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Abstract
Accurately assessing the impact of low-carbon urban construction on green economic development has great significance 
for achieving economic development with environmental protection, and for building an ecological civilization and a 
beautiful China. Based on panel data for 271 cities in China from 2004 to 2019, multi-period and spatial difference-in-
difference econometric models were used to comprehensively investigate the impact of three batches of low-carbon city 
pilot policies on green economic development, finding the following: The contribution of low-carbon urban construc-
tion on urban green economic development is significant and positive, and still holds under a series of robustness tests. 
Parallel trend tests also show a lag in the policy effect, and the effect is strengthened over policy implementation time. 
Green orientation of technological progress, green transformation of industry, and green upgrade of consumption are 
important channels for the effect of the policies. The promotion effect of low-carbon city construction is stronger in the 
central and northern cities, and in cities with high green economic development, than in western and southern cities, 
and those with low green economic development. Construction of low-carbon pilot cities not only promotes their own 
green economic development, but also that in neighboring cities, exerting a demonstration effect. This effect is greater 
in urban areas. This study provides empirical support for policy planning to promote low-carbon urban construction 
across the country.

Keywords  Low-carbon city pilot policies · Multi-period difference-in-difference · Dual difference spatial econometric 
model · Green economic development effect

Introduction

Cities undoubtedly play an important role in address-
ing the challenges that climate change poses to global 
human development. They are key vectors of economic 
growth, and their vast industrial activities and transporta-
tion networks, and rich residential life, also make them 
the largest unit of carbon emissions (Gong et al. 2022). 
Urban areas accounted for 61–68% of global greenhouse 
gas emissions in 2015 (Gurney et al. 2022; Moran et al. 
2018), and their share of global emissions is expected to 
increase in the future, exceeding 80% by the end of this 
century. Urban areas in Asia, the developing Pacific, and 
developed countries together account for 65.0–73.3% of 
cumulative urban emissions (Gurney et al. 2022). There-
fore, in the face of severe ecological and environmental 
problems, a low-carbon urban economic development 
model featuring low energy consumption, low pollution, 
and low emissions has become an important strategic 
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initiative for countries to promote sustainable social 
development.

The concept of carbon reduction first came from the 
concept of the “low-carbon economy” proposed by the UK 
government in its 2003 Energy White Paper (DTI 2003). 
Subsequently, in 2007, the Advisory Body to the Minister 
of the Environment of Japan issued the Japanese Low Car-
bon Society Model and its Feasibility Study, asserting that 
a “low-carbon economy” could not be developed without a 
“low-carbon society” (Duffield and Woodall 2011). Chinese 
scholars mostly borrow the definition of “low-carbon econ-
omy” from the UK and believe that a low-carbon economy 
is one based on low consumption and pollution which emits 
the minimal amount of greenhouse gases during develop-
ment while maximizing output for society (Fu et al. 2008; 
Xue et al. 2012). There is no uniform delineation of the low-
carbon city concept. Existing studies have mainly defined it 
from the perspectives of urban energy structure (Guo and 
Liang 2022), carbon emissions (Wang and She 2020), and 
social and economic activities (Fu et al. 2008). Synthesizing 
existing views, Xue et al. (2012) comprehensively defined it 
as “a city that consistently maintains a relatively low level 
of net regional greenhouse gas emissions resulting from its 
social and economic activities within the constraints of the 
sustainable development goals.”

China is the country with the largest share of global car-
bon emissions (BP 2021; Fu et al. 2021). In 2018, 338 of its 
prefectures consumed 85% of its energy, 39.2% of its water, 
and 60% of its electricity, and emitted 75% of its CO2 (Wang 
et al. 2021). To this end, China has made commitments to 
reduce carbon intensity and to achieve a carbon peak and 
carbon neutrality, and places important strategic emphasis 
on reducing greenhouse gas emissions (Li et al. 2018). In 
order to explore effective new models of low-carbon urban 
development that achieve sustainable development goals, the 
National Development and Reform Commission launched 
three batches of low-carbon city pilots (LCCPs) in 2010, 
2012, and 2017, respectively. In recent years, the emission 
reduction effect of the LCCPs has begun to appear. Hang-
zhou, Xiamen, and Shenzhen reduced their annual carbon 
emissions by 20,000 tons, and the carbon emission intensity 
of Jingdezhen, Zunyi, and Wuhan is 24.47%, 20.43%, and 
19.12% below their respective provincial averages (Qiu et al. 
2021). Thus, the LCCP is an inevitable choice for China to 
achieve its carbon emission reduction targets and develop a 
green economy. However, China is still in a phase of accel-
erated urbanization, and its quality of life still needs to be 
improved. Low-carbon urban construction should not aim 
for the same total carbon emissions as western cities, but 
should strive to reduce the carbon footprint of social and 
economic activities. While achieving sustainable urbaniza-
tion, it should meet development needs and improve peo-
ple’s living standards to ultimately achieve the goal of green 

economic development (GED) (Liu et al. 2009). Therefore, 
the effect of the policy on the goals of green economic devel-
opment with urban decarbonization is increasingly impor-
tant to measuring the effectiveness of its implementation and 
reform. This paper will focus on that question.

The economic impacts of LCCPs go beyond carbon 
reduction and are multifaceted. The existing literature is rich 
in research evaluating the policy effects of LCCPs, provid-
ing important ideas and insights for this paper, yet there is 
still some room for improvement. First, it tends to focus 
on policy effect testing, while neglecting analysis of policy 
mechanisms. If pilot regions indeed improve their green eco-
nomic development, only by further digging into the specific 
initiatives behind that improvement can they use the oppor-
tunity of early pilot implementation to play a demonstration 
and leadership role. Second, assessment of LCCPs mostly 
focuses on the policy implementation sites, and rarely con-
siders the spatial spillover effects in neighboring regions, 
which may lead to biased results. Finally, most studies only 
analyze static policy effects, without further analyzing the 
dynamic spatial evolution. Therefore, this paper deeply and 
systematically explores the impact of low-carbon urban 
construction on green economic development, not only pro-
viding theoretical support to promote profound changes in 
urban economic development models, but also promoting 
the transformation of urban economic development from 
crude factor-driven production to green innovation.

Based on this, using multi-period and spatial difference-
in-difference (DID) models, this paper will use data on 
271 cities in China from 2004 to 2019 to comprehensively 
examine the impact of three batches of low-carbon urban 
construction on green economic development. Its main con-
tributions are as follows. First, complementing the existing 
literature, it analyzes the theoretical mechanisms of urban 
carbon governance affecting green economic development 
from three aspects: green orientation of technological pro-
gress, green industrial transformation, and green upgrade 
of consumption. Second, regarding methodology, it applies 
a spatial econometric model to explore the effect of urban 
carbon governance on green economic development, using 
LCCP as a quasi-natural experiment. The results help 
remedy the shortcomings of existing studies in which the 
strength and direction of the effect of the policy on the con-
trol group are not sufficiently observed. Third, it analyzes 
the spatial evolution of LCCP cities by measuring their 
green economy development from 2004 to 2019 using natu-
ral breakpoints. The characteristics of the dynamic spatial 
evolution are of great practical significance for revealing the 
interactive and coordinated relationships between regions, 
realizing synergistic regional governance, and jointly achiev-
ing high-quality economic development.

The remainder of this study is organized as follows. The 
“Literature review” section presents a literature review. The 
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“Policy background and hypotheses” section presents the 
policy background and an analysis of the mechanisms and, 
then proposes theoretical hypotheses. The “Methodology” 
section describes the methodology. The “Empirical results” 
section analyzes the results of the benchmark regression, 
robustness test, and instrumental variable method. The 
“Mechanism analysis” section discusses the influence 
mechanism. The “Spatial spillover effect analysis” section 
analyzes the results of spatial spillover effect. The “Con-
clusions and recommendations” section presents the main 
conclusions and recommendations.

Literature review

Since the National Development and Reform Commission 
first implemented the low-carbon pilot city policy in 2010 
in China, more and more studies began to pay attention to 
the pilot policy (Walangitang and Page 2012; Yang and Li 
2013). In general, the pilot policy aims to deal with global 
climate change, reduce the carbon dioxide emission inten-
sity of economic development, improve the energy efficiency 
of urban system, and solve the dilemma between economic 
development and transformation. Evaluation of the LCCPs 
has attracted extensive attention from many scholars. Some 
have examined its effects from the perspectives of indus-
trial structure upgrade (Chen and Wang 2022), foreign 
direct investment (Duan and Shi 2021), pollution control 
(Song et al. 2019), corporate green technology innovation 
(Yu et al. 2022), and energy usage efficiency (Dong et al. 
2022). Others have analyzed and assessed its carbon reduc-
tion effects. Although most studies support the positive 
effects of the LCCPs, points of contention still exist. Spe-
cifically, it has been argued that low-carbon urban construc-
tion fails to reduce carbon emissions and ultimately leads 
to poor environmental performance due to a lack of clear 
development goals (Lo 2014). This finding is largely con-
sistent with Sinn’s (2008) conclusion that poorly designed 
low-carbon policies are less effective. However, despite the 
institutional shortcomings of the LCCPs, the carbon govern-
ance of the pilot cities has still laid a solid foundation for 
sustainable local economic development (Du et al. 2022; 
Qiu et al. 2021).

Existing studies on the level of green economy devel-
opment have focused on the measurement of the level of 
green economy development and the analysis of influenc-
ing factors. Most of the existing literature is based on panel 
data of provincial or prefecture-level cities, and the super-
efficient SBM model, Malmquist index, and DEA model are 
used to measure and analyze the level of green economic 
development in China (Huang et al. 2021; Luo and Wang 
2017). The results of the study indicate that pollutant emis-
sions from the “the three-high” industries (Dinga and Wen 

2022), environmental regulations, tax policies (Fernández 
et al. 2011), geographical location (Qiu et al. 2021), energy 
structure and efficiency (Fang et al. 2022), trade develop-
ment and foreign direct investment (Qamri et al. 2022), and 
production supply chain efficiency (Zhang et al. 2018) are 
important factors affecting the level of green economy devel-
opment. In addition, there are also studies in the literature 
on spatial and temporal differences, which suggest that the 
overall level of green economic development in China shows 
a steady upward trend (Qiu et al. 2021), and that the eastern 
coastal cities and large cities have the highest level of green 
economic development (Du et al. 2022).

Studies have come to different conclusions on whether 
LCCPs improve the level of green economic development 
(Lo 2014; Sinn 2008; Song et al. 2019). Some show that 
low-carbon urban construction not only improves the envi-
ronment by optimizing energy efficiency and consump-
tion structure (Fang et al. 2022) but also may have positive 
externalities through industry transformation and upgrade 
and technological progress (Chen and Wang 2022; Yu et al. 
2022), promoting agglomeration of new industries, and 
transformation and upgrade of high-energy-consumption 
industries. In general, LCCP exerts an impact on the devel-
opment level of urban green economy from the aspects of 
economic, environmental, and social. In terms of the eco-
nomic effects, at the micro level, LCCP can alleviate the 
financing constraints of enterprises, and improve the effi-
ciency of capital allocation and total factor productivity 
of enterprises (Zhao et al. 2021). At the macro level, the 
reallocation efficiency and scale efficiency of urban produc-
tion factors can be improved through the implementation of 
energy-saving and emission reduction measures (Zeng et al. 
2023), and ultimately achieve urban green economic growth. 
In terms of environmental effects, LCCP can achieve sus-
tained energy conservation and emission reduction effects 
by establishing a low-carbon industrial system as well as 
by promoting the optimization and upgrading of industrial 
structure (Song et al. 2019). In terms of social effects, on 
the one hand, the construction of low-carbon cities will 
improve the city’s ecological infrastructure system, provide 
green public goods for urban residents, and significantly 
increase the level of green consumption (Cao and Gao 2021; 
Zeng et al. 2023). On the other hand, LCCP induces green 
technology innovation effects by stimulating enterprises to 
apply for energy-saving and alternative energy patents (Qu 
et al. 2023). Green technology advances induced by LCCP 
will diffuse and spill over through innovation networks 
locally and between cities due to the existence of network 
spaces (Zhu and Lee 2022). However, the hypothesis that 
low-carbon urban construction positively impacts the green 
economy remains controversial. Although the sustainable 
energy industry develops rapidly during the process, cities 
with this industry are not “strongly decoupled” from CO2 
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emissions; 89% are still “weakly decoupled” or “not decou-
pled.” This result indicates that the current urban economic 
development model is still dependent on energy production 
and consumption (Shan et al. 2021; Shi et al. 2022), which 
is not conducive to green economic development.

As far as we know, there are several limitations in the 
existing literature on low-carbon pilot city policies and green 
economic development. On the one hand, few studies have 
emphasized the spatial spillover effects of environmental 
policies on green economic development, especially the low-
carbon pilot city policy. The implementation of low-carbon 
policies could not have a consistent impact on other regions, 
but have a decaying effect as a certain spatial relationship 
weakens. On the other hand, few studies have simultane-
ously integrated technological progress, industrial transfor-
mation, and green consumption to comprehensively analyze 
the theoretical mechanisms of urban low-carbon governance 
affecting green economic development. As far as these are 
concerned, using multi-period and spatial difference-in-dif-
ference (DID) models, this paper will use data on 271 cities 
in China from 2004 to 2019 to comprehensively examine the 
impact of three batches of low-carbon urban construction on 
green economic development.

Policy background and hypotheses

Policy background

Since 2006, China has been the largest contributor to 
global carbon emissions (Fu et al. 2021; Ortega-Ruiz et al. 
2022), and emissions have been increasing year by year 

as its economy expands. Its emissions reached 9894 MT 
in 2020, accounting for 30.7% of the world’s total (BP 
2021), with urban emissions accounting for 75% of that 
total (Wang et al. 2021). This reality has put China under 
tremendous social and international pressure to address 
the trade-offs and coordination between carbon emissions 
and economic growth. In response, the Chinese govern-
ment has developed a series of carbon emission reduction 
policies, as shown in Fig. 1.

At the Copenhagen Climate Conference in 2009, 
the Chinese government set a carbon intensity tar-
get to reduce its emissions per unit of GDP in 2020 
by 40–45% from 2005. In order to achieve that tar-
get, it  began to gradually implement the LCCPs 
(Fig. 2). In January 2010, the Ministry of Housing and 
Urban–Rural Development established national low-
carbon eco-demonstration city in Shenzhen, and in 
July of that year in Wuxi. That same July, the National 
Development and Reform Commission (NDRC) also 
identified five provinces and eight cities as the first 
batch of low-carbon pilots. In 2011, in the 12th Five-
Year Plan to Control Greenhouse Gas Emissions, the 
State Council proposed LCCPs to control greenhouse 
gas emissions. Specifically, the pilot cities should not 
only promote research, demonstration, and industriali-
zation of low-carbon technology, but also actively use 
it to transform and upgrade their traditional industries. 
The second and third groups were identified in 2012 
and 2017, respectively, with a total of 81 pilot cities, 
accounting for a quarter of all prefecture-level cities. 
These two groups had higher requirements than the first 
group of pilots for setting emission reduction targets 

Fig. 1   Major policies related to carbon reduction in China
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and implementing the Target Responsibility System 
(TRS) for emission control (Li et al. 2018).

Basic assumptions

The influence mechanisms of LCCPs on green economic 
development

Environmental regulation is an important way to 
achieve green economic development (Mahmood et al. 
2022; Zhao et  al. 2022). As a comprehensive envi-
ronmental regulation tool, LCCPs can achieve green 
economic development through command-and-control, 
public participation, and market incentive roles (Wang 
and She 2020). The influence mechanism of LCCPs on 
green economic development is shown in Fig. 3. Spe-
cifically, the pilot cities can obtain financial and insti-
tutional support from the central and local governments 
during the implementation period, stimulating business 
to carry out green technological innovation, making 

breakthroughs in low-carbon industries, and acceler-
ating green technological progress (Chen and Wang 
2022). These steps can promote industry transformation 
and energy structure optimization and adjustment in the 
pilot cities, indirectly enhancing their green economic 
development (Du et al. 2021; Pan et al. 2022). At the 
same time, the carbon reduction targets impose hard 
constraints, increasing the operating costs of energy-
intense and highly-polluting businesses, forcing them 
to improve their development and application of green 
technologies, shift to cleaner production models, or 
exit from the industry (Porter and Linde 1999). Mean-
while, incentive-based policy support such as sub-
sidies and low-interest loans to businesses with low 
energy consumption and low pollution production helps 
accelerate factor f low and absorb high-quality factor 
resources, thus bringing their comparative advantages 
into play. By helping rationalize industry structure 
in the pilot cities, the policy supports the formation 
of efficient industrial chains and specialized green 

Fig. 2   Distribution of the three batches of low-carbon pilot cities
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industrial systems (Chen and Wang 2022), helping cit-
ies eventually transform their production and operat-
ing models from crude to intensive, thus promoting the 
green economy. Accordingly, the following hypothesis 
is proposed.

H1: LCCPs promote green urban economic develop-
ment.

According to Porter’s hypothesis, reasonable and strict 
environmental regulations can stimulate the “innovation 
compensation” effect, helping promote low-carbon tech-
nology upgrade, compensating for the “environmental 
regulation compliance cost,” improving the competitive-
ness of businesses, and promoting their sustainable devel-
opment. Under the rigid constraint of carbon reduction 
and growing demand for green living in the pilot cities, 
on the one hand, the traditional bottom-up competition 
of crude development will not be accepted by the market 
or the government. The market vacancy for green prod-
ucts will attract more foreign investment related to clean 
technology, and stimulate local businesses to carry out 
low-carbon technological innovation and clean production, 
thus promoting development of a regional green economy 
(Duan and Shi 2021). On the other hand, LCCPs pro-
vide more market information for businesses to reduce 
the uncertainty of technological innovation by establish-
ing low-carbon innovation mechanisms (Qiu et al. 2021). 
The substantial government support greatly enhances the 
willingness of market innovation agents to produce green 

products, thus improving innovation capacity and overall 
green economic urban development. Accordingly, the fol-
lowing hypothesis is proposed.

H2a: LCCPs promote green economic development 
through development of green production processes 
and enhancement of green orientation of technologi-
cal progress.

Under low-carbon governance, local governments mini-
mize use of non-renewable energy, and businesses imple-
ment cleaner production models and improve energy effi-
ciency. Specifically, from the perspective of long-term 
economic efficiency, LCCPs improve businesses’ factor 
allocation, reducing factor inputs to inefficient sectors, 
increasing them to efficient sectors, and increasing output 
per unit of energy (Qiu et al. 2021). From the perspective of 
overall social benefits, they improve resource utilization effi-
ciency through direct guidance of production factors from 
low-productivity to high-productivity businesses (Qian et al. 
2018). At the same time, local governments can encourage 
development of renewable clean energy industries such as 
solar, wind, and hydropower energy, and coordinate ecologi-
cal civilization construction and economic growth. In other 
words, society can accelerate green industrial transforma-
tion by reducing the energy consumption per unit of output 
value, or increasing the output value per unit of energy, to 
promote energy usage efficiency to ultimately achieve green 
economic development (Cao and Gao 2021). Accordingly, 
the following hypothesis is proposed.

Fig. 3   Influence mechanism of LCCPs on urban green economic development
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H2b: LCCPs promote green economic development 
by optimizing energy use efficiency and accelerating 
green transformation of industry.

The concept of carbon conservation in China has changed 
from government leadership to universal participation, and 
awareness of low-carbon consumption has increased. All 
of society is increasingly advocating for the values of eco-
nomic, green, and low-carbon consumption, and the public 
is gradually discarding the values of extravagant, wasteful, 
and high-energy consumption (Mao and Xie 2019). In 2010, 
the NDRC issued a notice proposing to “promote the use of 
low-carbon products and the concept of low-carbon life.” 
At the same time, against the background of huge losses 
brought by crude development at the expense of the environ-
ment, demand for a green life is increasing as people’s living 
conditions improve and the concept of sustainable develop-
ment becomes more popular. Implementation of LCCPs may 
further enhance awareness of green consumption, such as by 
advocating low-carbon dining, curbing food waste, advocat-
ing low-carbon living, popularizing water-saving appliances, 
and advocating for green and low-carbon travel methods. 
These steps will help promote green upgrade of consump-
tion, reduce the intensity of lifestyle pollution, and promote 
the green urban economy (Cao and Gao 2021). Accordingly, 
the following hypothesis is proposed.

H2c: LCCPs promote green economic development 
through the concepts of low-carbon life and green 
upgrade of consumption.

Spatial spillover effects

Low-carbon pilots and similar policies tend to have spatial 
spillover effects due to technological spillover and inter-
regional economic linkages (Jia et al. 2021). In the context 
of rapid development of the digital economy, businesses 
or industries with relative comparative advantages will 
absorb high-quality production factors between regions 
(such as high-level human resources, innovation, and 
entrepreneurial capital) (Xu and Sun 2020), which is also 
known as the “siphon effect.” At the same time, efficient 
industry chains and specialized green industry systems 
will be formed within the region (Chen and Wang 2022), 
not only improving its green economic development, but 
also bringing significant impact to neighboring cities. Spe-
cifically, on the one hand, the policy will certainly promote 
upgrade of the local industrial structure and eliminate 
industries with high investment, energy consumption, and 
pollution, or transfer them to surrounding areas, resulting 
in a so-called pollution paradise effect (Cole et al. 2017). 
The relocation of polluting industries not only expands 

their scale in neighboring cities, but also deepens the pol-
lution level of local industry structures, thus producing 
negative spillover effects. In other words, even though 
local green economic development is improved, it may 
be to the detriment of neighboring cities. On the other 
hand, by promoting local industrial structure upgrade 
and technological innovation, the pilot policy also has a 
“demonstration effect” and “warning effect” on neighbor-
ing cities (Du et al. 2022). In other words, those cities will 
strengthen their investment in innovative energy-saving 
technologies through learning and imitation, and use regu-
latory tools to improve their green economic development. 
The interactions between neighboring cities lead to a con-
vergence effect on green economic development. Accord-
ingly, the following hypothesis is proposed.

H3: LCCPs have spatial spillover effects on green 
economic development in neighboring cities.

Methodology

Econometric models

Multi‑period double difference model

Since three batches of LCCPs have been implemented 
since 2010, the inconsistent timing of the treatment 
group’s acceptance of the policy pilot made it difficult 
to apply traditional DID. With reference to Beck et al. 
(2010) and Cao and Gao (2021), this paper constructs the 
following multi-period double difference model to assess 
the impact of successive LCCPs on urban green economic 
development.

In the above Eq. (1), i indicates city and t denotes year; 
GEDit is the outcome variable and refers to the green econ-
omy growth of city i in year t; the key variable LCCPit is 
a dummy variable used to identify the pilot policies of 
low-carbon cities. Specifically, LCCPit is the product of the 
dummy variable treatit and the dummy variable reformit . If 
city i implements the LCCP, the value of treatit is 1, and 0 
otherwise. reformit is the dummy variable and is assigned 
the value of 1 if the LCCP has been implemented, and 0 
otherwise. In order to control the influence of time-vary-
ing factor characteristics of cities on the green economy 
development of cities, a series of control variables Xit are 
selected. �t is the year fixed effect, �i represents city fixed 
effects, and �it denotes the random error term. The multi-
period double difference model allows the differences in 

(1)GEDit = � + �LCCPit + �Xit + �t + �i + �it
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characteristics and temporal trends between pilot and non-
pilot cities to be effectively controlled.

Our DID framework can address the endogeneity prob-
lem caused by measurement error and omitted variable 
bias. The coefficient of interest, � , captures the net impact 
of China’s LCCPit on GEDit . Specifically, a negative and 
significant � denotes that the LCCPit reduces GEDit , which 
confirms the green economic development effect of the 
LCCPit . Contrastingly, a positive and significant � implies 
that the LCCPit is effective in enhancing GEDit . Further-
more, an insignificant � suggests that the LCCPit fails to 
affect GEDit.

Dual difference spatial econometric model

Since urban economic activities often have spatial and 
temporal effects such as “siphoning” and “spillover,” it is 
assumed that urban green economic development has similar 
effects. Given this, this paper will further use a dual dif-
ference spatial econometric model to evaluate the effect of 
LCCPs. The advantage of using the dual difference spatial 
econometric model is that it can explore the effect of LCCPs 
from a new perspective. It also enables to decompose the 
direct and indirect effects of the policy and discuss and 
assess the spatial spillover effects of the policy (Cao and 
Gao 2021; Sunak and Madlener 2016).

In this paper, drawing on the treatment of related litera-
ture (Chagas et al. 2016), a spatial weight matrix is intro-
duced on the traditional DID model to construct a dual dif-
ference spatial econometric model, and the model form is 
set as follows.

In the above Eq. (2), ��′

i
GEDit is the spatial lag term 

of the dependent variable to test whether there is a spillo-
ver effect of “promoting or inhibiting” the level of green 
economic development among cities. Then, for the con-
sideration of economic exchanges and factor flows among 
provinces, the spatial cross-multiplication term ��′

i
LCCPit 

of the key variable LCCPit is added to test how the LCCPs 
of one city affect the green economic development of other 
cities. Among them, � is the spatial autocorrelation coef-
ficient of the dependent variable, � is the policy spillo-
ver effect, �′

i
 is the spatial weight matrix, and this paper 

adopts two spatial weight matrices generated based on the 
geographical distance of cities and gravity model, �

2
 is 

the spillover effect of the control variable, � is the spatial 
autocorrelation coefficient of the random error, and the 
rest of variables have the same meaning as Eq. (1).

(2)

GEDit = �LCCPit + ��
�

i
GEDit

+ ��
�

i
LCCPit + �1Xit + �2�

�

i
Xit

+ �t + �i + (1 − ��
�

i
)
−1
�it

Variable selection

Explained variable: green economic development

GED is an important criterion in the new normal economy to meas-
ure regional economic development. Considering the increasing 
rigidity of environmental constraints on economic development, the 
efficiency of green development based on an input-output perspec-
tive has become the key to GED. Based on the relevant literature 
(Dong et al. 2022; Guo and Liang 2022), this paper determines input-
output indicators for evaluating urban green economic development 
by combining urban economic activity in urban areas with data avail-
ability. The super-efficient non-radial and non-angle SBM model is 
then used to measure GED. The GED output indicator measures the 
total value added by economic activity. Therefore, GDP is chosen 
as the desired output. To eliminate the effect of price factors, GDP 
was adjusted to constant 2000 prices using the GDP deflator. Three 
major urban pollutants were selected as undesired outputs of GED: 
urban industrial wastewater, industrial sulfur dioxide, and industrial 
soot emissions. According to the relevant theories, the main input 
indicators for urban economic activity are as follows: (1) labor input, 
measured by employee count (expressed as the sum of public sec-
tor, private, and self-employed employees). (2) Energy input, which 
mainly includes natural gas and LPG for direct energy consumption, 
and electricity consumption for indirect consumption. Due to non-
uniformity in units, energy consumption was converted into standard 
coal units. (3) Capital input, measured by fixed asset investments 
in the current year. Specifically, borrowing from Han and Cheng 
(2020), 2004 was chosen as the historical base period, and the per-
petual inventory method was used to measure the capital stock using 
the following formula.

where Kit denotes the capital stock of city i in period t, � 
is the depreciation rate, Iit denotes the nominal fixed asset 
investments in city i in period t, and Pit denotes the fixed 
asset investment price index in city i in period i. Price indi-
ces of each city were used as fixed asset investment defla-
tors. Regarding the depreciation rate � , this paper refers to 
Zhang’s measurement of 9.6% (2004). Assuming that the 
average rates of fixed asset capital stock growth and fixed 
asset depreciation are equal, the formula for measuring the 
capital stock, with 2004 as the base period, is as follows.

where I
2004

 and � are the nominal fixed asset investment 
amount and depreciation rate in 2004, respectively. gi is 
the average annual growth rate of fixed asset investment 
amount in constant prices in city i during the period under 
examination.

(3)Kit = (1 − �)Ki(t−1) + Iit∕Pit

(4)K
2004

=
I
2004

gi + �
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Core explanatory variable: the low‑carbon city pilot policy

The list of the three batches of pilot cities was obtained 
from successive Circulars on National Low-Carbon City 
Pilot Work issued by the NDRC, as follows. The first batch 
was in 2010 and covered five provinces and eight cities; the 
second was in 2012 and covered Hainan Province and 28 
cities; and the third was in 2017 and covered 45 cities. This 
paper does not consider counties and regions of municipali-
ties directly under central government administration, nor 
non-prefecture-level cities. At the same time, for the case of 
duplication among the three batches of pilot cities, this paper 
draws on the approach of Song et al. (2019). If a province is 
a low-carbon pilot province, the cities under its jurisdiction 
are also pilot cities. The earliest time of policy approval is 
used as the time of pilot implementation time for that city. 
Therefore, for pilot cities, LCCP takes the value of 1 from 
the year of policy implementation on, otherwise, it is 0; for 
non-pilot, it is always 0.

Control variables

With reference to relevant literature (Dong et al. 2022; Li 
and Wang 2019), the following controls are selected. ① 
The degree of fiscal decentralization (Fiscal), expressed 
as the ratio of revenue to expenditure within the gen-
eral local budget, which may affect the strength of pol-
icy implementation, and thus indirectly affect GED. ② 
Infrastructure development (Infras), which is the basis of 
urban economic activity. Sound infrastructure, expressed 
in terms of road area per capita, improves the operational 
efficiency of urban systems, reduces social and economic 
operating costs, facilitates the efficient allocation, and use 
of urban resources, and enhances green economic devel-
opment. ③ Foreign investment (FDI), expressed as the 
ratio of actual foreign investment used in the year to GDP, 
may improve the investment structure of cities, increase 
the efficiency of factor use, and promote green develop-
ment. ④ Education level (EDU), expressed as the ratio 
of the number of secondary school students to the area’s 
total population, reflects public environmental literacy 
and a city’s ability to cultivate talent. More education is 
conducive to conscious improvement of low-carbon con-
cepts and behaviors, which increases public participation 
and enthusiasm for green and low-carbon environmental 
protection, thereby improving a city’s GED. ⑤ Urbaniza-
tion level (Urban), expressed as the logarithm of popula-
tion density, on the one hand will increase total energy 
consumption and pollution, but on the other, will improve 
the efficiency of the urban sector through the popula-
tion agglomeration effect, which is conducive to GED. ⑥ 
Social security level (Security), expressed as the number 
of hospital beds per capita, which reflects public demand 

for a healthy life. Security can motivate people to actively 
pursue a better environment and actively participate in 
environmental construction.

Mediating variables

① Green orientation of technological progress (Tech), 
expressed by the number of green patent applications in 
each city, with reference to Bendig et al. (2023), Fan et al. 
(2023), and Acemoglu et al. (2001). ② Green industrial 
transformation (Industry), expressed as total added value 
of output per unit energy consumed, considering that the 
more output per unit of energy consumption, the higher 
the degree of product greening (Wei et al. 2011). ③ Green 
upgrade of consumption (Consumption), expressed by the 
ratio of carbon emissions of urban residents’ living1 to 
gross domestic product (i.e., the carbon emission intensity 
of urban residents’ living), considering that the carbon 
emission intensity of urban residents’ living reflects the 
green upgrading of consumption, with reference to Cao 
and Gao (2021), Lenzen et al. (2004), and Liu and Xu 
(2022).

Data sources

The sample of this paper is panel data on 271 prefecture-
level cities in China from 2004 to 2019. Considering the 
administrative level of some cities and the problem of 
missing data, the sample does not include municipalities 
directly under central government administration (Bei-
jing, Tianjin, Shanghai, and Chongqing) or regions such 
as Hong Kong, Macao, Taiwan, or Tibet. The relevant 
data are obtained from the China City Statistical Year-
books, China City Construction Statistical Yearbooks, 
China Regional Economic Statistical Yearbooks, statistical 
yearbook of each city, and national economic and social 
development statistical bulletins. City-level data related 
to carbon dioxide emissions are obtained from China 
Carbon Accounting Databases (CEADs). Drawing on Yu 
et al. (2019), data on green patents are obtained from the 
National Intellectual Property Database, and are matched 
with the international patent classification green list of 
WIPO. Linear interpolation was for missing individual 
data points. The descriptive statistics of the variables are 
shown in Table 1.

1  Considering the availability of data, the carbon emissions of urban 
residents’ living mainly include electricity consumption, gas con-
sumption, transportation, and heating. The detailed calculation is 
shown in the Appendix Table 9.
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Empirical results

Spatial pattern analysis of GED

The years following the implementation of the first and 
third batches of policies were selected as time nodes, with 
comparable time intervals. Using the natural breakpoint 
method, the ArcGIS 10.8 software classified the GED 
of the 271 cities into high, medium, and low categories 
(shown in Fig. 4). As shown in Fig. 4, Chinese cities were 
basically at a low level of GED in 2004. The distribution 
of high values was scattered, mainly in Sanya, Haikou, 
Zhongwei, Tianshui, Jiayuguan, and Lijiang. Other cit-
ies such as Hefei (ranked 201st), Zhuhai (ranked 216th), 
Yancheng (ranked 187th), and Zhuzhou (ranked 264th) 
were ranked low. A reasonable explanation is that those 
cities mostly emphasized economic development in the 
early days, yet due to their relatively rapid economic 
development at the time, problems such as insufficient 
coordination of industrial structure, a heavy-duty inter-
nal structure in the secondary industry, and slow pace 
of industrial structure upgrade kept appearing, hinder-
ing upgrade of GED (Zhong 2004). The high-GED cities 
in 2011 and 2018 were still scattered, but the number of 
medium-level cities increased significantly, concentrated 
on the east and southeast coast, which is related to each 
city’s natural resource endowment and economic growth 
bias. In recent years, under policy guidance for industry 
transformation and upgrade, the eastern and southeast-
ern coastal cities became more economically developed 
and technologically advanced. The increasing maturity of 
their development model also synchronized and coordi-
nated their economic environment. The central region has 
also been significantly improved its GED, but its industry 
structure is less diversified than the eastern cities, and it 
is more dependent on coal and other resources (Luo and 
Wang 2017). The sloppy resource-based development 

model is not conducive to improvement of GED. In the 
western region, the fragile environment, coupled with lag-
ging low-carbon technology, has led to decreasing rather 
than increasing GED trend.

Baseline estimation result

The command-based and incentive-based instruments in 
LCCPs have helped reduce urban pollution, but their effects 
on economic growth are still debatable. To evaluate their 
effects, this paper compares GED before and after the poli-
cies based on a quasi-natural experiment method. Further-
more, the estimation bias arising from individual heteroge-
neity is mitigated using multi-period LCCPs. The results are 
shown in Table 2. Column (1), with no controls, shows that 
the estimated coefficient of LCCPs was significantly positive, 
indicating that the LCCPs significantly improve GED. Col-
umns (2) to (7) of Table 2, adding control variables in turn, 
show that the coefficient of LCCP remained significantly 
positive, indicating that the LCCPs increase GED effectively. 
This result is consistent with Porter’s hypothesis and Chen 
and Wang’s (2022) findings, verifying hypothesis H1.

The regression coefficients show that compared to the 
non-pilot cities, GED in the pilot cities increased by about 
1% over the policy implementation period. Since this paper 
captures the policy effect over 10 years, this result implies 
that LCCPs increased GED by about 0.1% per year. This fur-
ther demonstrates that the performance of the national pilot 
low-carbon policy is evident, largely achieving the expected 
economic and environmental objectives, significantly con-
tributing to the development of the city in a green and high-
quality direction. In addition, the regression coefficients con-
taining control variables all decrease to different degrees, 
which indicates reasonable selection of control variables. 
The coefficients of Fiscal, EDU, Urban, and Security were 
significantly positive, and FDI was significantly negative. 
These results indicate that moderate government interven-
tion, high-quality educational resources, urbanization, and 
more social security are all conducive to GED. However, 
while foreign investment improves investment structure and 
technological level, it may also cause technological depend-
ence and a “pollution paradise” effect, which is detrimental 
to green development. The effect of infrastructure construc-
tion was not significant.

Robustness tests

Expected effect test

The premise of the approved low-carbon city pilot as a 
quasi-natural experiment is the randomness of the low-
carbon pilot policy, to prevent biased assessment of the 
quasi-natural experiment due to excessive subjectivity. 

Table 1   Descriptive statistics of the variables

Variable Obs Mean Std. Dev Min Max

GED 4336 0.3301 0.1303 0.0100 1.0902
LCCP 4336 0.2103 0.4002 0.0000 1.0000
Fiscal 4336 0.4701 0.2301 0.0600 1.5402
Infras 4336 2.6204 0.4702 0.0214 4.1003
FDI 4336 0.0200 0.0200 0.0151 0.2003
EDU 4336 0.0600 0.0200 0.0100 0.3902
Urban 4336 5.7401 0.8803 1.3902 7.8802
Security 4336 38.8113 17.6325 3.5103 141.0000
Tech 4336 407.1251 1293.2671 12.0148 26,243.4613
Industry 4336 1.3201 0.6302 0.2302 3.1502
Consumption 4336 0.4312 0.2354 0.0423 4.6820
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Fig. 4   Spatial evolution of 
urban GED in 2004, 2011, and 
2018
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Therefore, this paper refers to Lu and Yu (2015) to test 
for the expected effects of the policy shock of approval. 
Specifically, an expected effect test is conducted by intro-
ducing a dummy variable for the year prior to the policy 
shock into the baseline model. The results in column (1) of 
Table 3 show that the estimated coefficient of the key vari-
able LCCP is still significantly positive, but the coefficient 
of the expected effect test is not significant, indicating no 

significant expected effect before the policy shock of being 
approved as a low-carbon pilot city.

Mitigating serial correlation

Although the multi-period DID above effectively identifies 
the average effects generated by multiple policy shocks using 
multi-period data, it may also generate serial correlation as 

Table 2   Baseline regression

*, **, and *** denote 10%, 5%, and 1% significance levels, respectively, and t values are in parentheses

Variable GED

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

LCCP 0.0171*** 0.0173*** 0.0162*** 0.0142*** 0.0154*** 0.0141*** 0.0101**
(3.60) (3.53) (3.39) (3.05) (3.06) (3.04) (2.06)

Fiscal 0.0593*** 0.0610*** 0.0653*** 0.0662*** 0.0664*** 0.0564***
– (3.36) (3.44) (3.67) (3.70) (3.72) (3.24)

Infras 0.0121** 0.0113** 0.0122** 0.0110** 0.0052
– – (2.35) (2.20) (2.30) (2.17) (1.05)

FDI  −0.2551**  −0.2603**  −0.2392**  −0.2371**
– – – (−2.45) (−2.50) (−2.30) (−2.63)

EDU 0.1900 0.2202* 0.5634***
– – – – (1.60) (1.85) (4.67)

Urban 0.0541*** 0.0522***
– – – – – (4.14) (4.11)

Security 0.0034***
– – – – – – (11.97)

Constant 0.3231*** 0.2951*** 0.3264*** 0.3272*** 0.3390*** 0.0304  −0.0551
(210.96) (34.66) (20.70) (20.77) (19.46) (0.39) (−0.73)

City effect YES YES YES YES YES YES YES
Time effect YES YES YES YES YES YES YES
N 4336 4336 4336 4336 4336 4336 4336
Adj. R2 0.6702 0.6711 0.6713 0.6724 0.6722 0.6732 0.6841

Table 3   Robustness tests

*, **, and *** denote 10%, 5%, and 1% significance levels, respectively, and t values are in parentheses

Variables Expected effect test Mitigating serial 
correlation test

Controlling for the 
impact of disturbance 
policies

One-period lag of 
control variables

PSM-DID Intensity-based DID

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

LCCP 0.0112**
(2.30)

0.0260***
(70.05)

0.0094**
(20.02)

0.0101**
(2.13)

0.0119**
(2.56)

0.0140***
(3.05)

Expected effect test  −0.0018
(−0.21)

– – – – –

ICPP – – 0.0399***
(6.88)

– – –

Control variables YES YES YES YES YES YES
City effect YES YES YES YES YES YES
Time effect YES YES YES YES YES YES
N 4285 4288 4285 4018 4280 4285
Adj. R2 0.687 0.857 0.691 0.699 0.688 0.687
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a result, causing overestimation of the policy implementa-
tion effect (Cao and Gao 2021). Therefore, drawing on the 
existing literature, this paper divides the study sample into 
two intervals using the time of the first batch of approvals in 
2010 as the cut-off point. The averages of the variables in the 
intervals are then taken for two-period DID to mitigate the 
estimation bias arising from serial correlation. The results 
in column (2) of Table 3 show that the estimated coeffi-
cients of the key variable LCCP are still significantly posi-
tive, indicating that the findings of the benchmark regression 
are robust.

Controlling for the impact of disturbance policies

Drawing on Cao and Gao (2021), interfering policy dummy 
variables are introduced into the benchmark model to control 
for the impact on GED. Yu et al. (2022) showed that Inno-
vative Cities Pilot Policies (ICPPs) significantly improved 
urban energy efficiency and promoted GED, both economi-
cally and statistically. ICPPs were conducted four times dur-
ing the sample interval of this paper. Therefore, a new policy 
variable was constructed for ICPP, assigned a value of 1 for 
the year in which the city was first approved for the ICCP 
and after, otherwise 0, then the variable was added to the 
baseline regression model. Column (3) of Table 3 shows 
that ICCPs contributed to GED, indicating that ignoring the 
policy role of ICPPs when assessing the effect of LCCPs 
would lead to overestimating the effect of the latter. How-
ever, it is worth noting that the policy effect—the coefficient 
of LCCP—remains significantly positive, which still sup-
ports the baseline conclusion.

One‑period lag of control variables

The control variables selected in the baseline regression 
model were lagged by one period to mitigate the estimation 
bias caused by a possible inverse relationship between them 
and LCCP approval. Column (4) of Table 3 shows that the 
coefficients of the key variable LCCP remain significantly 
positive, indicating that the findings of the baseline regres-
sion are robust.

PSM⁃DID method

In order to reduce model endogeneity and policy assess-
ment bias, this paper also used propensity score matching 
(PSM) to verify the robustness of the results of the DID 
method. The main steps of PSM are as follows. First, OLS 
regression was used to calculate the scores, where GED 
is the independent variable and Fiscal, Infras, FDI, EDU, 
Urban, and Security were used as covariates. Second, 

kernel density matching was used, and data points that 
failed to match the experimental group were excluded. As 
shown by the kernel density distribution before and after 
matching the experimental and control groups (Fig. 5), the 
matched samples passed the multicollinearity test, satis-
fying the premise of the PSM-DID model, and indicating 
no significant difference between the matched samples. 
Column (5) of Table 3 demonstrates the estimated PSM-
DID results, indicating that the estimated coefficient of 
LCCP remains significantly positive, further supporting 
the baseline results.

Intensity‑based DID

Some cities were approved repeatedly between the three 
batches of LCCPs. The previous section only aligned 
cities’ years of repeated approvals with their provinces. 
Specifically, in the first and subsequent years of approval, 
LCCP was assigned 1, without considering the differ-
ences in policy implementation intensity between repeat-
edly approved cities and others. Therefore, intensity DID 
was further used, reassigning the value of the key variable 
LCCP according to the total number of approvals. The 
results in column (6) of Table 3 show that its coefficient 
remained significantly positive.

Fig. 5   Kernel density distribution before and after PSM between the 
experimental and control group
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Parallel trend test

A parallel trend test was used to confirm the applicability of 
DID in policy analysis (Beck et al. 2010). Another possible 
reason for the significant contribution of LCCPs to GED is 
it was improving in the pilot cities before the policies were 
implemented, which would bias the assessment of policy 
effects.

Therefore, this paper will conduct a parallel trend test 
through the following model to obtain a purer treatment 
effect. The policy effects of the pilots are obtained using 
changes in the coefficients of the core explanatory variables.

where n denotes the number of years from the policy imple-
mentation year (2010, 2012, or 2017). This test examines the 

(5)GEDit = � +

6
∑

n=−6

�nLCCPit + �
∑

Xit + �t + �i + �it

dynamic treatment effect in the year of policy implementa-
tion and the 6 years before and after. The core explanatory 
variable is LCCPit , and the other variables have the same 
meaning as in Eq. (1).

The results of the test are shown in Fig. 6. The regres-
sion coefficients of the policy dummy variables for each 
year before the policy implementation did not deviate sig-
nificantly from 0, indicating no significant difference in GED 
between pilots and non-pilot cities. Furthermore, after the 
policy implementation, the coefficients of most years are 
significantly greater than 0, indicating that the DID model 
in this paper is consistent with the parallel trend hypothesis 
and can be used in subsequent studies. It is worth empha-
sizing that the coefficients do not have a significant upward 
trend in the 2 years after the policy implementation, but 
do after 2 years, indicating a certain lag in the effect (Song 
et al. 2019). The promotion effect is strengthened over time 
(Fig. 6). From this, it can be inferred that the LCCP is an 
important cause of the divergence in green economic devel-
opment dynamics between pilot and non-pilot cities, i.e., the 
LCCP has contributed to the development of urban green 
economy.

Placebo test

To explore whether the baseline regression results are 
affected by the change in pilot time and pilot city selec-
tion bias, a placebo test is conducted by randomly setting 
pseudo-treatment groups and pseudo-policy timing. Based 
on Cao and Gao (2021) and Zeng et al. (2023), the specific 
approach is as follows. Firstly, the cities with the same 
number of samples as the actual pilot sample were ran-
domly and non-repeatedly selected from the 271 samples 
as the treatment group, and the remaining cities were the 

Fig. 6   Parallel trend test

Fig. 7   Placebo test



62390	 Environmental Science and Pollution Research (2023) 30:62376–62396

1 3

control group. Second, the randomly selected treatment 
groups are corresponded to the years of pilot policy imple-
mentation to obtain the dummy policy variable LCCPr . 
Finally, the variable LCCPr is substituted into Eq. (1) for 
regression. The probability distributions of the estimated 
coefficients of the LCCPr for the treatment groups based on 
200 and 500 random sampling settings are shown in Fig. 7.

After 200 and 500 random samples, in terms of the mag-
nitude of the regression coefficients, the mean values of the 
estimated coefficients of the LCCPr are much smaller than 
the absolute value of the benchmark regression − 0.0101 
(P < 0.01). The mean sign of the regression coefficients of the 
LCCPr shifts to positive with the increasing number of regres-
sions, and the distribution pattern of regression coefficients 
shows that the estimated coefficients of the false-policy vari-
able are distributed around 0, and approximating to a normal 
distribution (Fig. 7). Therefore, the benchmark results pass the 
placebo test, indicating that no serious variables are omitted in 
the benchmark model setting, and the benchmark estimation 
results are robust and reliable with little influence from the 
time series and pilot city selection bias.

Analysis of heterogeneity

Heterogeneity of urban location  In order to prevent over-
all analysis of the sample from ignoring spatial heteroge-
neity, affecting the analysis of LCCP effect, this paper will 
examine the effects of policy pilots in eastern, central, and 
western cities. Regional comparisons and heterogeneity 
tests are also conducted for southern and northern cities. 
Columns (1)-(3) of Table 4 show results of the heteroge-
neity tests for the eastern, central, and western cities. The 
estimated LCCP coefficient is significantly positive in the 
eastern and central cities. The coefficient value is higher 
for central cities and insignificant in the west. Meanwhile, 
a test based on the seemingly unrelated regression (SUR) 

model is used for coefficient difference analysis. The 
results show that the p value of the coefficient difference 
test between the eastern and central regions is 0.0780 < 0.1, 
the central and western regions is 0.0657 < 0.1, and the 
eastern and west regions is 0.0140 < 0.1, all of which are 
significant at the 10% level. These results indicate that the 
effect of LCCPs on GED differs significantly between the 
eastern, central, and western regions (specifically, cen-
tral > eastern > western)—indicating that the central region 
has received more dividends from the policy. A reasonable 
explanation is that the early economic growth in the eastern 
region gave it stronger political status or economic influ-
ence, which caused early release of GED dividends through 
green technology advancement and improvement of fac-
tor usage efficiency. The central region, on the other hand, 
had a late-stage advantage, giving LCCPs more potential 
to promote GED. The policies were ineffective in western 
cities, which are more backward in economic growth and 
environmentally fragile.

Columns (4)-(5) of Table 4 show the heterogeneity test 
results for southern and northern cities. The coefficients 
of LCCP are significantly positive for both, and the values 
are larger for northern cities. Meanwhile, the SUR model 
is used for coefficient difference analysis. The results show 
that the p value of the coefficient difference test between 
the southern and northern regions is 0.0886 < 0.1, which 
is significant at the 10% level. These results show that 
the effect of pilot policies on GED differs significantly 
between the northern and southern regions, indicating that 
LCCPs have a stronger contribution to green economic 
development in northern cities. On the one hand, this 
effect may arise from differences in residents’ lifestyles. 
Northern cities have four distinct seasons, and demand for 
heating in winter makes pollution more serious there, caus-
ing the public and the government to demand environmental 

Table 4   Heterogeneity test

① *, **, and *** denote 10%, 5%, and 1% significance levels, respectively, and t values are in parentheses
② Quantile estimation was implemented using the xtrifreg command of the Stata software. q10, q25, q50, q75, and q90 are five representative 
quartiles

Variables East Central West South North Q10 Q25 Q50 Q75 Q90
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

LCCP 0.0283*
(1.98)

0.0762*
(5.33)

0.0013
(0.23)

0.0133***
(11.08)

0.0193***
(2.43)

0.0128*
(1.71)

0.0184***
(2.74)

0.0192**
(2.30)

0.0332**
(2.27)

0.0513*
(1.78)

Constant   −0.2944
( −1.40)

0.5638***
(3.97)

  −0.1448
( −0.74)

0.4116***
(3.50)

0.1118
(1.25)

0.0369
(0.54)

  −0.0342
( −0.36)

0.0819
(0.67)

  −0.085
( −0.33)

0.4789
(0.91)

Control variables YES YES YES YES YES YES YES YES YES YES
City effect YES YES YES YES YES YES YES YES YES YES
Time effect YES YES YES YES YES YES YES YES YES YES
N 1536 1902 847 2384 1952 4336 4336 4336 4336 4336
Adj. R2 0.853 0.586 0.554 0.742 0.549 0.154 0.270 0.323 0.227 0.1212
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improvement more strongly. Thus, northern cities respond 
more actively to the policy, making its effect more signifi-
cant. On the other hand, from the perspective of social pro-
duction structure, the north has a more industrial economic 
structure than southern cities, and economic growth is often 
accompanied by high-energy consumption and high pollu-
tion, especially in areas richer in resources such as coal and 
oil (Luo and Wang 2017). Therefore, there is more room to 
enhance green development in the northern cities, and the 
effect of pilot policies is more significant.

Heterogeneity of GED stratification levels  An unconditional 
fixed effects panel quantile regression was conducted for 
the specified variables, borrowing from Borgen (2016). The 
results (columns (6)-(7) of Table 4) show the significantly 
positive estimated coefficients of LCCP at different quartiles, 
with an increasing trend as the quantiles increased, indicat-
ing that the promotion effect of LCCPs shows an increasing 
marginal trend with increasing GED. Therefore, low quantile 
cities should pay more attention to developing environmen-
tally friendly economic models in the pilot city construction 
process in order to release dividends from the policy.

Instrumental variable method

In order to avoid possible endogeneity caused by the bidi-
rectional causality between pilot city selection and GED, 
the instrumental variable approach was further employed 
to check the robustness of the baseline regression model 
(Table 5). The basic criterion for an instrumental variable 
is that it is related to the explanatory variable (pilot poli-
cies) but has no direct and explicit effect on the explained 
variable (GED). Based on those principles, as well as data 
availability, this paper selects green space in urban parks 

as an instrumental variable. On the one hand, green area 
in parks can show that a city has a strong level of green 
demand and awareness. To a certain extent, this indicates 
that the city has stronger political status and economic 
influence than the neighboring cities, so the probability 
of being approved as a pilot is higher, satisfying the cor-
relation. On the other hand, green space in parks is mainly 
planned by the government, and is related to natural condi-
tions such as urban geology and topography, which do not 
directly affect GED, satisfying the exogeneity condition. 
The results in Table 5 show that the IV is significantly 
and positively associated with the critical policy variable 
LCCP in the first-stage regression. The value of the F sta-
tistic is greater than the critical value of 10, indicating no 
weak identifiability problem. The Kleibergen-Paap rk LM 
statistic corresponds to a p value of 0.0044 < 0.01, passing 
the under-identification test. In the second-stage results, 
the coefficient of LCCP is significantly positive, which 
indicates that the positive effect of LCCP policies on GED 
remains robust after alleviating the endogeneity problem.

Mechanism analysis

Given that LCCPs significantly improve GED, how is this 
effect achieved? In order to examine the mechanism of the 
effect, this paper adds two recursive models to Eq. (1) to 
build a mediating effect model.

where Mit denotes the mediating variables, specifically 
including green orientation of technological progress (Tech), 
green transformation of industry (Industry), and green 
upgrade of consumption (Consumption); the rest of the vari-
ables have the same meaning as in Eq. (1). The β in Eq. (1) 
indicates the total effect of LCCP policy on GED, while in 
Eq. (6) it indicates the effect of LCCPs on the mediating 
variables. In Eq. (7) it denotes the direct effect of LCCPs on 
GED after controlling for the effects of the mediating vari-
ables, while � denotes the effect of the mediating variables 
after controlling for the effects of the other variables.

The mediating effects were tested and analyzed using 
the Sobel test and bootstrap method, shown respectively in 
Tables 6 and 7. The results all show that the effect of the 
three mediating variables is significant—that is, the mediat-
ing effect holds. Specifically, as shown in columns (1), (3), 
and (5) of Table 6, LCCP has a significant positive effect on 
Tech, Industry, and Consumption, indicating that it signifi-
cantly enhances green orientation of technological progress, 
accelerates green industrial transformation, and promotes 

(6)Mit = � + �LCCPit + �Xit + �t + �i + �it

(7)GEDit = � + �LCCPit + �Mit + �Xit + �t + �i + �it

Table 5   Instrumental variable regression results

*, **, and *** denote 10%, 5%, and 1% significance levels, respec-
tively, and t values are in parentheses

Variables First-stage return Second-stage return
(1) LCCP (2) GED

IV 0.0390***
(3.36)

–

LCCP – 0.6066***
(2.94)

Control variables YES YES
City effect YES YES
Time effect YES YES
N 4336 4336
Adj. R2 0.6224 –
Kleibergen-Paap rk LM 0.0044*** –
Kleibergen-Paap rk F 11.27 –
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green consumption upgrade. Columns (2), (4), and (6) of 
Table 6 show the results of the policy variables and mediat-
ing variables on the GED, showing significantly positive 
coefficients of both—indicating that LCCPs improved GED 
through green transformation of industry and green con-
sumption upgrade. Meanwhile, the Sobel and bootstrap tests 
show the same results for proportion of mediating effects 
in the total effect, about 13%, 55%, and 3%, respectively 
for Tech, Industry, and Consumption—thereby verifying 
hypotheses H2a, H2b, and H2c.

Spatial spillover effect analysis

The global Moran’s I index was used to test the spatial 
correlation of GED. The results are shown in Fig. 8. The 
Moran indices are all greater than zero, and the p values 
are significant in most years, which initially indicates the 
existence of spatial correlation. Therefore, it is necessary 
to use the spatial econometric model to further analyze 

spatial dependence. Meanwhile, the p values of both the 
LM and LR tests in Eq. (2) were less than 0.05, reject-
ing the original hypothesis. Finally, a mixed fixed effect 
spatial Durbin model (SDM) was used, while the results 
of the spatial autoregressive (SAR) model were added to 
Table 8 for comparison. Since the SDM model is more 
realistic and has a high degree of fit, this paper will focus 
on its results.

The explained variable in Table 8 is GED, and the main 
explanatory variable is LCCP. The geographic distance 
spatial weight matrix (W1) and gravitational spatial dis-
tance weight matrix (W2) were selected as spatial weight 
matrices. The following conclusions can be drawn based 
on the results in Table 8. First, the LCCPs significantly 
promote regional GED. The coefficients of LCCPs are sig-
nificantly positive at the 1% level in the estimations of col-
umns (1)-(4) in Table 8. Furthermore, the absolute magni-
tudes are consistent with the baseline regression findings, 
generally between 0.012 and 0.017, further verifying the 
robustness of the findings. Second, LCCPs significantly 

Table 6   Sobel test for influence 
mechanisms

*, **, and *** denote 10%, 5%, and 1% significance levels, respectively, and t values are in parentheses

Variables Tech GED Industry GED Consumption GED
(1) (2) (3) (4) (5) (6)

LCCP 0.5105***
(11.35)

0.0395***
(8.33)

0.4405***
(22.90)

0.0201***
(4.11)

0.0612***
(10.32)

0.0547***
(10.27)

Tech – 0.0119***
(7.51)

– – – –

Industry – – – 0.0558***
(15.29)

– –

Consumption – – – – – 0.0413**
(2.34)

Control variables YES YES YES YES YES YES
City effect YES YES YES YES YES YES
Time effect YES YES YES YES YES YES
N 4249 4249 4285 4285 4285 4285
Adj. R2 0.6501 0.1964 0.4029 0.2202 0.2765 0.1973
Percentage of 

intermediary 
effect

13.36% 55.01% 2.35%

Table 7   Bootstrap test of impact mechanism

** and *** indicate 5% and 1% significance levels, respectively; bootstrap sampling number is 1000

Variables Intermediary effect Estimated coefficient Standard error 95% confidence interval Intermediary effect

(1) Tech Indirect 0.0064615*** 0.0012405 (0.0040302, 0.0088928) 13.50%
Direct 0.0413997*** 0.0054921 (0.0306355, 0.0521639)

(2) Industry Indirect 0.0253412*** 0.002048 (0.0213272, 0.0293552) 53.36%
Direct 0.0221526*** 0.0054992 (0.0113744, 0.0329308)

(3) Consumption Indirect 0.0017112** 0.000742 (0.0003115, 0.0028766) 3.55%
Direct 0.0464273*** 0.005565 (0.034517, 0.0569841)
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contribute to GED in surrounding areas. The regression coef-
ficient W*LCCP for the spatial spillover effect of LCCPs is 
significantly positive at the 1% level in columns (1)-(4) of 
Table 8, indicating that the impact of the policy on green eco-
nomic development is reflected not only in the intra-city pro-
motion effect, but also in the dimension of inter-city interac-
tion. In other words, pilot policies have a positive externality 
effect on neighboring cities’ green economic development, 
initially verifying hypothesis H3. Third, there is a significant 

positive spatial spillover effect. In columns (1)-(4) of Table 8, 
the spatial autoregressive coefficient rho of GED is signifi-
cantly positive at the 1% level, indicating that green economy 
growth in neighboring cities positively contributes to regional 
growth, which further indicates a significant positive spatial 
dependence for green economic development, and verifies 
the necessity of spatial analysis. This conclusion verifies the 
findings of Chen and Wang (2022) and Du et al. (2022) on 
spatial green economic development spillover.

Further drawing on Elhorst (2010), the spatial spillo-
ver effect of LCCPs is decomposed by partial differential 
decomposition, specifically into direct and indirect effects. 
The direct effect is the impact of the policy in the city. The 
indirect effect is the spatial spillover effect, which is the 
impact of the policy in the surrounding areas, which this 
section focuses on. The indirect results show that LCCPs 
have a significant positive impact on neighboring cities’ 
GED, further verifying hypothesis H3. This implies that 
pilot cities encourage their neighbors to improve their 
green development through a demonstration effect, such as 
by imitating and learning from pilot cities regarding tech-
nological innovation and eliminating inefficient production 
capacity. In addition, from the overall effect decomposi-
tion, the indirect effects of the policies are larger than their 
direct effects. This may be related to the sample’s cluster-
ing of pilot cities in the spatial dimension. In other words, 
the city cluster effect makes the spatial policy spillover 
more significant. At the same time, urban agglomeration 
accelerates the flow of factors between cities, causing a 
phenomenon of free-riding between cities, and further 
deepening spatial dependence between them. This result 
also suggests that regional synergistic governance may be 
somewhat better than implementation of a single pilot 
policy, which is consistent with findings such as Zhang 
and Cao (2022).

Fig. 8   Moran index distribution of green economic development (GED)

Table 8   Spatial DID regression results

① *, **, and *** denote 10%, 5%, and 1% significance levels, respec-
tively, and z values are in parentheses

Variables SAR-DID
(W1)

SAR-DID
(W2)

SDM-DID
(W1)

SDM-DID
(W2)

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

LCCP 0.0162***
(3.47)

0.0201***
(4.44)

0.0124***
(2.60)

0.0174***
(3.71)

W* LCCP – – 0.0533***
(4.54)

0.0331***
(3.39)

Direct effect – – 0.0142***
(3.09)

0.0194***
(4.03)

Indirect effects – – 0.0962***
(5.75)

0.0522***
(4.37)

Total effect – – 0.1110***
(6.34)

0.0721***
(5.57)

Control variables YES YES YES YES
W* control vari-

ables
YES YES YES YES

rho 0.4620*** 0.3203*** 0.4141*** 0.2964***
sigma2_e 0.0061*** 0.0062*** 0.0060*** 0.0063***
Log-likelihood 4435.2419 4369.7291 4445.5647 4375.4733
N 4336 4336 4336 4336
Adj. R2 0.3179 0.3145 0.3455 0.3373
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Conclusions and recommendations

In order to explore a new model of green urban development, 
the Chinese government organized three batches of low-carbon 
city pilots in 2010, 2012, and 2017. An accurate assessment of 
the impact of low-carbon city construction on green economic 
development has great significance for achieving economic 
growth with environmental protection, and building an ecological 
civilization and a beautiful China. Based on data on 271 cities in 
China from 2004 to 2019, multi-period and spatial difference-in-
difference models were used to investigate the impact of the three 
batches of pilot policies on green economic development. The 
findings are as follows. (1) The LCCPs significantly improved 
green economic development in their respective cities, which 
remained significant under a series of robustness tests. Parallel 
trend tests also indicated that the boosting effect continued to 
strengthen over the policy implementation period. (2) Channel 
tests showed that low-carbon city construction mainly promoted 
green economic development through green technological inno-
vation and green bias in product supply, and by enhancing resi-
dents’ awareness of green consumption. (3) Heterogeneity tests 
showed that the promotion effect varied according to geographi-
cal location and the sub-level of green economic development. 
Specifically, it is stronger in central and northern cities, and those 
with high green economic development, than in western and 
southern cities, and those with low development. (4) The analysis 
of spatial spillover effects showed that low-carbon construction 
not only promoted green economic development in the pilot cit-
ies, but also exerted a demonstration effect on neighboring cities; 
this effect is greater in urban areas.

Accordingly, this paper makes the following recommenda-
tions. First, summarize the positive experiences of low-carbon 
cities and expand the scope of pilots. The construction of low-
carbon cities improves the green economic development, and 
demonstrates that carbon governance is in line with the policy 
direction of high-quality national economic development. 
More cities should be encouraged to implement carbon gov-
ernance and contribute to early realization of the strategic goal 
to reduce carbon emissions in developing countries. Second, 
the specific implementation path of low-carbon city construc-
tion is to promote green technological innovation and green 
bias in product supply, and enhance residents’ awareness of 
green consumption. China should continue to strengthen sup-
port for green finance, introduce talent, and promote green 
technology to support research on innovative low-carbon tech-
nology, form a green industrial system, and deepen awareness 
of green consumption. Third, it should develop differentiated 
implementation programs based on cities’ geographical loca-
tion and economic development. Western and northern cit-
ies should focus on introducing technological innovation and 
green investment, and actively cultivate public awareness of 
environmental protection. Cities with less green develop-
ment should accelerate the efficiency of their green low-
carbon industrial development, narrow their gaps with 
high-level cities, and release the green economic develop-
ment dividends of low-carbon city construction. Fourth, 
China should vigorously promote inter-city factor flow 
and sharing mechanisms to give full play to the spatial 
effect of low-carbon city construction and form green 
synergy between regions.

Table 9   The calculation method of carbon emissions from urban residential life and the related explanation

Classification of carbon  
emission sources

Calculation formula Instruction

Electricity consumption CE
i
= AC

1i
× EF

1� AC
1i

 represents the residential electricity consumption of city i, EF
1� 

represents the carbon emission factor of the city’s grid. � takes a value 
range of 1–6 to represent the six regional grids in China

Gas consumption CG
i
= AC

2i
× NVI

2
× EF

2

+AC
3i
× NVI

3
× EF

3
×M

3

AC
2i

 and AC
3i

 represent the household LPG and gas consumption in 
city i, respectively. NVI

2
 and NVI

3
 correspond to their calorific values 

respectively (0.06307 kg/MJ, 0.0561 kg/MJ). M
3
 represents the den-

sity of gas (0.45 kg/m3)
Transportation CT

i
=
∑

n
× B

ni
× L

n
× �

n
× �

n
B
ni

 represents the number of buses (n = 1), taxis (n = 2), and private 
cars (n = 3) in city i. L

n
 , �

n
 , and �

n
 correspond to their annual travel 

miles, oil (gas) consumption coefficient, and CO2 emission coefficient, 
respectively (2.314 kg/L)

Heating CH
i
= S

i
× N

i
× EF

4
S
i
 represents the heating space for the homes in city i (m2). Ni represents 
the coal consumption of heating per unit area in city i (kg/m2). EF4 rep-
resents the carbon emission factor of standard coal (2.46 kg COz/kg)

Total C
i
= CE

i
+ CG

i
+ CT

i
+ CH

i
C
i
 represents the estimated value of carbon emissions from energy con-
sumption of residents in city i

Appendix
Table 9
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