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In the context of global efforts to alleviate climate change, this study focuses on
investigating the significance and impact of low-carbon city pilot policies
(LCCPP), a key strategy in the reduction of greenhouse gas emissions.
Drawing on data from prefecture-level cities spanning 2004 to 2019, the
study explores the potential of LCCPP in enhancing green total factor energy
efficiency (GTFEE) employing a multitemporal Difference-in-Differences (DID)
model and examines its transmission mechanisms. First, LCCPP is shown to be
effective in enhancing GTFEE. Second, heterogeneity testing indicates that the
impact of LCCPP on GTFEE is more pronounced in “two control zones”, namely,
in developing and mature resource cities. Third, industrial restructuring is
identified as the key mechanism through which LCCPP influences GTFEE.
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1 Introduction

As urbanization and industrialization intensifying, the manufacturing, construction,
and electric power/thermal sectors significantly impact China’s energy consumption
(Cheng et al., 2020) and are key contributors to its energy consumption. Official data
indicate that total energy consumption rose over the 5-year period from 2016 to 2020. The
consumption shares of coal stood at 62.2% in 2016 and fell to 56.8% in 2020. Although the
proportion of coal has decreased, compared to oil, natural gas, primary power, and other
energy sources, coal’s share remains the highest, making the resulting carbon emission issue
critically important (Matsumura et al., 2014). In most regions, reduction in carbon
emissions entails a decrease in energy consumption (Al-mulali et al., 2012).
Furthermore, current energy management is often marked by substantial waste
(Fernando and Hor, 2017). According to the National Energy Administration, China’s
actual effective energy utilization rates at only 60%–75%, indicating that 25%–40% of
energy is wasted. In certain areas, power outages have highlighted issues like overall energy
tightening, coal shortages, and challenges in energy utilization. Despite stricter energy
efficiency and emission reduction regulations, energy efficiency has not shown significant
improvement, a development that is puzzling given that this period marks the zenith of
China’s top-down approach to new urbanization. Consequently, enhancing the effective

OPEN ACCESS

EDITED BY

Yantuan Yu,
Guangdong University of Foreign Studies, China

REVIEWED BY

Ming Qi,
China University of Petroleum, China
Kangyin Dong,
University of International Business and
Economics, China

*CORRESPONDENCE

Jiaomei Tang,
tangim1117@163.com

Junxia Liu,
18323159571@163.com

RECEIVED 24 February 2024
ACCEPTED 22 March 2024
PUBLISHED 05 April 2024

CITATION

Cheng F, Guo F, Tang J and Liu J (2024), Can
low-carbon city pilot policies improve urban
energy efficiency? evidence from a quasi-
natural experiment in China.
Front. Environ. Sci. 12:1390910.
doi: 10.3389/fenvs.2024.1390910

COPYRIGHT

© 2024 Cheng, Guo, Tang and Liu. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 05 April 2024
DOI 10.3389/fenvs.2024.1390910

https://www.frontiersin.org/articles/10.3389/fenvs.2024.1390910/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1390910/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1390910/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1390910/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1390910&domain=pdf&date_stamp=2024-04-05
mailto:tangim1117@163.com
mailto:tangim1117@163.com
mailto:18323159571@163.com
mailto:18323159571@163.com
https://doi.org/10.3389/fenvs.2024.1390910
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2024.1390910


utilization rate of coal and the development of a dual control system
for energy consumption are identified as urgent priorities that
demand immediate attention.

To address energy waste and carbon emissions, China
introduced the concept of peaking carbon emissions and
achieving carbon neutrality, known as “dual carbon” goals, at the
75th United Nations General Assembly, mandating that all regions
actively develop carbon peaking plans, continuously optimize
industrial structures, and set up carbon emission reduction
support tools. As a sensitive area of global climate change,
extreme weather causes heavy economic losses in China. The
“dual carbon” goals delineate pathways to carbon economic
development and manifest China’s commitment to addressing
global warming problem. In combating global climate change,
China has initiated pilot policy for the building of low-carbon
cities (LCCPP). The LCCPP aims to foster a low-carbon
economy in the city, including low-carbon production and
consumption, with the goal of creating a resource-saving, eco-
friendly society and a positive, sustainable energy ecosystem. At
present, many countries in the international community have
adopted eco-city development as a strategic public policy and
steer urban growth, amassing considerable successful experiences.
For example, eco-towns in the United Kingdom, Portland, the
United States, and Singapore boast numerous innovative
approaches in physical space planning, ecological technology
application, and planning and construction management that
serve as valuable references. The reasons for choosing the LCCPP

as the research subject include two aspects. First, the LCCPP has
become a necessary option in China’s new urbanization process,
aligning with the ecological civilization construction mandates to
fulfill the carbon peak and neutrality objectives. Second, the LCCPP
is characterized by “weak constraints” and “weak incentives”, and
necessitating adjustments to align with China’s new economic
development and pollution reduction goals.

In light of this, this paper takes the LCCPP, a holistic and
comprehensive environmental policy, as an entry point to explore
the following questions: Does the LCCPP facilitate enhancement in
GTFEE? Is the energy impact of these policies robust within the
intricate backdrop of low-carbon initiatives? Furthermore, does the
heterogeneity in the construction of “dual control zones” and urban
resource categories influence the energy outcomes of the LCCPP?
Consequently, this paper focuses on the LCCPP, utilizing panel data
from 277 prefecture-level cities spanning 2004 to 2019, and employs
a multitemporal DID model to analyze and examine the
aforementioned questions.

2 Literature review

Climate change is a common challenge facing humankind and
requires global cooperation and action. As the world’s largest
developing country, China is actively bolstering its national
commitments and has set forth carbon peaking and carbon
neutrality goals. While carbon peaking and carbon neutrality
goals may facilitate a green, low-carbon urban transition
(Jefferson, 2018), stark disparities between carbon emission
reductions and urban energy efficiency result in diminished
energy efficiency and significant energy waste (Babatunde et al.,
2021). In 2010, China initiated its first environment pilot policy,
exemplified by the LCCPP. Carbon dioxide (CO2) accounts for the
highest percentage of greenhouse gases produced by energy
consumption (Li et al., 2016). However, the present debate
centers on the relationship between low-carbon policies and
energy efficiency.

On the one hand, improving energy efficiency reduces carbon
emissions (Yao et al., 2015). The most effective long-term strategy
for reducing carbon emissions, especially for emerging economies, is
to increase the efficiency of energy utilization (Nibedita and Irfan,
2021) or to adjust the economic policy (Abrell et al., 2022; Hancevic
and Sandoval, 2022; Song et al., 2023). Because the overall carbon

TABLE 1 Descriptive statistics.

Variables Mean Std Min Max

gtfee 0.560 0.280 0.010 1.000

ln (number) 6.530 1.100 2.940 9.840

fdi 7.160 17.36 0.000 243.3

sec gdp 0.479 0.110 0.107 0.909

gdp rate 0.111 0.443 −0.194 0.377

fis dec 0.470 0.220 0.040 1.170

ln (rd) 9.480 1.840 −2.040 15.53

ers 0.790 1.210 0.001 17.13

TABLE 2 Results of effectiveness and falsification test.

Variables Effectiveness test Falsification test

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

did −0.139** (0.068) −0.153*** (0.057) −0.587 (0.636) −0.500 (0.607)

control × √ × √

time effect √ √ √ √

individual effect √ √ √ √

N 4,340 3,782 4,255 3,860

R2 0.316 0.221 0.109 0.146
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reduction target remains unchanged, it can drive regional energy
efficiency policy reform by reallocating resources. While
technologies and policies to improve energy efficiency reduce
energy consumption, lower effective prices for energy increase
the demand for energy services. When an increase in demand for
energy services partially or fully offsets a decrease in energy

consumption due to energy efficiency improvements or results in
an increase in final energy consumption, the energy rebound effect
occurs. The rebound effect has a significant influence on carbon
reduction (Wang and Zhang, 2020), leading to an increase in carbon
emissions (Böhringer and Rivers, 2021; Halvorsen and Larsen, 2021;
Berner et al., 2022). But smart city construction offers viable

TABLE 3 Benchmark results.

Variables (1) (2) (3) (4) (5) (6) (7) (8)

did 0.036*** 0.029*** 0.034*** 0.036*** 0.022** 0.022** 0.015** 0.016**

(0.009) (0.010) (0.010) (0.010) (0.010) (0.010) (0.011) (0.011)

ln (number) 0.029*** 0.031*** 0.037*** 0.023** 0.025** 0.009 0.017

(0.010) (0.010) (0.010) (0.010) (0.010) (0.013) (0.013)

fdi −0.001* −0.001** −0.001** −0.001* −0.001** −0.001**

(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

sec gdp −0.001 0.001 0.001 0.001 0.001

(0.001) (0.001) (0.001) (0.001) (0.001)

gdp rate −0.004*** −0.004*** −0.003*** −0.003***

(0.001) (0.001) (0.001) (0.001)

fis dec −0.026 −0.014 −0.005

(0.058) (0.058) (0.059)

ln (rd) 0.007** 0.004

(0.003) (0.004)

ers −0.006

(0.004)

Time FE √ √ √ √ √ √ √ √

City FE √ √ √ √ √ √ √ √

N 4,432 4,417 4,338 4,061 4,061 4,000 3,999 3,860

R2 0.008 0.013 0.015 0.018 0.031 0.032 0.034 0.037

FIGURE 1
Parallel trend test.

FIGURE 2
Robustness checks.
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solutions to the growing challenges of energy management (Selvaraj
et al., 2023), so the increase in energy efficiency reduces carbon
emissions instead (Golinska-Dawson and Sethanan, 2023). Smart
cities are a safe and productive regional service that provides their
residents with a good standard of living by optimizing resource
development (Martins et al., 2021), and has changed the existing way
of life (Mohammad et al., 2023).

On the other hand, diverse responses of carbon emissions are
inevitable with irregular changes of energy efficiency shocks
mainly because economies are in different trajectories in terms
of their development path, resource availability, and
environmental regulation; however, environmental policies do
not solve the problem between energy efficiency and greenhouse

gas emissions (Dirckinck-Holmfeld, 2015; Abban et al., 2020;
Akram et al., 2020). As an important aspect of energy
consumption, electricity consumption increases CO2 emissions
in any time cycle (Salahuddin et al., 2018). Moreover, the increase
in energy consumption, measured on a per capita basis, has
accelerated CO2 emissions (Begum et al., 2015). An unrealistic
technological optimism leads to low confidence in the
effectiveness of energy and climate policies (Arvesen et al.,
2011). Currently, urbanization has been a worldwide trend,
accompanying it is, however, population concentration and
spatial expansion, which bring a series of problems, such as
population expansion, energy shortages, environmental
pollution, but the introduction of smart city policies has

TABLE 4 Results of excluding related energy policies.

Variables Energy restructuring policies Energy conservation and new energy policy

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

did 0.036*** (0.009) 0.016*** (0.011) 0.039*** (0.010) 0.013** (0.012)

control × √ × √

Time FE √ √ √ √

City FE √ √ √ √

N 4,432 3,860 4,244 3,691

R2 0.008 0.037 0.009 0.040

TABLE 5 Heterogeneity analysis of whether it is within the “two control areas”.

Variables “Two control areas” Non “two control areas”

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

did 0.027** (0.013) 0.020** (0.015) 0.010 (0.018) 0.016 (0.018)

control × √ × √

Time FE √ √ √ √

City FE √ √ √ √

N 2,480 2,158 1952 1702

R2 0.005 0.028 0.085 0.125

TABLE 6 Heterogeneity analysis of different types of cities.

Variables Growth Maturity Recessionary Regenerative

did 0.032** (0.011) −0.004** (0.022) 0.073 (0.034) 0.007 (0.091)

control √ √ √ √

Time FE √ √ √ √

City FE √ √ √ √

N 190 837 323 208

R2 0.093 0.081 0.135 0.116
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effectively overcome these problems (Dong et al., 2022), smart
city construction has significantly reduced per capita CO2

emissions, with a reduction effect of approximately
18.42 logarithmic percentage points (Guo et al., 2022).

Currently, improving energy efficiency has become the general
consensus for achieving green economic growth in China, and it will
be a key element in addressing the issue of climate change (Lee et al.,
2017; Bayar and Gavriletea, 2019). Many cities worldwide have
recognized that efficient energy utilization is essential to solving a
range of environmental problems caused by global warming and
have begun to develop policies to achieve long-term goals for lower
emission levels (Mohareb and Kennedy, 2014). Thus, the question of
whether the pilot policy, represented by low-carbon city
construction, can improve green-oriented, efficient energy
utilization and thus reduce carbon emissions to achieve carbon
reduction targets has emerged as an important research topic. A shift
in low-carbon lifestyles will occur when consumers’ various
consumption decisions, such as consumption of energy, use of
renewable energy technologies, and choice of transportation, are
influenced by their interactions with their social peers. At this point,
a carbon tax, and more broadly carbon pricing, would increase the
relative price of goods and services in carbon-intensive production
cycles, thereby encouraging a reduction in their consumption and a
shift to low-carbon alternatives (Konc et al., 2021). Thus, the
restrictive carbon emission control policy is the most active
policy measure to reduce air pollution and promote public health
(Gehrsitz, 2017). The pilot policy advocated by low carbon has
achieved benefits at the output rate of green products because cities
have increased their technological investments and combined
technological and structural effects (Cheng et al., 2019). Hence,
technological innovation plays an important role in improving
energy efficiency, reducing energy intensity and carbon emissions
(Zhang and Fu, 2022). In addition, spillovers of technological
innovations from the home country have a significant positive
correlation with the energy efficiency of neighboring countries
(Sun et al., 2021; Adekoya et al., 2023), contributing to the
construction of low-carbon cities, but it may be affected by
differences in city characteristics (Kennedy et al., 2014; Mohareb
and Kennedy, 2014). In addition to low-carbon policies, carbon
pricing, markets, and taxes can direct spending to low-carbon city
construction.

The main research focus of this paper is outlined as follows.
Firstly, 277 prefecture-level cities are taken as the research subjects,

with panel data spanning from 2004 to 2019 selected to assess the
policy’s impact. Secondly, the SBM-DEA method, accounting for
undesired outputs, is employed to determine the annual GTFEE for
each prefecture-level city. This method optimizes the deficiency of
the current energy efficiency measurement. Thirdly, regarding the
energy effect of this pilot policy, there are no available qualitative or
quantitative results, and empirical findings are diverse.

The primary contributions of this study lie in two main areas.
First, while existing literature focuses predominantly on the
interplay between carbon emissions and energy efficiency, it often
neglects the link between low-carbon policies, including low-carbon
city initiatives, and energy efficiency. Utilizing a panel data sample
and a multitemporal DID model at the city level in China, this study
conducts a systematic empirical analysis of the impact of LCCPP on
GTFEE. Second, the current literature does not adequately address
the heterogeneity in quantitative relationships, especially concerning
the “two control areas” and the variety of urban resource types. This
paper empirically delineates the heterogeneity and mechanisms
through which LCCPP influences GTFEE.

3 Methodology

3.1 Policy research background

Climate change significantly impacts human survival and
development, presenting a universal challenge to nations
worldwide. Proactively addressing climate change is imperative
for China’s economic and social progression, offering a
significant opportunity to expedite the shift in economic
paradigm and structural reformation. Energy demand in China is
projected to increase persistently. Effectively mitigating greenhouse
gas emissions and aptly responding to climate change, amidst
economic development and the enhancement of living standards,
emerge as pressing challenges. Numerous provinces and cities in
China have launched low-carbon pilot projects, endeavoring to
cultivate practices and insights into economic growth, livelihood
enhancement, climate action, carbon intensity reduction, and the
promotion of green development amidst the country’s swift
industrialization and urbanization.

3.2 Model

Carbon emissions have far-reaching effects on human survival
and development, posing a serious challenge for all nations globally.
Tomitigate global warming, China has focused on enhancing energy
efficiency (Song et al., 2023), optimizing the energy structure (Ding
et al., 2019), adjusting the industrial structure (Zheng et al., 2023),
and developing forest carbon sinks (Liu et al., 2012). Over the long
term, China’s energy consumption is expected to continue its steady
grow, making the study of LCCPP, GTFEE, and their interrelated
mechanisms crucial.

The DID model has become a predominantly utilized policy
evaluation methodology, extensively employed in social science
research (Sanders and Barreca, 2022). When interventions are
applied to multiple entities within a treatment group at different
times, a DIDmodel incorporating multiple time periods is employed

TABLE 7 Results of mechanism test.

Variables gtfee ind gtfee

did 0.016** (0.011) 0.055*** (0.019) 0.018** (0.011)

ind 0.001*** (0.0001)

control √ √ √

TimeFE √ √ √

City FE √ √ √

N 3,860 3,596 3,596

R2 0.037 0.333 0.058
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(Wang et al., 2018; Callaway and Sant’Anna, 2021). In July 2010, five
provinces and eight cities, such as Shaanxi, Yunnan, Tianjin, and
Xiamen, were selected for pilot projects. In April 2012, more cities
and provinces were included in the second batch of pilot areas. In
January 2017, the government expanded the pilot initiative to
encompass 45 regions, such as Wuhai, Shenyang, and Dalian.
These sequential pilot implementations of low-carbon policies
laid the groundwork for developing a DID model with multiple
time periods. The construction of the specific model is outlined
as follows.

gtf eeit � β0 + β1did + δiXit + μi + λt + εit (1)
where gtfeeit represents the GTFEE value for city i in year t, and did
is a dummy variable. β1 representing the impact of LCCPP on
GTFEE, a value significantly greater than zero indicates a positive
effect. Xit represents a series of covariates. μi and λt are the fixed
effects for city and year respectively, and εit is an error term.

3.3 Variable selection and data source

3.3.1 Dependent variable
As a significant energy consumer, China faces energy and

environmental challenges that constrains economic and social
development. Currently, two effective strategies are employed to
address the energy issue: The first involves intensifying energy
consumption through conservation and emission reduction to
mitigate environmental pressure, and the second focuses on
enhancing GTFEE to reduce the pressure of energy demand.
Improving GTFEE is the pivotal in addressing the energy
problem (Berner et al., 2022). According to the literature
(Cecchini et al., 2018), gtfee is measured using the SBM-DEA
model to address the problems of slack in inputs and outputs and the
efficiency measurement of undesired outputs.

This study assumes that the feasible production set P comprises
n decision units, each with m input indicators, S1 desired output
indicators, and S2 undesired output indicators, with the feasible
production set P defined as follows.

P � x, yg , yb
∣∣∣∣∣x ≥Xλ, yg ≤Ygλ, yb ≤Ybλ,∑ λ � 1{ } (2)

The vector of input indicators isX � [x1, x2,/, xn] ∈ Rm×n, the
vector of desired output indicators is Yg � [yg

1 , y
g
2 ,/, yg

n ] ∈ RS1×n,
the vector of unexpected output indicators is
Yb � [yb

1, y
b
2,/, yb

n] ∈ RS2×n, and X> 0, Yg > 0, Yb > 0, where λ

denotes the unit vector and ∑ λ � 1 denotes variable returns to
scale, and the decision unit under study is efficient only if a decision
unit (x0, yg

0 , y
b
0) satisfies (x, yg, yb) ∈ P and

x0 ≥ x, yg
0 ≤yg, yb

0 ≥yb. Then, the formula of the SBM-DEA
model that includes undesired outputs is as follows.

min ρ � 1 − 1
m∑m

i�1
�Si
xi0

1 + 1
S1+S2 ∑S1

r�1
Sgr
ygr0

+∑S2
r�1

Sbr
ybr0

( ) (3)

The constraints are defined as x0 � Xλ + �S, yg
0 � Ygλ − Sg, yb

0

� Ybλ + Sb, �S≥ 0, Sg ≥ 0, Sb ≥ 0, and λ≥ 0. Where �S, Sg, and Sb denote
the slack in inputs, desired outputs, and undesired outputs,

respectively. ρ represents the efficiency value, with 0≤ ρ≤ 1. The
evaluated decision unit is efficient only if ρ � 1 and
�S � 0, Sg � 0, and Sb � 0. Otherwise, adjustment to inputs and
outputs are required.

The calculation involves input variables including labor, capital,
and energy, addition to output variables. For labor, the metric
employed is the total number of employees across three
industries. Capital is measured by the completed investment in
fixed assets, which serving as the indicator. Energy consumption is
gauged by fuel consumption, selected as the metric. The analysis also
encompasses both positive and negative outputs, namely, GDP and
CO2 emissions, respectively.

3.3.2 Independent variables
The policy variable did, act as a determinant in Model (1). A

value of 1 is assigned to a city if it is within the pilot areas,
encompassing the 5 provinces and 8 cities identified in 2010, the
second batch in 2012, or the third batch in 2017. In all other
instances, it is set to 0. The control variables in Model (1) are
specified as follows.

Economic development level (gdp rate). According to
Environmental Kuznets Curve theory, energy consumption and
pollution emissions increase dramatically in the initial stages of
economic development. However, beyond the inflection point,
economic development can result in reduced energy
consumption and pollution emissions. Thus, economic
development is often considered as an important factor in
pollution emissions, with energy utilization efficiency being
closed correlated to them. Therefore, this study controls for the
growth rate of regional GDP in cities.

Number of industrial enterprises (ln (number)). Industry
constitutes a critical component of modern society with
substantial energy consumption. Industrial production consumes
significant energy, encompassing both traditional fossil fuels, such as
coal, oil, and natural gas as well as renewable sources like wind and
solar energy. Industrial energy consumption is closely linked with
economic development. With ongoing economy development, both
the scale and output of the industry sector expand, leading to
increased energy demand. Given that industrial enterprises are
significant energy consumers, the number of industrial firms in
the sample cities is accounted for.

Industrial restructuring (sec gdp). Industries vary in their
energy dependence, with secondary industries, particularly heavy
industries, exhibiting the highest energy demand. Therefore, the
energy elasticity of the industrial sector is a critical determinant of
energy intensity, and altering industrialization trends through
industrial restructuring can effectively diminish energy intensity.
Industrial restructuring is characterized by the economic
contribution of the secondary sector’s output, as this ratio
elucidates the impact on pollution emission.

Foreign direct investment (fdi). Technological advancement
serves as the primary catalyst for the influx of Foreign Direct
Investment in most developing countries. Technological progress
serves as the primary catalyst for the influx of foreign direct
investment in most developing countries. Thus, leveraging
technology is essential to achieve a win–win scenario for
economic development and environmental protection through
the introduction of foreign direct investment. Despite China’s
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status as the largest recipient of foreign direct investment among
developing countries, significant variations in the organizational,
industrial, and source structures of FDI are observed, potentially
impacting its efficacy. There is no consensus in qualitative or
quantitative research findings (List and Co, 2000). Thus, this
study examines the “pollution paradise” hypothesis at the city
level by controlling for the actual amount of foreign direct
investment used in each city.

Fiscal decentralization (fis dec). Rational fiscal decentralization
has led to a gradual alignment between local revenue transfers and
actual income, leading to increased local incentives for enhancing
public services, especially in energy usage, ecological preservation,
and social welfare, in collaboration with the corresponding level of
government. This approach has effectively minimized governance
sunk costs and efficiency losses. Existing literature suggests that it
can significantly reduce regional energy eco-efficiency values. Thus,
this study incorporates fiscal decentralization into the control
variables, characterized by the ratio of public revenues to public
expenditures.

Local finance general budget expenditure on science and
technology (ln (rd)). Given the pronounced cumulative and lagged
effects of science and technology investment, this study employs stock
data for empirical analysis, focusing on science and technology
expenditures within the general budget of local finance.

Intensity of urban environmental regulation (ers). Three
predominant perspectives on the relationship between environmental
regulation and energy consumption. Firstly, from the “green paradox”
perspective, escalating costs of pollutant emissions due to government
environmental policies may prompt firms to accelerate energy
development in the short term to avoid losses. Secondly, according to
Porter’s Hypothesis, environmental regulations can incentivize firms to
engage in technological innovation, thus facilitating the management of
overall energy consumption and improving energy efficiency. Thirdly,
the relationship between environmental regulation, energy
consumption, and efficiency is characterized by ambiguity and non-
linearity. In alignment with the research focus of this study, the measure
is based on the aggregate of industrial wastewater and SO2 emissions,
expressed as a percentage of GDP (Zhao et al., 2020).

For smoother data representation, logarithmic transformations
were applied to the absolute numerical indicators (number and rd).
Furthermore, logarithmic transformation mitigates the regression
bias associated with data heteroscedasticity. The data primarily
derive from the Wind Database, China City Statistical Yearbook
(2005-2020), and the Development Research Center (DRC) of the
State Council Information Network. Tibet has been excluded from
the data sample due to significant incompleteness. In addition to
Tibet, this study does not cover Hong Kong, Macao, and Taiwan.
Therefore, a dataset of 277 cities (excluding Tibet) from 2004 to
2019 is generated after collation in Table 1.

3.4 Carbon emissions calculation

Assessing policy effectiveness lays the foundation for subsequent
empirical analyses. At present, the main energy sources for urban
industries encompass natural gas, liquefied petroleum gas, and
electricity. Among these, the demand for electricity is the primary
driver behind the increase in carbon dioxide emissions. The

abundance of coal resources, the scarcity of oil, and limited natural
gas in China, along with the relatively low cost of coal, have led to a
significant dependence on coal for electricity generation Han and Xie
(2017). Coal-fired power plants are the largest source of CO2 emissions
among all power generation methods, with the power sector accounting
for nearly half of China’s total carbon emissions. Thus, the methodology
proposed by Ren and Zhang (2020) is utilized to precisely adjust the data
for electricity, natural gas, and liquefied petroleum gas in calculating
CO2 emissions.

CO2 � αNg + βLp + χ δ*Ie( ) (4)
Where CO2 denotes the industrial CO2 emissions;Ng represents the
natural gas consumption in the industry; Lp refers to the liquefied
petroleum gas consumption in the industry; Ie indicates the
industrial power consumption; α and β are the CO2 emission
factors for natural gas and liquefied petroleum gas, respectively; χ
is the greenhouse gas emission factor arising from the coal power
fuel chain, with a value of 1.3023 kg/kWh as per Han and Xie (2017).
The data in Eq. 4 are mainly derived from the Development
Research Center (DRC) and Carbon Emission Trading Network.

4 Empirical results and discussions

4.1 Effectiveness and falsification test

Given that CO2 emissions primarily result from coal-based energy
consumption, the effectiveness of the policy necessitates evaluation. In
Model (1), explanatory variables are substituted with CO2 emissions to
ascertain their validity, as shown in Table 2. The second column of
Table 2 displays the results of the validity test, incorporating control
variables. Furthermore, since LCCPP focuses on regulating local CO2

emissions, there is no intersecting policy between the management of
industrial wastewater discharge and CO2 emissions, and their emission
reduction strategies differ. Therefore, industrial wastewater discharges
are unlikely to be affected by LCCPP, indirectly corroborating the
policy’s effectiveness through a falsification test (Wang et al., 2018).
Additionally, in Model (1), the explanatory variable is substituted with
industrial wastewater discharge to challenge the policy’s effectiveness, as
detailed in Table 2.

Table 2 shows that the LCCPP curtails CO2 emissions by at least
a significant level of 5%; however, it does not affect industrial
wastewater emissions. The findings are consistent with the
previous settings. Wastewater treatment is achievable only
through nutrient removal processes or by harnessing wastewater
potential, which includes reducing energy consumption,
pharmaceutical usage, or tapping into the energy inherent in
wastewater. While savings in energy and pharmaceutical
consumption are beneficial for energy conservation and emission
reduction, they fall short of achieving low-carbon objectives.

4.2 Benchmark results

Considering the evolving nature of the LCCPP, which varies
over time and across individuals, did serves as a dynamic treatment
variable present within the control group, distinguishing it from the
interaction term commonly used in traditional policy effect analyses.
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In addition, controlling for various variables alters the model’s
degrees of freedom, necessitating incremental adjustments to
explore the impact of the core variable on the dependent variable
under varying conditions. If the sign of the variable remains
consistent, then the result is considered robust. The results of the
benchmark regression test according to Model (1) are shown
in Table 3.

The coefficient β1 under evaluation passed the statistical test at
the 1% significance level. CO2 reduction and GTFEE have been
effectively enhanced under the LCCPP. With the increasing
stringency of policy implementation, cities are prompted to
reassess their energy structures to rationalize the utilization of
high-emission energy sources.

The government is intervening in a timely manner in the energy
input and low-emission output of enterprises’ production activities,
urging enterprises to optimize the allocation of carbon emission
reduction resources and to use limited carbon emission resources
judiciously to minimize energy waste and CO2 emissions. Carbon
market trading rules explicitly state that factors such as economic
growth, industrial restructuring, and energy structure optimization are
pivotal in addressing greenhouse gas emissions, underscoring the
importance of optimizing energy structures and enhancing GTFEE.
Nonetheless, bridging low-carbon policies and energy issues necessitates
technological solutions. Therefore, investments in new energy
technologies and innovation should be consistently augmented
during low-carbon city development to prevent energy waste and
achieve genuine efficiency in energy use and carbon reduction.
Moreover, environmentally sustainable and resource-efficient energy
production and consumption practices are upheld, with the clean and
efficient transition of coal usage being continuously enhanced to actively
respond to the call for low carbon. The active promotion of new energy
sources, such as wind and solar power, is contributing to the gradual
emergence of the energy utilization benefits of the pilot policy
exemplified by low-carbon city development.

Conducting a parallel trend test is a crucial step and a prerequisite
for constructing a DID model. Unlike traditional DID, DID with
multiple time periods accommodates policy timing inconsistencies,
making it suitable for varied policy timings (Callaway and
Sant’Anna, 2021). Therefore, just like the traditional DID model, the
multitemporal DID regression still requires a parallel trend test to
elucidate the dynamic effects of policies. Taking 2004 as the base period,
Figure 1 examines the parallel trends and dynamic effects of
multitemporal low-carbon policies.

Figure 1 illustrates that the confidence interval of the pilot policy
test intersects with the zero axis up until 2009, thereby satisfying the
parallel trend test. However, the policy effect exhibited a 1-year lag.
From 2011 onwards, the impact of policy implementation began to
materialize, with significant fluctuations observed in 2015. This is
primarily attributed to cities progressively refining various
supporting mechanisms, including circular development
technologies and the formulation of policy documents. The
development of a comprehensive institutional framework requires
time, and enterprises within the pilot areas are becoming
increasingly adept at applying low-carbon technologies.

In 2014, the government explicitly mandated a substantial
reduction in CO2 emissions per unit of GDP within 2 years, with
specific targets set at a minimum of 4% and 3.5% reductions.
Concurrently, regions further specified binding targets for the

phasing out of coal-fired boilers and restrictive measures for major
air pollutant emissions. In pursuit of a successful green and low-carbon
transformation, all regions have persistently refined and adjusted their
industrial structures, actively addressed the issue of severe overcapacity,
and fostered the development of low-carbon projects. Consequently, the
impact of the LCCPP experienced a significant leap in 2015.

4.3 Robustness checks

Figure 2 illustrates that only the pilot areas were included, with
individuals in the control group lacking time and policy intervention
being excluded from the robustness checks to more accurately assess
the energy effect of the LCCPP.

The comparison between Figures 1, 2 shows that the dynamic
effect results remained relatively stable. The corresponding t-value
and confidence interval underwent minor changes, which did not
impact the dynamic effect results. The aforementioned analysis
indicates that the LCCPP has a positive impact on GTFEE, with
stable results.

According to the existing literature (Shi and Li, 2020), energy
policies are categorized into energy restructuring policies, energy
conservation policies, and new energy policies. In response to energy
restructuring policies, given coal’s role as the primary energy source,
its efficiency directly influences the attainment of carbon reduction
target on schedule, inevitably impacting the effectiveness in pilot
areas. The eight major coal-producing provinces in China include
Henan, Anhui, Shandong, Xinjiang Uygur Autonomous Region,
Guizhou, Shaanxi, Shanxi, and Inner Mongolia Autonomous
Region. The government prioritizes these provinces and
autonomous regions for the formulation of low-carbon policies,
adjustments to energy policies, and investments in low-carbon
technologies. To mitigate potential interference with prior results,
samples from these provinces and autonomous regions were
excluded from the overall sample to ensure clearer policy effects.

In response to energy saving and new energy policies,
government departments performed demonstration pilot projects
in locations such as Beijing and Shanghai in 2009. Thirteen
prefecture-level cities were excluded from the sample to eliminate
the influence and deviation in the estimation results in Table 4.

Table 4 shows that, after excluding energy restructuring, energy
conservation, and new energy policies, the LCCPP improved GTFEE
to varying degrees, aligning closely with previous findings and
confirming the stability of the results. Faced with the CO2

emission reduction targets established by low-carbon policies,
original high-energy-consuming industries often transition
towards the service sector, high-tech industries, and other sectors
characterized by lower energy inputs and carbon emissions to
sustain growth and reduce reliance on energy consumption. This
shift leads to changes in the industrial structure and economic
development patterns, ultimately enhancing energy efficiency.

5 Heterogeneity analysis

The combustion of fossil fuels releases particulate matter, sulfur
dioxide, and nitrogen oxides as air pollutants, in addition to CO2, which
contributes to atmospheric pollution and greenhouse gas emissions.
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According to theAtmospheric Pollution Prevention and Treatment Law,
the sample is divided into “two control areas” and non “two control
areas” in Table 5. The former refers to areas prone to or experiencing
acid rain, while the latter denotes regions with significant sulfur dioxide
pollution. Subsequently, the analysis explores the heterogeneity of the
LCCPP among regions with varying characteristics.

Table 5 demonstrates thatwithin the “two control areas”, the LCCPP
significantly enhanced GTFEE. The predominant air pollutants in the
“two control areas” are sulfur dioxide, and due to the similar nature of
sulfur dioxide and CO2, a synergistic reduction in sulfur emissions can be
achieved alongside CO2 reduction. The scope of synergy should broaden
from solely focusing on atmospheric pollutants and greenhouse gases to
encompassing a wider synergy across energy, climate, and environmental
sectors, where the interconnection between pollutants, greenhouse gases,
and energy is pivotal. Regarding the synergistic approach, efforts should
be made to maximize the cost-effectiveness of synergistic aspects, while
relatively independent elements can be addressed separately. At the
implementation level of the synergistic path, fundamental aspects such
as energy conservation, adjustment of energy and industrial structures,
energy decarbonization, and the adoption of green and low-carbon
consumption patterns are crucial for the synergistic management of
greenhouse gases and pollutants. At the local level, the promotion of
synergistic control is critically important, taking into account the
differentiated policies across the Eastern, Central, and Western
regions. Moreover, local pilot demonstrations should align with the
objectives of sustainability, low carbon emissions, and waste reduction.
In the non “two control areas”, the ecological and environmental impact
of sulfur dioxide and CO2 emissions is less severe. These regions lack
definitive long-term emission reduction targets, exhibit weaker
environmental regulation, and have lower levels of industrial
transformation, upgrading, and technological innovation compared to
the “two control areas”. In addition, the “two control areas” policy may
incentivize polluting industries or enterprises to relocate from cities
within the “two control areas” to cities in non “two control areas”,
either within or outside the province, thereby diminishing the catalytic
impact of the LCCPP.

Energy, being a crucial component of a country’s economic
development, is closely linked to the local resource endowment (Shi
and Li, 2020). Considering the varying levels of economic and social
development, resource-based cities are categorized into growth,
maturity, recessionary, and regenerative phases to assess the
heterogeneity of the LCCPP across different city types, as illustrated
in Table 6.

Table 6 reveals that cities of different types exhibit varied outcomes.
In growing resource-based cities, there is substantial potential for
regional economic development, and the resource supply system is
robust. Additionally, amidst the push for low-carbon constraints and
energy-saving development, investment in energy utilization
technology is advanced, ensuring a balanced intensity of resource
development and utilization. Moreover, the strategic layout of
emerging industries in these regions is forward-looking, with a
harmonious interplay between resource and urban development,
leading to a significant energy effect from the LCCPP. However, in
mature resource-based cities, the LCCPP has yielded contrasting result.
In cities like Datong, the overall energy efficiency of key energy-
consuming industries falls short of that in more advanced
enterprises. The adoption of new-generation manufacturing
technologies lags, necessitating improvements in industrial

production and energy efficiency. The coal-dominated energy
consumption structure poses significant short-term challenges to
effective improvement, complicating the adjustment of the energy
structure (Zhang et al., 2012). Additionally, while energy-saving
initiatives like the retrofitting of coal-fired power plants and the
reduction and substitution of coal consumption are progressively
being implemented, a positive transformation in energy utilization
has yet to be realized. The significance of recessionary and
regenerative cities did not meet statistical significance. In these cities,
resources are nearing depletion, economic growth is lagging, and urban
economic revival is contending with significant ecological challenges
(Dou et al., 2023). The pressure to enhance ecological quality is
immense, yet the drive for low-carbon city development is lacking.
Furthermore, these cities already exhibit minimal reliance on resources,
necessitating optimization and adjustment of the economic structure.

6 Mechanism test

This study delves into the internal mechanism between LCCPP and
GTFEE. The degree of industrial structure adjustment is selected as the
mediating variable to examine themechanism. At present, the evolution
of the industrial structure has not been coordinated with the
industrialization, and the extensive development mode has not been
fundamentally transformed. Within the context of green economic
development, there remains a significant gap in the growth of low-
carbon emerging industries. To meet CO2 reduction targets, market-
based environmental regulation policies are gradually being
implemented in pilot cities. Through the coordination of various
policies, the LCCPP has facilitated the restructuring of the industrial
structure, with a rational industrial setup playing a significant role
among the numerous factors of energy utilization. The industrial
transfer and cross-regional energy flow have fostered a closer spatial
relationship between the two elements. In fact, the pollution and carbon
reduction effects of low-carbon policies are achieved through the impact
on industrial structure (Eicke andWeko, 2022), leading to a decrease in
carbon emissions and an increase in carbon substitution (Zi-ling et al.,
2023). In addition, the upgrade of the industrial structure enhances
energy efficiency (Muhammad et al., 2022; Nguyen, 2024a), offering
valuable policy insights for motivating industrial firms to adopt higher
energy efficiency (Nguyen, 2024b). Therefore, industrial restructuring is
identified as the mechanism variable.

Beyond Model (1), which assesses the overall effect, this study also
explores the impact of the pilot policy on industrial restructuring and
integrates both the pilot policy and industrial restructuring into the
model. The construction of the specific model is as follows.

indit � θ1did + θiX + μi + λt + εit (5)
gtf eeit � α1did + α2indit + γiX + μi + λt + εit (6)

where ind represents the industrial structure adjustment level, and i
represents each city unit in the sample set. The evolution and
upgrade of industrial structure are accompanied by the
deepening of division of labor and specialization, and the
increase of labor productivity is the result of the constant change
of division of labor and specialization. Drawing on Zhou and Wei
(2007), the industrial structure adjustment level is calculated as
ind � ∑3

i�1(rate*li), where i is for industries, rate is the share of
output value in GDP by industry, and l is the labor productivity,
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expressed as the industrial output per unit of industrial employees.
According to Li (2012), Ji and Li (2015), to mitigate the variance in
productivity levels within industries, labor productivity is square-
rooted in the computation, resulting in the adjusted formula
ind � ∑3

i�1(rate*
		
li

√ ). Relevant data are from the DRC.
In Table 7, the regression coefficients β1 and θ1 are valid. In Model

(6), the coefficient α1 is significantly positive, and the coefficient α2
passes the positive statistical test. These findings suggest that industrial
restructuring is indeed the correct mechanism variable, with a significant
mechanism. This implies that an unbalanced industrial structure results
in an irrational energy consumption structure. In certain regions,
industries characterized by relatively short industrial chains, low
value-added, high-energy consumption, and high CO2 emissions
exacerbate the bias in industrial structure, thereby complicating the
transition to green and low-carbon practices. For instance, in Henan
Province, approximately 80% of CO2 emissions originate from coal
consumption. The significant reliance on coal consumption has resulted
in notable environmental issues, thereby amplifying the pressure to
reduce carbon emissions. The heavy industrial structure has emerged as
the primary barrier to Henan Province’s transition towards green and
low-carbon practices. Consequently, hastening industrial restructuring is
a crucial step towards enhancing energy efficiency.

7 Conclusion and policy implications

Drawing on data fromprefecture-level cities spanning 2004 to 2019,
this study investigates the impact of LCCPP on GTFEE using the
multitemporal DID model. The findings reveal that the LCCPP
effectively enhances GTFEE, a conclusion that holds up under
robustness testing. Heterogeneity testing shows that the energy
efficiency impact of LCCPP is more significant in the “two control
areas”, with such policies in developing and mature resource cities
notably boosting GTFEE.Moreover, industrial restructuring emerges as
a crucial mechanism that influences the dynamic between the two,
aligning with the findings of Du et al. (2022). The insights gained from
this research enrich the low-carbon field and extend the realm of energy
efficiency studies. Building on these critical findings, the study
delineates its policy implications across several dimensions.

First, it is imperative to bolster the pilot initiatives in low-carbon
cities and broaden the scope of the pilot program. The results indicated
that, compared to non-pilot areas, the policy in pilot areas significantly
improves GTFEE. On one hand, optimizing the economic and emission
reduction impacts of the pilot low-carbon city policy is essential to
simultaneously enhance both economic and ecological quality.
Conversely, the creation of a “pilot-diffusion” mechanism to absorb
the successes of pilot cities, account for each city’s unique development
context, and systematically expand the policy to additional non-pilot
cities nationwide is crucial. Additionally, the government should
enhance environmental regulation, increase entry barriers for the
secondary sector, encourage capital investments in the service sector,
and promote the overall optimization and modernization of the
industrial structure. This approach aims to nurture a dynamic, varied
market environment conducive to low-carbon city development and
improved energy efficiency.

Second, it is imperative to customize the LCCPP according to
local conditions. The results underscore that the effectiveness of low-
carbon city construction policies in reducing energy consumption is

contingent upon the unique attributes of each city. Therefore, local
governments should conduct thorough assessments of their specific
circumstances, leveraging urban resources and geographical
strengths to optimize energy usage, develop a low-carbon
economy, and achieve a symbiotic relationship between economic
growth and environmental sustainability. The government is
advised to give precedence to the advancement of low-carbon
initiatives in non “two control areas”, economically declining,
and regenerative urban areas, with a focus on their level of
economic development, industrial makeup, and innovation
capacity, while fostering key economic sectors and sustainable
industries. Moreover, intensifying informational campaigns on
low-carbon initiatives and guiding businesses toward eco-
innovations and sustainable practices are critical steps towards
enhancing overall energy efficiency.

Third, it is vital to promote the enhancement and evolution of the
industrial structure. The results demonstrate that industrial restructuring
acts as a crucial factor in LCCPP aimed at improving GTFEE. In
adjusting the industrial framework, the government must actively
encourage the adoption of energy-efficient and emission-reducing
technologies within industries, support the expansion of the modern
service sector, guide manufacturing towards service-oriented models,
create low-carbon industrial clusters, and develop a range of low-carbon
industrial platforms based around high-tech parks. Pilot cities ought to
lead the collaboration between industry, academia, and research
institutions, utilize various research facilities, encourage the
integration of innovative practices into businesses, and motivate firms
to enhance their research and application of low-carbon technologies.
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