this paper will further ascertain whether
the implementation of the dual-pilot project is expected to

TABLE 9 Analysis of the mechanism of the impact of the industrial structure by general and urban scale analysis results.

Variable Population By city size

Type I city Type Ⅱ cities

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

INDU Eff INDU Eff INDU Eff

DID −2.7206* 12.8611*** −5.6512* 13.1551* −1.3544* 11.9258***

(−1.6743) (3.5327) (−1.8090) (1.7683) (−1.7319) (3.0352)

INDU −0.0022 −0.0036 0.3895***

(−0.1925) (-0.7604) (3.3564)

Control variable YES YES YES YES YES YES

Urban fixed effect YES YES YES YES YES YES

Year fixed effects YES YES YES YES YES YES

_cons 48.8600*** 45.1860*** 51.5537*** 43.7500*** 47.8611*** 29.8324***

(42.6293) (12.2867) (16.1970) (6.4040) (82.4771) (5.0078)

N 4,260 4,260 1,593 1,593 2,667 2,667

r2_a 0.0698 0.5522 −0.0024 0.0892 0.4209 0.3080

sigma_u 17.4212 15.4538 6.9124 20.4081

sigma_e 53.6560 15.4731 4.5659 18.8819

rho 0.0954 0.4994 0.6962 0.5388

Sobel test p = 0.837 p = 0.417 p = 0.093

Bootstrap test [−0.78, 0.33] [0.07,1.54]
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yield greater effectiveness than the single-pilot approach, and
thus determine whether the dual-pilot project will
promote synergy.

We analyzed the influence of single-pilot (low-carbon) on
the efficiency of carbon emissions in urban areas. The process is
as follows. We excluded the sample of innovative cities but not
the sample of dual-pilot cities, and we retained the single-pilot
sample of low-carbon cities and the sample of non-pilot cities.
Similarly, the influence of single-pilot (innovation) on efficiency
was examined. The procedure can be outlined as follows. We
omit the example of cities with minimal carbon emissions as well
as the sample of dual-pilot cities, and we retain the single-pilot
and non-pilot samples of innovative cities. As shown in Table 10,
both cities with a single pilot can maximize efficiency, but the
coefficients pertaining to its predictor variables of the low-
carbon pilot project progressively diminish after the
implementation of the policy, and cease to be statistically
significant after a two-period lag, implying a limited
durability in the effectiveness of the policy. Conversely, the
individual pilot coefficients of the innovative cities are
significant at the 1% level of significance in one and two lags,
and the coefficients display an ascending magnitude, which
indicates that the innovative cities’ single pilot has a certain
degree of continuity in improving the efficiency of the city’s
carbon emissions and lasts for a long time. Meanwhile, since the
regression coefficients of innovative pilot cities are generally
larger than those of low-carbon pilot cities, the efficiency
improvement ability of innovative cities is higher than that of
low-carbon cities. In comparison to the baseline regression, the
regression coefficients of single-pilot cities are smaller than those
of double-pilot cities, confirming Hypothesis 2, as it is evident
that the double-pilot policy is superior to the single-pilot policy
in enhancing carbon emission efficiency.

6 Conclusion and policy implications

This study analyzed data from 284 prefecture-level cities in
China between 2006 and 2020 to study the impact of low-carbon and
innovative dual-pilot cities on carbon emission efficiency. It utilized
a multi-period DID model to investigate influence mechanisms and
synergistic effects. (1) According to this study, the eastern region
exhibits a higher level of carbon emission efficiency, and the central
region exhibited parity with the national average, whereas the
western region demonstrated the lowest values. (2) Additionally,
implementing dual-pilot cities can effectively enhance carbon
emission efficiency, with a time lag in policy effects. (3)
Furthermore, dual-pilot cities show better and more enduring
outcomes in enhancing carbon emission reduction than
individual pilot policies. This suggests that innovation can
facilitate environmentally friendly development and offer
sustainable benefits, demonstrating its synergistic impact. (4) The
analysis of heterogeneity demonstrates that the policy effect of the
dual-pilot program is significantly more pronounced in the central
and western regions, with differences in city scale. The carbon
enhancement effect in eastern cities is insignificant. (5) Analysis
of the impact mechanism reveals that the dual pilot policy largely
improves carbon efficiency by fostering the development of green
innovation. The mediating effect on large cities in the eastern and
central regions is significant. Policy measures in Type II cities aim to
enhance the efficiency of urban carbon emissions by optimizing
industrial structure.

To encourage the development of dual-pilot cities and enhance
urban carbon emission efficiency, the following policy proposals
are offered.

(1) Enhance collaboration in building creative and low-carbon
cities and progressively broaden the range of experimental

TABLE 10 Results of dual-pilot synergy analysis.

Variable Low carbon city single pilot Innovative city single pilot

Non-lagging One lag period Two lag period Non-lagging One lag period Two lag period

Low carbon pilot 4.4921** 3.2266* 2.7785

(2.4883) (1.8779) (1.4450)

Innovation Pilot 6.2767** 9.5145*** 11.1410***

(2.5132) (3.6019) (4.1297)

_cons 41.2378*** 38.8412*** 37.1923*** 44.4641*** 41.3523*** 40.3763***

(12.6750) (10.7769) (10.7155) (12.0759) (9.8818) (9.7716)

Control variable YES YES YES YES YES YES

City/year
fixed effects

YES YES YES YES YES YES

N 3,885 3,626 3,367 3,120 2,912 2,704

r2_a 0.1898 0.1944 0.2011 0.2354 0.2500 0.2622

sigma_u 19.0313 19.0254 18.8709 18.8970 18.6033 18.2026

sigma_e 18.6068 18.8894 19.0705 19.3641 19.5004 19.5965

rho 0.5113 0.5036 0.4947 0.4878 0.4765 0.4632
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initiatives. The combination of pilot policies creates a
synergistic impact, and applying these policies together to
improve carbon emission efficiency is more successful than
executing a single pilot program. Promoting the dual-pilot
policy tool is undeniably a beneficial step. In the future,
successful experiences from western and central cities, as
well as larger cities, will be collected and shared with other
cities to enhance the policy impact of establishing dual-
pilot cities.

(2) Adapting measures to local conditions and implementing
strategies according to the situation, each with its own
emphasis, strengthens the inclusiveness of policy
implementation. Eastern cities have high carbon emission
efficiency due to the implementation process. However, the
policy effects in these cities are not as effective as in central and
western cities, particularly in type I and II cities where urban
transformation policies have been fully utilized. In the future, it
is essential to enhance financial assistance for central and
western cities while exploring low-carbon development
strategies and carbon emission traits that are appropriate for
the region in order to accelerate transition to a low-carbon city.

(3) Enhance funding for environmentally friendly technology
development and consistently enhance innovation.
Promote the recruitment of creative individuals and
environmentally friendly businesses to ensure successful
research and development as well as practical
implementation of product technology. Local governments
should boost their support for innovation and promote the
active involvement of innovative entities, thereby achieving
innovation-driven progress. Enhance the promotion and
education of green innovation concepts to make green
practices widespread and encourage individuals to adopt a
green and low-carbon lifestyles. Enhance and strengthen the
innovation market, enhance enthusiasm for innovation, and
bolster faith in the ability to innovate.

(4) Encourage the improvement of industrial structure and
leverage variations in city sizes. Develop low-carbon
industries in large cities to improve energy utilization and
resource efficiency. Develop complex strategies in research
and technology, and build low-carbon industrial parks and
clusters. Low-carbon and innovation-related policies should
be applied to eliminate highly polluting and energy-intensive
segments of industrial enterprises. In particular, it is
recommended that government regulation be improved to
optimize the production environment.

This paper has some limitations, as it only studied dual and single
policies to achieve pollution reduction and efficiency improvement. It
only considered policies under joint support, and whether there is still

emissions reduction and efficiency improvement is not yet clear. In
addition, it is still ambiguous whether the impact of relevant policies
will geographically differ, and how big the difference is, which should
be subject to further research.
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