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Abstract

The severe global warming issue currently threatens humans’ existence and development.

Countries and international organizations have effectively implemented policies to reduce

carbon emissions and investigate low-carbon growth strategies. Reducing carbon emis-

sions is a hot topic that academics and government policy-making departments are con-

cerned about.Through necessary condition analysis (NCA) and fuzzy set qualitative

comparative analysis(fsQCA), this paper investigates local governments’ configuration link-

age effect and path choice to improve carbon emission performance from six dimensions:

energy consumption, industrial structure, technological innovation, government support,

economic development, and demographic factors. The research findings include the follow-

ing: (1) Individual condition does not represent necessary conditions for the government’s

carbon performance. Among the two sets of second-order equivalence configurations(S

and Q) (five high-level carbon performance configurations), those dominated by economic

development or low energy consumption can produce high-level carbon performance.

Therefore, the six antecedent conditions dimensions work together to explain how the gov-

ernment can create high levels of carbon performance. (2)According to the regional compar-

ison, China’s eastern, central, and western regions exhibit similarities and differences in the

driving forces behind high carbon emission performance. All three regions can demonstrate

carbon emission performance when all the factors are combined. However, when con-

strained by the conditions of each region’s resource endowment, the eastern region empha-

sizes the advantage of economic and technological innovation, the central region favors

government support and demographic factors, and the western region prefers upgrading

industrial structure based on a specific level of economic development.
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Introduction

Numerous greenhouse gases have been released due to increased global industrialization and

the overuse of non-renewable energy sources [1]. The increase in global temperature causes

species extinction, droughts, floods, forest fires, ocean acidification, and sea level rise, among

other ecological and societal problems [2, 3]. Issues arising from climate change have signifi-

cantly impacted the shifting patterns of global politics, economy, society, and environment [4,

5]. In response to the environmental issues caused by rising global greenhouse gas concentra-

tions, countries have reached a consensus to reduce carbon dioxide emissions since the signing

of the Paris Agreement in 2015 [6]. As of the end of 2021, 136 countries around the globe have

put forward "carbon neutrality" targets (By the end of 2021, 136 countries around the world

have proposed "carbon neutral" targets [7]. China is the world’s largest CO2 emitter and is crit-

ical in mitigating global climate change. China’s "3060" carbon peaking and carbon neutrality

targets are a vital part of China’s commitment to fulfilling the Paris Agreement [8].

In recent years, the Chinese government has recently implemented several policies to

encourage adopting low-carbon growth. The National Plan for Addressing Climate Change

(2014–2020) released by China’s National Development and Reform Commission (NDRC)

explicitly proposed to reduce carbon emissions by 40–45% per unit of GDP (carbon intensity)

by 2020 through measures like adjusting the industrial structure, optimizing the energy struc-

ture.Secondly, In addition, the Chinese government has also adopted several low-carbon emis-

sion reduction measures to ensure energy conservation and emission reduction, including the

creation of a carbon emission market [9], low-carbon pilot cities [10], energy restructuring

[11], industrial restructuring [12], carbon finance [13], and laws and regulations related to

low-carbon development [14].However, as a developing country, China’s economic develop-

ment is still the main task of national development. Against this background, balancing the

coordinated development of low-carbon emission reduction and the economy is a hot issue of

concern to many social and economic scholars.Carbon emission performance description

indicates the relationship between carbon emissions and economic development, and the

common evaluation methods include single-factor and full-factor [15]. The single-factor indi-

cators include carbon intensity [16–18] and carbon productivity [19]. Carbon intensity (CI) is

an effective indicator for governments worldwide to balance economic growth and environ-

mental concerns [20]. It is often defined as the ratio of carbon emissions to gross domestic

product (GDP) [21].Total factor carbon performance, also known as total factor carbon pro-

ductivity, is the relationship between input factors’ desired and actual output under particular

economic and technological circumstances [22].The article refers to [16, 17] chose the single

factor carbon intensity as the measure of carbon emission performance because it focuses on

the internal mechanism of the linkage effect of each condition under the equilibrium result of

carbon emission and economic development. The input-output mechanism between the con-

dition and the result is not obvious.Current study on carbon emission performance by domes-

tic and international academics concentrates on result accounting and influencing factors.

There are few studies on the various elements’ linkage effect and the influence mechanism of

multiple factors influencing carbon emission performance.Therefore, this paper proposes a

holistic analysis framework that affects the government’s carbon emission performance from

the perspective of multiple causal concurrent configurations and explores the path mechanism

that affects the government’s carbon emission performance based on the national policy objec-

tives and the path selection mechanism of low-carbon emission reduction by domestic and

foreign scholars.Based on the availability of data, eighteen quantitative indicators were chosen

from six categories based on available data, including energy consumption, industrial struc-

ture, technological innovation, government support, economic development,and demographic
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factors. Using 30 provincial-level administrative regions of China (excluding Tibet) as a case

study, we explored the necessary condition analysis (NCA) and fuzzy set qualitative compara-

tive analysis (fs/QCA) to analyze the necessary and sufficient [23]. Furthermore, fs/QCA and

NCA examine the two kinds of causality, necessary and sufficient, to address the issues below:

1. What condition configuration impacts the inter-provincial government emission

performance?

2. To what degree are these conditions required for high carbon emission performance?

3. Is there any distinction in government carbon emission performance in China’s eastern,

central, and western regions?

The remainder of this essay is organized as follows: The section on research review and

framework describes the literature review and presents the research’s theoretical framework

based on a review of the past. The section on data construction and research methods intro-

duces data construction and research methods, explains the meaning of each variable, and

details the data sources. The section on data analysis and empirical results summarizes and

analyzes the necessity analysis of individual results and configuration. The next section intro-

duces the differentiation path of carbon emission performance in eastern, central and western

China, and the robustness test is covered in Section robustness test. Finally, The section on

Conclusion and discussion provides conclusions and policy implications—the structural dia-

gram of the article shown in Fig 1.

Fig 1. Structural diagram of this article.

https://doi.org/10.1371/journal.pone.0293763.g001
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Research review and framework

Practical experience and research progress of carbon emission performance

The balance between energy conservation, emission reduction, and economic growth is one of

the hot topics that many academics are concerned about under the low-carbon development

trend.Currently, domestic and foreign scholars mainly study carbon emission performance

from two perspectives.(1)The measurement and evolution characteristics of carbon emission

performance. First of all, in the calculation of carbon intensity research, the ratio of regional

carbon emissions to GDP is used as the study’s primary direct measure of carbon intensity.

Undeniably, the carbon intensity (CO2 / GDP) has decreased over the past few decades in all

countries. However, some people think that this has not resulted in a reduction in global CO2

emissions because its effects have been countered by GDP development., Goldemberg [21]

quantified the reduction of carbon dioxide emissions in 14 countries and the European Union

(EU) between 2000 and 2018. It is found that most countries have a 10–40% reduction in car-

bon emissions, which also shows that carbon intensity is effective as an indicator to measure

carbon emission performance.Yang & Su’s [24] analysis of the global carbon intensity in 2014

and the global carbon intensity of exports in 44 regions found that exports globally increased

carbon intensity by 7.2%, particularly exports of carbon-intensive sectors. (electronics, com-

puters, and communication technology) will increase global and national carbon emission

intensity. Sun [25] examined how the intensity of India’s different economic sectors’ carbon

emissions changed between 1995–2009. The findings demonstrate that EGW (electricity, gas,

and water supply), responsible for 60% of CO2 emissions from the secondary industry, is the

most well-known high-carbon sector from a production viewpoint.Second, for total factor car-

bon productivity measurement, researchers have measured carbon emissions in industry, agri-

culture [26, 27], the construction industry [22], the urban logistics industry [28], and

pharmaceutical industry [29] based on the mechanism of input and output performance.

Finally, the spatial characteristics and evolution trends of carbon emission performance on a

large scale are considered to be the basis for exploring carbon-neutral measures in different

regions. Zhao [20]examined the spatial and temporal variability of carbon intensity levels

related to energy consumption, the spatial heterogeneity of its driving forces, and the intensity

of its influencing factors. Based on the carbon emission performance of 191 prefecture-level

cities in China from 1997 to 2017, Wang [15] examined the evolutionary characteristics of

urban carbon emission performance in terms of overall spatial and temporal evolution, differ-

ences at the regional and city scales, and variations in the classification clusters of urban car-

bon emission performance.

(2)The influencing factors of carbon emission performance. The influencing factors of car-

bon emission performance are frequently inseparable from carbon emission reduction mea-

sures and green economic development as a measure of the connection between low carbon

and economic development. According to their traits, the influencing factors are divided into

internal and external influencing factors. The establishment of low-carbon cities, the use of

clean energy, industrial structure, industrial transformation, and upgrading, population size,

urbanization rate, GDP, and GDP per capita are examples of external influencing factors. On

the other hand, internal influencing factors directly affect changes in carbon emissions and

have specific statistical characteristics.Due to its immediate impact on carbon emissions, the

endogeneity factor is a major research topic for many academics.Zhao [20] used geographi-

cally weighted regression to conclude that energy structure has the greatest impact on carbon

intensity, followed by demographic factors like total population and urbanization rate, eco-

nomic factors like industrial structure and GDP per capita, as well as foreign investment and

openness to foreign trade, all of which have varying degrees of impact. They were building in
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urban development zones, attracting foreign funding, and expanding internationally.Chang

[30] and Lu [31] concluded that the structure of energy consumption significantly impacts car-

bon emission performance and that optimizing the energy structure to lower carbon intensity

is a practical strategy for creating low-carbon city development models. Their research on the

connection between renewable energy and CO2 emission intensity in the nations with the

highest CO2 emission intensities between 2000 and 2015. Mirziyoyeva & Salahodjaev [32] dis-

covered that renewable energy has a sizable detrimental impact on CO2 emissions. Due to Chi-

na’s rapid economic development, there has been an uptick in urbanization and industrial

upgrading, which has increased energy consumption and carbon dioxide emissions.Zheng

[33]studied that carbon emissions in China have stabilized since 2012, largely due to increased

energy efficiency and upgraded industrial and energy structures. However, heterogeneity in

the combined effects of these two drivers on carbon emissions across different regions exists.

Zhang [34] examined the influences of economic growth, industrial structure, and urbaniza-

tion on China’s carbon emissions intensity between 1978 and 2011. The findings indicated

that the increase in the share of tertiary industry and economic growth had a significant impact

on reducing carbon emission intensity, and the rate of urbanization may result in an increase

in carbon emission intensity.Yang [35] investigated how Beijing’s population-related variables

affected carbon emissions between 1984 and 2012. The findings indicated that urbanization

was the primary cause and that the population’s age composition alteration significantly

reduced carbon emissions. The researchers Su [36] and Huang & Chen [37] concluded that

R&D spending can boost technological innovation as a means to optimize energy structure,

lower energy intensity, and achieve green development, which can lower carbon dioxide

(CO2) emissions.

Additionally, some academics believe that implementing a few government-led external

policies will affect the efficacy of carbon emissions.Lin & Zhou [38] argued that Internet devel-

opment could improve carbon emission performance by promoting the structural upgrading

of industries and technology diffusion. According to Song [39], foreign direct investment is a

major contributor to carbon emissions and a key driver of global economic growth. The

research found that, overall, foreign direct investment has a less negative impact on carbon

emission performance than it does positive effects.Wang [40] analyzed the effect of trade open-

ness on carbon intensity in 104 countries/regions during 2000–2014 through a panel threshold

model. They found that the effect of trade openness on carbon intensity was negatively corre-

lated with foreign direct investment as the threshold variable.Some Chinese scholars have con-

ducted policy experiments through a double difference approach and concluded that the

construction of urban development zones [41] and the establishment of carbon markets [42]

could effectively improve carbon performance and the intrinsic mechanism is that develop-

ment zones influence urban carbon performance by increasing urban GDP and reducing

urban carbon emissions. The carbon market is an intermediate channel to promote improving

carbon emission performance in China through technological innovation. The government

must invest in R&D emission reduction technology support and encourage green preferences

in R&D investment.

Current research is abundant on the mechanisms that affect carbon emission performance.

However, little work has been done to explain which path to take and how carbon emission

performance varies by area.Combining the reviews mentioned above, we consider that the cur-

rent research presents the following flaws:(1) Although existing studies have provided rich

measures and influencing factors for research on carbon emission performance, it is challeng-

ing to offer enough theoretical support for choosing the carbon emission performance path.

(2) The factors influencing carbon emission performance have historically interacted rather

than existing independently. The existing literature’s unified symmetric relationship
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assumption between independent and dependent variables has restricted the path selection for

improving carbon emission theory performance. (3)Existing studies have yet to fully analyze

the complex internal mechanisms influencing carbon performance. Little attention has been

paid to the mechanism underlying the antecedent conditions creating the configuration of

high-level performance.

Based on previous research, the possible marginal contributions of this paper are: (1) The

article tries to explore the effect of the combination of the effect of different influencing factors

on carbon emission performance from the group state perspective, distinguishing from the

analysis of the effect of a single element, through the analysis of the group state results of high

carbon emission performance, which can provide specific theoretical support for the local gov-

ernment to enhance the choice of carbon emission performance path. (2) In line with the

actual situation, multi-factors are not a single factor affecting carbon emission performance,

and the study of the linkage effect between multi-factors further enriches the complex mecha-

nism between the influencing factors of carbon emission performance.

Carbon emission performance research framework. Based on scholars’ analyses of the

factors influencing carbon emission performance (carbon intensity),the paper makes an effort

to use the qualitative comparison (QCA) method, choose 30 provincial data in 2019, and

explore the theoretical framework model that affects carbon emission performance from six

dimensions of energy consumption, industrial structure, technological innovation, govern-

ment support, economic development, and demographic factors (Fig 2), in order to explore

the linkage effects among the six antecedent conditions.

Energy consumption. This condition contains three indicators: total energy consump-

tion, energy intensity, and energy mix (coal share). Energy is necessary for satiating basic

needs and achieving economic development objectives, and production techniques that rely

on fossil fuels increase carbon emissions [43]. Using of fossil fuels, such as coal, has been one

of the significant contributors to haze and carbon emissions. China consumes 70% of the

world’s coal, according to data from the National Bureau of Statistics and the National Energy

Statistics Bureau of China. Even though energy intensity is declining globally, China’s energy

Fig 2. Carbon emission performance mechanism.

https://doi.org/10.1371/journal.pone.0293763.g002
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consumption remains a significant source of carbon emissions. Generally, there has been a

long-standing correlation between energy consumption, GDP, and carbon emissions [44].

Energy consumption is an essential component of contemporary economic development, and

the amount of energy consumed is directly related to carbon dioxide (CO2) emissions, which

is an essential factor in shaping the pattern of changes in global carbon intensity (carbon emis-

sion performance) [45]. The energy mix determines the share of coal in energy consumption.

An energy mix with a high coal share is more likely to produce high carbon emissions [46].

Energy intensity measures a nation or region’s energy effectiveness by calculating the energy

consumed per unit of GDP [47]). One of the critical strategies for reducing carbon emissions

and global energy consumption is to decrease energy intensity [48]). As a high-energy con-

sumer, China’s energy use raises carbon intensity through increased carbon emissions,sup-

pressing carbon emission performance. Asymmetric causal configuration strongly supports

this condition as a factor negatively affecting carbon emission performance.

Industrial structure. It includes the rationalization index of industrial structure, the

advanced index of industrial structure, and the proportion of tertiary industry in GDP.China’s

economic development has entered a new normal. Within the framework of supply-side struc-

tural reform, the upgrading and adjustment of industrial structures have evolved into the foun-

dation of economic development [49–51]. The industrial structure is a key factor affecting

overall carbon emissions or energy consumption [52]. Rationalization and advancement of

industrial structure is the primary indicator of industrial transformation and upgrading [53].

Studies have shown that the optimization and upgrading of industrial structure can effectively

curb carbon emissions and enhance regional carbon emission performance [54], especially the

promotion of rationalization and advancement of industrial structure in resource-endowed

regions will help to curb carbon dioxide emissions and enhance the efficiency of carbon emis-

sions [55]. The proportion of tertiary industry in GDP reflects the degree of inclination of eco-

nomic structure towards tertiary industry and is also an indicator of industrial transformation

and upgrading.Researches indicate that the proportion of secondary industry has a significant

positive impact on carbon emissions and energy use [56, 57], whereas an increase in the pro-

portion of tertiary industry can significantly reduce carbon emissions [58].

Technological innovation. It includes three indicators: R & D investment in science and

technology, the full-time equivalent of R & D personnel in industrial enterprises above the des-

ignated size, and the number of green patents. Technological advancement can optimize the

energy mix for specific areas and sectors, encourage the use of renewable energy sources, and

significantly lower CO2 emissions [36, 37].Investment in corporate R&D can also lower car-

bon emissions and improve environmental performance, but the effect is small [59, 60].The

sustainable development objectives established by the United Nations include clean technolo-

gies. Future green technology innovation and renewable energy use geared toward clean

energy will be the primary drivers of decreased energy use and carbon emissions [61]. Accord-

ing to the International Energy Agency’s (2013) 450 scenario, green technologies, such as

increasing renewable energy sources and boosting energy efficiency, are anticipated to be the

most effective at reducing global warming by more than 60%. Innovation in green technology

is, therefore, essential for all nations around the globe.

Government support. Three indicators are selected: government green development

attention, government integrated government service ability and Chinese government trans-

parency index.Government attention is the focus and direction of governmental governance

resources on a particular issue or a particular type of affairs, and the allocation of governmen-

tal attention is a significant influence on governmental decision-making behavior and the for-

mulation of public policy, which is connected to the enhancement of the effectiveness of

public policy and public governance [62]. The focus of attention determines the decisions
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made by policymakers, and the limited nature of attention and shifts in attention will affect

both stable and abrupt changes in policy [63–65]. Liu [66] argued that there is a positive syn-

ergy between governmental attention and environmental and social feedback and that increas-

ing governmental attention to the environment will effectively reduce environmental

pollution. In contrast, an increase in governmental attention, represented by regional leaders,

may have a facilitating effect on the performance of regional carbon emissions by influencing

the intensity of regional R&D investment and the level of marketization [67].Government

information disclosure is a crucial component of government governance activities. Govern-

ment performance management is based on information transparency, fair and open evalua-

tion, and ensuring the management process is fully presented and disclosed to the public. It

allows for better public participation, which is suitable for environmental performance and

contributes to the government’s carbon performance [68, 69]. E-government is an important

symbol and means of reforming the administrative capacity of Governments and plays a sig-

nificant role in improving governance capacity, promoting economic transformation, and

enhancing environmental management performance [70]. On the one hand, e-government is

an essential part of the government’s digitalization process, which reduces the waste of

resources compared to the traditional mode of handling government affairs, and digitalization

has a good synergy effect on energy saving and emission reduction [71]. On the other hand, e-

government dramatically improves the efficiency of the government’s work, and by enhancing

the credibility of the government and its execution and increasing the public’s enthusiasm to

participate in governmental work, it can improve the efficiency of government management

and environmental performance. On the other hand, e-government dramatically improves

government work efficiency, enhances public participation in government work by strength-

ening government credibility and implementation, and improves government management

efficiency and environmental performance [72].

Economic development. It includes three indicators: gross domestic product (GDP), per

capita regional GDP, and digital financial inclusion index. Economic growth is a crucial metric

for measuring carbon emission success. China has made significant economic strides, but

these successes have been followed by rapid industrialization and urbanization marked by

high energy consumption, high pollution, and high emissions. There are many interactions

between this rapid economic growth and high levels of carbon emissions pollution. While

GDP per capita represents the degree of economic development, the gross domestic product

(GDP) is the ultimate indicator of economic development. Digital financial inclusion has been

made possible by combining conventional finance and advanced digital technologies [73],

which can reduce carbon intensity (improves carbon emission performance) by optimizing

industrial structure, promoting green technology, and showing spillover effects in space [74].

Demographic factors. It includes three indicators: year-end resident population, urbani-

zation rate and urban population density.The internal mechanism underlying the impact of

demographic variables on carbon emissions is complicated. Urbanization is one of them.

From the perspective of total emissions, human activities result in city carbon emissions [75].

The number of people residing in cities also affects CO2 emissions and economic activities

[76, 77], and the growth of the urban population increases the total carbon emissions [56].

Although an increase in urban population size results in more CO2 emissions overall [78],

per-capita emissions have decreased due to the ability of urban population growth to advance

technology, increase the effectiveness of using public facilities, and lower CO2 emissions [79,

80]. According to Hong’s research the critical urban population size is one million [81]. When

fewer than one million people live in an urban area, growing urban density can help reduce

carbon emissions. In contrast, greater urban density results in higher carbon emissions when a

city’s population surpasses one million. As a result, demand for urban carbon emissions is
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driven by population, and there is a strong correlation between urban population and urban

carbon emissions.

Data construction and research methods

Data construction and collection

Result variables. The ratio of carbon emissions to the province’s total GDP is used in the

article as a measure of carbon emission performance. The greater the carbon emission inten-

sity, the worse the carbon emission performance is depicted. The province GDP data is

sourced from the National Bureau of Statistics, and the data on carbon emissions are taken

from the China Stock Market & Accounting Research Database (CSMAR).

Conditional variables.

1. Energy consumption. Energy consumption has a decisive influence on carbon emission

intensity, among which coal, a fossil energy source, occupies a considerable proportion of

energy consumption and is also the main factor affecting energy carbon emission. The arti-

cle selects three indicators, namely energy intensity, total energy consumption, and the pro-

portion of coal in energy consumption, to comprehensively measure the energy

consumption condition variables. The data on total energy consumption are obtained from

the CSMAR database, energy intensity is calculated based on the ratio of total consumption

to provincial GDP, and coal share is calculated based on the National Energy Statistics

Bureau of China.

2. Industrial structure. Three indexes are selected: the index of industrial structure rationaliza-

tion and advanced index, and the proportion of tertiary industry in GDP. The industrial

structure rationalization index is measured by the calculation method of the Taylor index,

which reflects the deviation of the output value structure and the employment structure of

the three major industries in China. If the index is 0, the industrial structure is at equilib-

rium. If it is not 0, the industrial structure deviates from the equilibrium state, and the

industrial structure is unreasonable [53]. The index of industrial advance refers to Gan

[53], which adopts the proportion of tertiary industry to secondary industry, and the value

is increasing, which means that the economy is advancing in the direction of service, and

the industrial structure is upgrading. The data of tertiary industry share are obtained from

the National Bureau of Statistics of China.

3. Technological innovation. Technological innovation can enhance green and clean technol-

ogy through research and development, which is important in reducing carbon dioxide

emissions. The investment and number of scientific and technological research and devel-

opment reflect the regional level of science and technology and the ability to transform sci-

entific research results into technology and products. This data comes from the National

Bureau of Statistics of China. The number of patents reflects the green technology condu-

cive to saving resources, improving energy efficiency, preventing and controlling pollution,

and achieving sustainable development. This data comes from the PatSnap database.

4. Government support. Attention allocation has a key role in managers’ limited rationality

decision theory, and this indicator reflects the logical relationship between attention to

green development and the government’s choice of carbon-reducing behavior, as measured

by Nuo & Liu [82], which is statistically derived by local government reports combing key

words such as low-carbon economy, green economy, eco-city, eco-civilization demonstra-

tion zone, and circular economy; The Survey and Evaluation Report 2020 on Online Gov-

ernment Services Capability of Provincial Governments and Key Cities (Good and Bad
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Evaluation of Government Services) compares and analyzes the overall situation of the cur-

rent development of online government services and forms the integration index of govern-

ment services in each province in terms of the effectiveness of online services, familiarity

with online processing, completeness of service methods, coverage of service matters, and

accuracy of office guidelines. The Chinese Government Transparency Index is one of the

series of results in the Blue Book on the Rule of Law published by the Institute of Law of the

Chinese Academy of Social Sciences, the Chinese Government Transparency Index Report

(2019), which gives a comprehensive score to each provincial government’s openness in

decision-making (35%), openness in management services (20%), openness in quality and

results (25%), and construction of open government affairs platform (20%). (20%) for a

total score.

5. Economic development. Provincial gross domestic product (GDP) and per capita gross

regional product data are obtained from the National Bureau of Statistics. The digital finan-

cial inclusion index is obtained from the Peking University Digital Financial Inclusion

Index, which contains comprehensive data on the breadth of digital financial coverage, the

depth of digital financial use, and the degree of digitalization of financial inclusion.

6. Demographic factors. The selected provinces contain three indicators of year-end resident

population, urbanization rate, and urban population density, which are all obtained from

the National Bureau of Statistics of China.

Research methodology

The hybrid approach of necessary condition analysis (NCA) and qualitative comparative anal-

ysis (QCA) is an emerging method to confirm necessary and sufficient causality. Whereas nec-

essary condition causality refers to the fact that the outcome does not occur without a

particular antecedent, sufficient condition causality refers to the fact that the antecedent (com-

bination) sufficiently produces the outcome [83, 84]. It is possible to analyze how and to what

degree antecedent conditions can serve as necessary conditions for the outcome using NCA,

which specializes in analyzing necessary relationships [85]. In comparison, QCA adopts a

comprehensive viewpoint and uses case-oriented comparative analysis [86] to pinpoint the

causal links between conditional states and outcomes to respond to the query, "Which configu-

rations of conditions lead to the desired outcome? Which configurationscause the result not to

occur? Such inquiries.QCA concentrates on the analysis of "configuration effects," whereas

conventional regression analysis adopts an atomic viewpoint and concentrates on the distinct

"net effects" of individual variables [86]. Depending on the sort of variable, QCA is divided

into three categories: csQCA (clear set qualitative comparative analysis), mvQCA (multivalued

qualitative comparative analysis), and fsQCA (fuzzy set qualitative comparative analysis).

Compared to csQCA and mvQCA, fsQCA has more flexible fixed distance and affiliation and

greater benefits when managing qualitative data, limiting diversity, and streamlining configu-

ration [87]. The article comes into this category and employs the fsQCA method to analyze the

complex influence mechanism on carbon emission performance by the combination of ele-

ments influencing carbon emission performance forming various ecologies. The fsQCA

method additionally combines the benefits of qualitative and quantitative analysis, providing

answers to the "generalizability" of qualitative analysis in a few instances and partially making

up for the limitations of large sample analysis for qualitative change and phenomenological

analysis.
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Data calibration

Based on existing research theories, the article participates in the unified calibration of vari-

ables as fuzzy sets. According to the characteristics of the variable values, reference to the study

[88] selected the 95% quantile, 5% fraction as set as a conditional variable calibration aiming

point, representing fully affiliated, fully unaffiliated, selected 50% as the crossover point, and

the larger the value of the outcome variable carbon emission intensity the lower the level of

carbon emission performance it reflects, so the use of fully affiliated (5%), crossover point

(50%), and The results of the calibration using full affiliation (5%), crossover (50%), and full

disaffiliation (95%) are shown in Table 1:

Data analysis and empirical results

Necessity analysis of individual results

NCA identifies whether an element is necessary for an outcome and analyzes how the neces-

sary condition can affect the outcome. In NCA, the effect size (effect size) indicates the mini-

mum level needed to produce a particular outcome from a necessary condition. It is generally

considered that the effect size takes a value between 0 and 1, with larger representing a larger

effect and less than 0.1 representing a too-low effect size [83]. The article uses ceiling regres-

sion (CR) and ceiling envelopment analysis (CE) to calculate the effect size of the 6-point ante-

cedent variable. The results are shown in Table 2, and the necessary conditions in NCA

Table 1. Calibration of variables.

Conditions and results calibration

fully affiliated intersection fully unaffiliated

carbon emission performance 0.659 1.3285 6.2923

energy consumption 5.132999 2.962085 1.2390205

industrial structure 5.54406335 2.565259 1.8650337

technological innovation 5.859195 1.487705 0.72503925

government support 5.9754685 4.07558 2.3605885

economic development 5.0666528 1.571758 0.36427758

demographic factors 4.6511765 3.1122 1.910334

https://doi.org/10.1371/journal.pone.0293763.t001

Table 2. Analysis results of necessary conditions of NCA method.

antecedent conditions methods C-accuracy ceiling zone Effect size (d) Scope P-value

energy consumption CR 100% 0 0 0.96 1

CE 100% 0 0 0.96 1

industrial structure CR 70% 0.166 0.169 0.98 0.024

CE 100% 0.146 0.149 0.98 0.009

technological innovation CR 90.00% 0.137 0.148 0.92 0.009

CE 100% 0.143 0.155 0.92 0

government support CR 80.00% 0.221 0.237 0.93 0

CE 100% 0.144 0.154 0.93 0

economic developmen CR 83.30% 0.183 0.201 0.91 0.014

CE 100% 0.185 0.203 0.91 0

demographic factors CR 90% 0.025 0.027 0.93 0.34

CE 100% 0.036 0.034 0.93 0.291

https://doi.org/10.1371/journal.pone.0293763.t002
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method need to meet two conditions: the effect size (d) is not less than 0.1 [83], and the p-

value showing the effect size is significant [84].

As a result, the effect sizes of industrial structure, technological innovation, government

support, and economic development are more significant than 0.1. However, they are all less

than 0.3, and their effect sizes are so small that they do not constitute the necessary conditions

for the outcome.

In NCA, the term "bottleneck level" is equal to "effect size," and the term "bottleneck level

(%)" denotes the percentage that must fall within the maximum observed range of the anteced-

ent conditions in order to achieve a specific level of the maximum observed range of the

results. According to Table 3,the bottleneck level analysis, it is clear that in order to achieve a

90% carbon emission performance level, there must be no bottleneck energy consumption

conditions, a 60.7% level of industrial structure, a 53.5% level of technological innovation, a

70.2% level of government support, a 61% level of economic development, and a 7.7% level of

demographic factors.

Based on this, the NCA necessary condition results were validated using the fsQ CA

method. The consistency evaluation of the antecedent variable on the result determines

whether or not it is a necessary condition; if the consistency value is higher than 0.9, the ante-

cedent variable is considered necessary for the result [89]. Table 4 displays the fsQCA results

and the consistency of each condition’s necessity is<0.9. Consistent with the NCA results, no

high carbon output performance creates the prerequisites for a high carbon performance.

Configuration analysis

After importing the calibrated data into the fsQCA3.0 software for processing, the original

consistency threshold was set to 0.8, the frequency threshold to 1, and the PRI consistency

threshold to 0.85 to construct the truth table, from which the final simple intermediate and

complex solutions were obtained [87]. The core and marginal conditions are derived by nest-

ing and contrasting the simple solutions, the intermediate solution that serves as the founda-

tion for this article. A total of five high-carbon emission performance configurations and two

non-high-carbon emission performance configurations are found. (as shown in Fig 3). The

consistency level of the five positive single solutions (configurations) and the overall solution

are better than the acceptable minimum standard of 0.75; the consistency and coverage of the

overall solution are both 0.961 and 0.63, respectively. These five favourable configurations are

Table 3. NCA method bottleneck level (%) analysis results.

carbon emission

performance

energy

consumption

industrial

structure

technological

innovation

government

support

economic

development

demographic

factors

0 NN NN NN NN NN NN

10 NN NN NN NN NN NN

20 NN NN NN NN NN NN

30 NN NN NN NN NN NN

40 NN NN NN NN NN NN

50 NN NN NN 8.3 5 1.1

60 NN 4.8 4 23.8 19 2.8

70 NN 23.5 20.5 39.3 33 4.4

80 NN 42.1 37 54.8 47 6.1

90 NN 60.7 53.5 70.2 61 7.7

100 NN 79.3 70 85.7 75 9.4

https://doi.org/10.1371/journal.pone.0293763.t003
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believed to produce high-level carbon emission performance. Here, we divide the case prov-

inces’ carbon emission performance into three echelons based on their rankings, with the first

echelon being the top 25% of case provinces, the second echelon being 26%-50%, and the third

echelon being 51%-100%. Generally, the typical provinces and cities of high-level performance

cases appear in the top 50%. Since the high-level carbon emission performance configurations

S1, S2, and S3 and configurations Q1 and Q2 have the same core conditions, according to the

Table 4. Necessity tests for individual conditions of the QCA method.

Condition Variables High-level carbon emission performance Non-high-level carbon emission performance

Consistency Coverage Consistency Coverage

Energy consumption 0.485023 0.582699 0.886076 0.775087

Non-energy consumption 0.812788 0.907396 0.522943 0.42508

Industrial structure 0.652074 0.806268 0.590981 0.532051

Non-industrial structure 0.621544 0.676065 0.78481 0.621554

Technological innovation 0.663595 0.897196 0.398734 0.392523

Non-technological innovation 0.550691 0.55711 0.89557 0.659674

Government support 0.732143 0.868763 0.484177 0.418319

Non-government support 0.509793 0.575797 0.848101 0.697463

Economic development 0.718894 0.899784 0.422468 0.385004

Non-economic development 0.508641 0.547427 0.890032 0.697458

Demographic factors 0.602535 0.772526 0.49288 0.460118

Non-demographic factors 0.578917 0.610571 0.756329 0.580802

https://doi.org/10.1371/journal.pone.0293763.t004

Fig 3. Configurations for achieving high/non-high carbon performance. Note:● = core condition exists;ⓧ =

missing core condition;● = marginal condition exists;ⓧ = missing marginal condition.

https://doi.org/10.1371/journal.pone.0293763.g003
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second-order equivalence, configurations have the same core conditions [90]. The core condi-

tions for the S-configuration state are industrial structure and economic development, which

can be further refined as multi-factor linkage under the dual-wheel drive of industrial structure

and economic development. Depending on whether these conditions exist, the S-configuration

state is further divided into full-factor-driven (S1, S2) and industry-economy dual-wheel-

driven (S3) states. Under low energy consumption, the Q-configuration state is characterized

as factor-driven and considers non-energy consumption as the core condition.

Multi-factor linkage driven by economic development and industrial structure. (1)
Total factor-driven. The consistency of configuration S1 is 0.986, and the original coverage is

0.466, indicating that about 46.6% of the cases of high-level carbon performance can be

explained by configuration S1. The core of the configuration S2 is consistent with the core and

marginal conditions of S1, with the difference that the demographic factor is present as a sup-

plementary marginal condition in the S2 configuration, indicating that a higher level of carbon

emission performance can be achieved with or without the presence of the demographic factor

in the full factor-driven configuration. The consistency of configuration S2 is 0.986, and its ini-

tial coverage is 0.404, which explains 40.4% of the cases. The S1 and S2 configuration reveals

that almost half of the cases belong to the all-factor-driven type.This type of region is domi-

nated by economic development, with lower energy consumption, a rationalized and advanced

industrial structure as the main features, technological innovation and government support as

supporting factors, and other multi-factors synergistically contributing to a high level of car-

bon emission performance, regardless of whether the demographic factor is a supporting ele-

ment or not.The typical case provinces for S1 and S2 are Beijing, Shanghai, Zhejiang,

Guangdong, and Jiangsu(Figs 4 and 5).Except for Jiangsu Province, the typical case provinces

belong to the first high-level carbon emission performance echelon. Shanghai has been actively

supporting energy conservation and emission reduction measures as one of the first and sec-

ond batches of national pilot cities for low-carbon provinces and cities. The Chinese govern-

ment prioritizes low-carbon green development, and Shanghai is at the forefront of the

country’s ability to deliver integrated government services and transparency. During the 12th

and 13th Five-Year Plans, Shanghai achieved the national targets and went above and beyond

them. Shanghai achieved and surpassed the national goals in the 12th and 13th Five-Year

Fig 4. configuration S1 explain case.

https://doi.org/10.1371/journal.pone.0293763.g004
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Plans. Shanghai has reduced its energy usage and CO2 emissions per unit of GDP by over 50%

cumulatively since 2010. In addition to having a full variety of financial institutions and a com-

plete financial infrastructure, Shanghai is a top-tier financial centre that has pioneered the

introduction of important institutions and platforms in China and the development of green

financial products. The development of many energy-saving and carbon-reduction-related

innovations takes place in Shanghai, which is a regional centre for science and technology. A

large overall impact of multi-factor synergy can be seen in the multi-factor drive’s high carbon

emission performance level, primarily in the first echelon.

In particular, it should be noted that S1 and S2 have a high degree of similarity in terms of

compositional conditions, and the only difference is that the population factor plays a role in

the S2 grouping. The representative case provinces in the S2 grouping are Guangdong, Shang-

hai, Jiangsu, and Sichuan, while the case provinces and cities represented by S1 are Beijing,

Guangdong, Shanghai, Zhejiang, and Jiangsu. Let us take S1 Beijing and Shanghai in S2 as an

example. Both cities are municipalities directly under the central government. However, the

total population and population density of Shanghai are more significant than that of Beijing,

so when the population factor plays a role, Shanghai exists in S1 and S2 at the same time.

When the population factor does not play a role, Shanghai exists in the S2 grouping state. The

population factor is not a core condition of existence in both groupings. That is to say, in the

case of economic development, when economic development and industrial structure exist as

the core conditions and technological innovation and government support exist as the mar-

ginal conditions, some provinces and cities can achieve a high level of carbon emission perfor-

mance regardless of whether the population factor plays a role or not.

(2) The "industry-economy" two-wheel drive type. Configuration S3 exists with industrial

structure and economic development as the core conditions, non-energy consumption, non-

technological innovation, non-governmental support and non-demographic factors as the

Fig 5. configuration S2 explain case.

https://doi.org/10.1371/journal.pone.0293763.g005
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marginal conditions, which can produce high-level carbon emission performance. The config-

uration consistency is 0.979, and the original coverage is 0.248. This path can explain about

24.8% of carbon emission performance cases. The configuration of the case, provinces and cit-

ies show that when the energy consumption is low, even if the technological innovation, gov-

ernment support and demographic factors are poor, with economic development as the

traction, the rationalization of industrial structure and high-level can also produce a certain

high level of carbon emissions performance. The typical case city of this configuration is

Chongqing(Fig 6). In 2019, Chongqing’s per capita gross regional product exceeded US

$10,000 (9th place), and the value added to the service industry grew by 6.4%, contributing

51.3% to economic growth. The industrial structure continues to be optimized, the pace of

transformation and upgrading of traditional industries accelerates, and the added value of

high-tech manufacturing and strategic emerging industries grows by 12.6% and 11.6%,

respectively.

When we compare the S2 and S3 configurations, we can see that they share all of the same

fundamental conditions but that the S3 configuration varies from the S2 configuration by not

having any marginal conditions, such as technological advancement, governmental support,

or demographic factors. The typical case provinces and cities’ carbon emission performance

levels in the S2 and S3 histories are similar. However, the case provinces in S3 have lower car-

bon emission and economic growth levels than the typical case cities in S2. When the prov-

inces in the S3 configuration increase their technological innovation and government support,

they can further raise the region’s overall development level. However, they are unable to raise

the carbon emission performance level significantly.

Factor-driven under low energy consumption. Configurations Q1 represents the high

carbon emission performance level caused by non-energy consumption and demographic fac-

tors as core conditions and government support, non-industrial structure, non-technological

innovation, and non-economic development as marginal conditions. With a consistency of

0.931 and original coverage of 0.241, this pathway can account for about 24.1% of carbon emis-

sion performance cases. With a consistency of 0.976 and original coverage of 0.359, Configura-

tions Q2 represents the high carbon emission performance caused by non-energy

Fig 6. configuration S3 explain case.

https://doi.org/10.1371/journal.pone.0293763.g006
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consumption as a core condition and technological innovation, economic development,

demographic factors, and non-industrial structure as marginal conditions. This pathway can

account for about 35.9% of carbon emission performance cases. The marginal conditions of

the Q1 and Q2 configuration have a substitution relationship, and the Q configuration demon-

strates that even in regions where industrial structure and economic development are not core

strengths, a certain high level of carbon performance can be achieved through government

support and demographic factors and technological innovation to make up for it. Jiangxi,

Hunan are the sample cases province for the Q1 configuration, and Henan, Fujian(Fig 7), and

Hubei are the representative cases cities for Q2(Fig 8). Jiangxi and Henan are in the second

Fig 7. configuration Q1 explain case.

https://doi.org/10.1371/journal.pone.0293763.g007

Fig 8. configuration Q2 explain case.

https://doi.org/10.1371/journal.pone.0293763.g008
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echelon of high-level carbon emission results, while Fujian,Hunan and Hubei are in the first.

Using Henan Province as an example, Henan Province has a strong economic development

momentum in 2019 (fifth place in GDP), a certain level of science and technology innovation

(ninth place), and a population that can provide enough labour for economic development.

Henan Province is also China’s third most populous province, which can promote economic

growth, reduce carbon emission intensity, and improve carbon emission performance.

Configuration analysis of non-high-level carbon emission performance

The two configurations, L1 and L2 that generate non-high-level carbon emission performance

can be further analyzed to verify the causal asymmetry. High-level carbon emission perfor-

mance can only be accomplished with excessive energy consumption, an unfavourable indus-

trial structure, a lack of technological innovation, inadequate government support, and an

unfavourable population composition.

Differentiation path of carbon emission performance in eastern,

central and western China

Local policies have obvious heterogeneity because of the level of economic development,

resource endowment, and natural environment in different regions of China. The perfor-

mance of carbon emissions is differentiated by energy consumption, industrial structure, tech-

nological innovation, economic growth, and demographic factors. According to the division

of the National Bureau of Statistics for economic zones, we classify the sample provinces and

cities according to four regions: central, east, west, and northeast, and because only three cases

in the northeast could not derive practical configuration effects, they were excluded in this

part, and the remaining 27 provinces and cities were analyzed by fsqca3.0 to obtain the config-

uration results of high carbon emission performance in each region as shown Fig 9.

In eastern China, there are two configurations of high-level carbon emissions, E1 and E2,

and the main drivers of both are non-energy consumption, technological innovation, and eco-

nomic growth. It shows that both configurations depend on a particular degree of economic

development and that the fundamental conditions of technological innovation and economic

growth have a greater impact on the factors determining high-level carbon emission perfor-

mance. The multi-factor synergistic configuration E1 can accomplish a higher degree of car-

bon emission performance than configuration E2, which needs industrial structure and

government support when the two configurations are compared. E Configuration demon-

strates how technological innovation has altered the local development paradigm and can suc-

cessfully alter the kinds of sectors with high energy consumption to achieve low-carbon,

coordinated, sustainable development. The eastern region of China has assumed the lead in

the economy and possesses significant scientific and technological power after more than 40

years of reform and opening up. Shanghai, Beijing, Tianjin, Guangdong, Jiangsu, Zhejiang,

and other eastern provinces have always belonged to the first echelon in terms of science and

technology innovation level, and the eastern region has absolute advantages in innovation

advantages and leading development, according to the multi-year report "China Regional Sci-

ence and Technology Innovation Evaluation Report." Innovation in science and technology is

a significant internal factor that supports the upgrading and optimizing of the industrial struc-

ture and raises the standard of economic growth. The eastern region accelerates the develop-

ment of new-generation technology sectors like digitalization and intelligence based on

bolstering science and technology innovation. It strengthens the framework for developing a

low-carbon and green regional economy.
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In the central area, two configurations work well regarding high carbon emissions: F1 and

F2, which have demographic factors and non-energy consumption as their fundamental con-

ditions. A certain degree of carbon emission performance can be attained in the F1 configura-

tion when governmental support is strong, and the population factor has a particular impact.

The F2 configuration demonstrates that, even in regions lacking an advantageous industrial

structure, a certain level of economic development can result in high carbon emission perfor-

mance by relying on specific technological innovation capabilities and demographic factors.

The economic growth of China is centred in the central region. Although the benefits of tech-

nological innovation, industrial transformation, and government support are only sometimes

apparent, total market vitality is high, economic growth is rapid, and green development has

significant room for expansion.

The low energy consumption and industrial structure underpin the Western region’s G1

and G2 configurations of high carbon emission performance. Sichuan and Chongqing are the

usual representative cities of high-level performance in G configuration. High-level carbon

emission performance is discovered to be concentrated in the southwest area of the western

region. The area has a solid economic base but needs fundamental advantages in government

support and technological innovation, and its energy consumption could be better. The west-

ern region can take on the industrial transformation of the eastern region, optimize and

improve the design of high-tech sectors, and improve carbon emission performance.

Fig 9. Configuration analysis of carbon emission performance (high level) in eastern, central and western regions.

Note:● = core condition exists;ⓧ = missing core condition;● = marginal condition exists;ⓧ = missing marginal

condition.

https://doi.org/10.1371/journal.pone.0293763.g009
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In the regional comparison, it is also discovered that there are similarities and differences in

the driving paths of high carbon emission performance in eastern, central, and western China.

Both eastern, central, and western regions can exhibit high carbon emission performance

when all factors are driven simultaneously. However, the conditions for high carbon emission

performance are noticeably different when limited by the resource endowment conditions of

each region. The central region prefers government support and demographic factors, the

western region prefers upgrading industrial structures based on a certain level of economic

growth, and the eastern region emphasizes the benefits of economic and technological innova-

tion. A thorough examination of the mechanisms underlying each pathway’s formation can

aid in exploring the choice of low-carbon development in China and explain the distinct prop-

erties of common and unique influencing factors resulting from "different pathways" of high-

carbon emission conditions.

Robustness test

This paper conducts robustness tests on the antecedent configuration of high-level carbon per-

formance. First, the case number threshold is raised from 1 to 2, and the two configurations

generated are consistent with two existing histories. Next, the PRI consistency is raised from

0.85 to 0.9 to include four histories in the existing histories. Finally, the calibration anchor

points are raised, and the fully affiliated and fully unaffiliated anchor points are raised to a

level consistent with the fully affiliated and unaffiliated histories. Fourth, the four municipali-

ties of Beijing, Shanghai, Tianjin, and Chongqing are deleted, and obtain three high-level car-

bon emission performance configurations in the model. The 85th percentile, 15th percentile,

and 50th percentile of the crossover point remain unchanged, the case threshold is 1, the origi-

nal consistency is 0.8, and the PRI is 0.8. In conclusion, the findings of high-level carbon emis-

sion performance are reliable.

Conclusion and discussion

Existing studies have pointed out that improving carbon emission performance can promote

coordinated development between economic development and environmental governance.

Studies on carbon emission performance have been able to show the temporal and spatial evo-

lution of carbon emission performance from various regional levels and have also explored the

complex mechanism of the main influencing factors affecting carbon emission performance

comprehensively from various dimensions of development. However, previous studies tend to

pay too much attention to the individual effects of the main influencing factors or the mediat-

ing effects among multiple influencing factors but have not explored the interdependence of

the elements affecting carbon emission performance from the perspective of complex systems,

which may evolve different ecosystems and form the related problems of multiple equilibria.

The systematic differences for different provinces and cities may lead to differences in carbon

emission and economic development enhancement, forming multiple paths for developing

different carbon emission performances. Therefore, this paper adopts a group perspective

from the social, economic, political, and other perspectives, constructs a six-dimensional

mechanism framework affecting carbon emission performance, systematically analyses how

the coupling between the elements affecting carbon emission performance can adequately pro-

mote economic development and reduce carbon emissions, and then puts forward the path to

effectively improve carbon emission performance, which is of particular reference value for

the study of the theoretical mechanism of perfecting carbon emission performance and

improving the government’s practice of carbon emission performance. It has a specific
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reference value for improving the theoretical mechanism of carbon emission performance and

enhancing the government’s carbon emission performance practice.

This study examines the conditional configuration and driving path of high-level carbon

emission performance under the synergistic effect of multi-dimensional conditions using

fsQCA, NCA, and other methods based on a system-wide perspective. It then answers the key

components and intricate linkage mechanisms that, to a certain extent, influence regional gov-

ernments’ carbon emission performance levels. The following are the major conclusions:(1)

Configuration diversity argues that there are multiple ways to choose the best route for high-

level performance. High-level performance only requires a few prerequisites to be met.

According to multi-factor synergy, high-level success can be attained in "different ways" when

combined with core and marginal conditions. The regional configurations with economic

growth as the dominant group and the regional configuration with low energy consumption as

the dominant advantage can generate high-level carbon emission performance in this article’s

two second-order equivalent configurations of S and Q. (2) Discrimination by region. The

driving path of high-level carbon emission performance varies and has similarities in China’s

eastern, central, and western areas. The total factor driving model applies to the eastern, cen-

tral, and western regions, but due to varying configuration conditions, each region emphasizes

key advantages differently. It further describes that the multi-factor driving path is grounded

in reality and tailored to local circumstances by corresponding to the differentiation of typical

cities in each configuration.

Although there are differences between this paper and previous studies in terms of research

methodology, it is undeniable that the influencing factors of carbon emission performance

selected by the author are based on what has been fully demonstrated and explored by previous

authors. The good side is that we have fully affirmed the previous scholars’ research on the

influencing mechanism of these elements. Based on this, we have constructed a research

framework that belongs to this paper. However, regrettably, the article cannot again validate

the previous research on the effects of these elements on carbon emission performance. The

article, unfortunately, could not re-validate the previous research on the effect of these ele-

ments on carbon emission performance.

Nonetheless, our research results can still echo the results of previous studies in some

points. For example, the S2 and S3 groupings are entirely complementary, and comparing the

S2 and S3 groupings, we can find that they have the same core conditions but opposite condi-

tions regarding technological innovation, governmental support, and demographic factors.

The carbon emission performance levels of the typical case provinces and cities in the S2 and

S3 groupings are comparable. However, the carbon emissions of the case provinces in the S3

grouping are lower than those of the typical case cities in the S2 grouping regarding the level of

carbon emissions, economic development, and the degree of industrial transformation. So we

think that the gap may be related to government support and technological innovation, which

can be echoed with the previous study that technological innovation can indirectly reduce car-

bon intensity by promoting the upgrading and optimization of industrial structure [91] and

that the regions with weakened government support are also detrimental to regional economic

development [92].

The research method still has some limitations, which merit more investigation. First, this

study only chooses the cross-sectional data from 2019 for analysis due to current data availabil-

ity. The research’s dynamic trend needs to be adequately reflected in the findings, and the driv-

ing mechanism affecting carbon emission performance needs further exploration. Second, the

research uses second-hand public data only discussed from the macro level and fails to reveal

the impact mechanism behind carbon emissions from the micro level, even though the condi-

tional factors affecting carbon emission performance include many variables that have been
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tested. Given the author’s chosen provincial-level indicators, the differences below the provin-

cial level need to be further investigated.

Supporting information

S1 Data.

(XLSX)

Author Contributions

Conceptualization: Dongli Li.

Data curation: Quanling Cai, Kaisheng Di, Mingxing Wang.

Formal analysis: Kaisheng Di.

Investigation: Weidong Chen.

Methodology: Weidong Chen, Dongli Li, Quanling Cai, Caiping Liu.

Writing – original draft: Dongli Li.

Writing – review & editing: Weidong Chen, Dongli Li.

References
1. Wang F., Harindintwali J. D., Yuan Z., Wang M., Wang F., Li S.,. . . et al. (2021). Technologies and per-

spectives for achieving carbon neutrality. The Innovation, 2(4), 100180. https://doi.org/10.1016/j.xinn.

2021.100180 PMID: 34877561

2. Maximillian J., Brusseau M. L., Glenn E. P., & Matthias A. D. (2019). Pollution and environmental pertur-

bations in the global system. In Environmental and pollution science (pp. 457–476). Academic Press.

3. Mora C., Spirandelli D., Franklin E. C., Lynham J., Kantar M. B., Miles W.,. . . et al. (2018). Broad threat

to humanity from cumulative climate hazards intensified by greenhouse gas emissions. Nature Climate

Change, 8(12), 1062–1071.

4. Carleton T. A., & Hsiang S. M. (2016). Social and economic impacts of climate. Science, 353(6304),

aad9837. https://doi.org/10.1126/science.aad9837 PMID: 27609899

5. Bandh S. A., Shafi S., Peerzada M., Rehman T., Bashir S., Wani S. A., et al. (2021). Multidimensional

analysis of global climate change: a review. Environmental Science and Pollution Research, 28(20),

24872–24888. https://doi.org/10.1007/s11356-021-13139-7 PMID: 33763833

6. Chen L., Msigwa G., Yang M., Osman A. I., Fawzy S., Rooney D. W., et al. (2022). Strategies to achieve

a carbon neutral society: a review. Environmental Chemistry Letters, 20(4), 2277–2310. https://doi.org/

10.1007/s10311-022-01435-8 PMID: 35431715

7. Chen J. M. (2021). Carbon neutrality: Toward a sustainable future. The Innovation, 2(3).

8. Liu Z., Deng Z., He G., Wang H., Zhang X., Lin J.,. . . et al. (2022). Challenges and opportunities for car-

bon neutrality in China. Nature Reviews Earth & Environment, 3(2), 141–155.

9. Zhang W., Li J., Li G., & Guo S. (2020). Emission reduction effect and carbon market efficiency of car-

bon emissions trading policy in China. Energy, 196, 117117.

10. Li H., Wang J., Yang X., Wang Y., & Wu T. (2018). A holistic overview of the progress of China’s low-

carbon city pilots. Sustainable Cities and Society, 42, 289–300.

11. Xu G., Schwarz P., & Yang H. (2020). Adjusting energy consumption structure to achieve China’s CO2

emissions peak. Renewable and Sustainable Energy Reviews, 122, 109737.

12. Dong B., Ma X., Zhang Z., Zhang H., Chen R., Song Y.,. . . et al. (2020). Carbon emissions, the industrial

structure and economic growth: Evidence from heterogeneous industries in China. Environmental Pol-

lution, 262, 114322. https://doi.org/10.1016/j.envpol.2020.114322 PMID: 32179222

13. Zhang W., Zhu Z., Liu X., & Cheng J. (2022). Can green finance improve carbon emission efficiency?.

Environmental Science and Pollution Research, 1–14.

14. Wang B., & Wu R (2022). Achieving Carbon Neutrality in China: Legal and Policy Perspectives. Fron-

tiers in Environmental Science, 2436.

PLOS ONE What influences the performance of carbon emissions in China?

PLOS ONE | https://doi.org/10.1371/journal.pone.0293763 April 10, 2024 22 / 26

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293763.s001
https://doi.org/10.1016/j.xinn.2021.100180
https://doi.org/10.1016/j.xinn.2021.100180
http://www.ncbi.nlm.nih.gov/pubmed/34877561
https://doi.org/10.1126/science.aad9837
http://www.ncbi.nlm.nih.gov/pubmed/27609899
https://doi.org/10.1007/s11356-021-13139-7
http://www.ncbi.nlm.nih.gov/pubmed/33763833
https://doi.org/10.1007/s10311-022-01435-8
https://doi.org/10.1007/s10311-022-01435-8
http://www.ncbi.nlm.nih.gov/pubmed/35431715
https://doi.org/10.1016/j.envpol.2020.114322
http://www.ncbi.nlm.nih.gov/pubmed/32179222
https://doi.org/10.1371/journal.pone.0293763


15. Wang S., Wang Z.& Fang C. (2022). Evolutionary characteristics and drivers of carbon emission perfor-

mance in Chinese cities. Chinese Science:Earth Science(08),1613–1626.

16. Zheng Y., Sun X., Zhang C., Wang D., & Mao J. (2021). Can emission trading scheme improve carbon

emission performance? Evidence from China. Frontiers in Energy Research, 552.

17. Xu H., Liu B., Lin K., Zhang Y., Liu B., & Xie M. (2022). Towards Carbon Neutrality: Carbon Emission

Performance of Science and Technology Finance Policy. International Journal of Environmental

Research and Public Health, 19(24), 16811. https://doi.org/10.3390/ijerph192416811 PMID: 36554692

18. Zhou D., Zhou F. & Wang X. (2019). Impact of low-carbon pilot policy on the performance ofurban car-

bon emissions and its mechanism. Resource Science (03), 546–556.

19. Gaole Jiao & Mingyi Yan. (2016). Coupling Measurement of Urbanization Level and Carbon Productivity

in China.Urban Problems (08), 32–38.

20. Zhao Y., Chen R., Zang P., Huang L., Ma S., & Wang S. (2022). Spatiotemporal patterns of global car-

bon intensities and their driving forces. Science of The Total Environment, 818, 151690. https://doi.org/

10.1016/j.scitotenv.2021.151690 PMID: 34798095

21. Goldemberg J. (2022). A note on the effectiveness of the decline of the carbon intensity on carbon emis-

sions. Energy Policy, 171, 113258.

22. Hu X., Si T., & Liu C. (2017). Total factor carbon emission performance measurement and development.

Journal of Cleaner Production, 142, 2804–2815.

23. Ragin C. C. (2009). Redesigning social inquiry: Fuzzy sets and beyond. University of Chicago Press.

24. Yang X., & Su B. (2019). Impacts of international export on global and regional carbon intensity. Applied

Energy, 253, 113552.

25. Sun C., Ding D., & Yang M. (2017). Estimating the complete CO2 emissions and the carbon intensity in

India: from the carbon transfer perspective. Energy Policy, 109, 418–427.

26. Liu Y., & Gao Y. (2022). Measurement and impactor analysis of agricultural carbon emission perfor-

mance in Changjiang economic corridor. Alexandria Engineering Journal, 61(1), 873–881.

27. Liu M., & Yang L. (2021). Spatial pattern of China’s agricultural carbon emission performance. Ecologi-

cal Indicators, 133, 108345.

28. Yang J., Tang L., Mi Z., Liu S., Li L., & Zheng J. (2019). Carbon emissions performance in logistics at

the city level. Journal of cleaner production, 231, 1258–1266.

29. Xu M., & Tan R. (2022). How to reduce CO2 emissions in pharmaceutical industry of China: Evidence

from total-factor carbon emissions performance. Journal of Cleaner Production, 337, 130505.

30. Chang L., Hao X., Song M., Wu J., Feng Y., Qiao Y., et al. (2020). Carbon emission performance and

quota allocation in the Bohai Rim Economic Circle. Journal of Cleaner Production, 258, 120722.

31. Lu S., Wang J., Shang Y., Bao H., & Chen H. (2017). Potential assessment of optimizing energy struc-

ture in the city of carbon intensity target. Applied energy, 194, 765–773.

32. Mirziyoyeva Z., & Salahodjaev R. (2022). Renewable energy and CO2 emissions intensity in the top

carbon intense countries. Renewable Energy, 192, 507–512.

33. Zheng J., Mi Z., Coffman D. M., Milcheva S., Shan Y., Guan D., et al. (2019). Regional development

and carbon emissions in China. Energy Economics, 81, 25–36.

34. Zhang Y. J., Liu Z., Zhang H., & Tan T. D. (2014). The impact of economic growth, industrial structure

and urbanization on carbon emission intensity in China. Natural hazards, 73, 579–595.

35. Yang Y., Zhao T., Wang Y., & Shi Z. (2015). Research on impacts of population-related factors on car-

bon emissions in Beijing from 1984 to 2012. Environmental Impact Assessment Review, 55, 45–53.

36. Su C. W., Liu F., Stefea P., & Umar M. (2023). Does technology innovation help to achieve carbon neu-

trality?. Economic Analysis and Policy.

37. Huang J., & Chen X. (2020). Domestic R&D activities, technology absorption ability, and energy inten-

sity in China. Energy Policy, 138, 111184.

38. Lin B., & Zhou Y. (2021). Does the Internet development affect energy and carbon emission perfor-

mance?. Sustainable Production and Consumption, 28, 1–10.

39. Song W., Mao H., & Han X. (2021). The two-sided effects of foreign direct investment on carbon emis-

sions performance in China. Science of the Total Environment, 791, 148331. https://doi.org/10.1016/j.

scitotenv.2021.148331 PMID: 34139496

40. Wang Q., & Wang L. (2021). How does trade openness impact carbon intensity?. Journal of Cleaner

Production, 295, 126370.

41. Gao S., Sun D., & Wang S. (2023). Do development zones increase carbon emission performance of

China’s cities?. Science of The Total Environment, 863, 160784. https://doi.org/10.1016/j.scitotenv.

2022.160784 PMID: 36509269

PLOS ONE What influences the performance of carbon emissions in China?

PLOS ONE | https://doi.org/10.1371/journal.pone.0293763 April 10, 2024 23 / 26

https://doi.org/10.3390/ijerph192416811
http://www.ncbi.nlm.nih.gov/pubmed/36554692
https://doi.org/10.1016/j.scitotenv.2021.151690
https://doi.org/10.1016/j.scitotenv.2021.151690
http://www.ncbi.nlm.nih.gov/pubmed/34798095
https://doi.org/10.1016/j.scitotenv.2021.148331
https://doi.org/10.1016/j.scitotenv.2021.148331
http://www.ncbi.nlm.nih.gov/pubmed/34139496
https://doi.org/10.1016/j.scitotenv.2022.160784
https://doi.org/10.1016/j.scitotenv.2022.160784
http://www.ncbi.nlm.nih.gov/pubmed/36509269
https://doi.org/10.1371/journal.pone.0293763


42. Zhou A., Xin L., & Li J. (2022). Assessing the impact of the carbon market on the improvement of Chi-

na’s energy and carbon emission performance. Energy, 258, 124789.

43. Ulucak R., & Khan S. U. D. (2020). Relationship between energy intensity and CO2 emissions: does

economic policy matter?. Sustainable Development, 28(5), 1457–1464.

44. Śmiech S., & PapieżM. (2014). Energy consumption and economic growth in the light of meeting the

targets of energy policy in the EU: The bootstrap panel Granger causality approach. Energy Policy, 71,

118–129.

45. Liu X., Hang Y., Wang Q., Chiu C. R., & Zhou D. (2022). The role of energy consumption in global car-

bon intensity change: A meta-frontier-based production-theoretical decomposition analysis. Energy

Economics, 109, 105968.

46. Wang Q., Guo J., Li R., & Jiang X. T. (2023). Exploring the role of nuclear energy in the energy transi-

tion: A comparative perspective of the effects of coal, oil, natural gas, renewable energy, and nuclear

power on economic growth and carbon emissions. Environmental Research, 221, 115290. https://doi.

org/10.1016/j.envres.2023.115290 PMID: 36642121

47. Bashir M. A., Sheng B., Doğan B., Sarwar S., & Shahzad U. (2020). Export product diversification and

energy efficiency: Empirical evidence from OECD countries. Structural Change and Economic Dynam-

ics, 55, 232–243.

48. Yu S., Liu J., Hu X., & Tian P. (2022). Does development of renewable energy reduce energy intensity?

Evidence from 82 countries. Technological Forecasting and Social Change, 174, 121254.

49. Dong Y., Jin G., & Deng X. (2020). Dynamic interactive effects of urban land-use efficiency, industrial

transformation, and carbon emissions. Journal of Cleaner Production, 270, 122547.

50. Chen A., & Groenewold N. (2019). China’s ‘New Normal’: Is the growth slowdown demand-or supply-

driven?. China Economic Review, 58, 101203.

51. Woo W. T. (2019). China’s soft budget constraint on the demand-side undermines its supply-side struc-

tural reforms. China Economic Review, 57, 101111.

52. Yu X., Wu Z., Zheng H., Li M., & Tan T. (2020). How urban agglomeration improve the emission effi-

ciency? A spatial econometric analysis of the Yangtze River Delta urban agglomeration in China. Jour-

nal of environmental management, 260, 110061.

53. Chunhui Gan, Ruogu Zheng & Dianfan Yu. (2011). The impact of China ’s industrial structure change

on economic growth and volatility. Economic research (05), 4–16 + 31.

54. Feng Y., & Wu H. (2022). How does industrial structure transformation affect carbon emissions in China:

The moderating effect of financial development. Environmental Science and Pollution Research, 1–12.

55. Wang K., Wu M., Sun Y., Shi X., Sun A., & Zhang P. (2019). Resource abundance, industrial structure,

and regional carbon emissions efficiency in China. Resources Policy, 60, 203–214.

56. Xia C., Xiang M., Fang K., Li Y., Ye Y., Shi Z., et al. (2020). Spatial-temporal distribution of carbon emis-

sions by daily travel and its response to urban form: A case study of Hangzhou, China. Journal of

Cleaner Production, 257, 120797.

57. Wang F., Sun X., Reiner D. M., & Wu M. (2020). Changing trends of the elasticity of China’s carbon

emission intensity to industry structure and energy efficiency. Energy economics, 86, 104679.

58. Su K., Wei D. Z., & Lin W. X. (2020). Influencing factors and spatial patterns of energy-related carbon

emissions at the city-scale in Fujian province, Southeastern China. Journal of Cleaner Production, 244,

118840.

59. Li L., McMurray A., Li X., Gao Y., & Xue J. (2021). The diminishing marginal effect of R&D input and car-

bon emission mitigation. Journal of Cleaner Production, 282, 124423.

60. Chen D., Chen S., Jin H., & Lu Y. (2020). The impact of energy regulation on energy intensity and

energy structure: Firm-level evidence from China. China Economic Review, 59, 101351.

61. Habiba U. M. M. E., Xinbang C., & Anwar A. (2022). Do green technology innovations, financial develop-

ment, and renewable energy use help to curb carbon emissions?. Renewable Energy, 193, 1082–1093.

62. Zeng. and Mo. (2023).Measurement of government attention: path, content and prospect. Journal of

Huazhong University of Science and Technology (Social Science Edition) (01), 66–73. https://doi.org/

10.19648/j.cnki.jhustss1980.2023.01.09

63. Simon H A. Aoministration behavior: a study of decision-making process in administrative organization

New York: Free Press, 1974.

64. 0casio W. Towards an attention-based view of the firm. Strategic management joumal, 1997, 18 (S1):

187–2063]

65. Wang J. (2013). Taking Attention in Democratic Governance Seriously—A Review of ’ Rethinking Deci-

sion Making in Democratic Politics: Attention, Choice, and Public Policy ’. Public Administration Review

(05), 144–154.

PLOS ONE What influences the performance of carbon emissions in China?

PLOS ONE | https://doi.org/10.1371/journal.pone.0293763 April 10, 2024 24 / 26

https://doi.org/10.1016/j.envres.2023.115290
https://doi.org/10.1016/j.envres.2023.115290
http://www.ncbi.nlm.nih.gov/pubmed/36642121
https://doi.org/10.19648/j.cnki.jhustss1980.2023.01.09
https://doi.org/10.19648/j.cnki.jhustss1980.2023.01.09
https://doi.org/10.1371/journal.pone.0293763


66. Liu Z., Tang Y., Wilson J., Tao X., Lv B., Wang Z.,. . . et al. (2023). Influence of government attention on

environmental quality: An analysis of 30 provinces in China. Environmental Impact Assessment

Review, 100, 107084.

67. Zhao Jinghua & Song Yuanyuan. (2023). Leaders ’ attention affects regional carbon governance: micro

evidence and mechanism. Comparison of economic and social systems (02), 109–120.

68. Wang Q.(2022). The Significance and Ways of Local Government Performance Management—Com-

ment on ’ Promoting Local Government Performance Management Research ’. Science and Technol-

ogy Management Research (16), 243.

69. Tu Z., Hu T., & Shen R. (2019). Evaluating public participation impact on environmental protection and

ecological efficiency in China: Evidence from PITI disclosure. China Economic Review, 55, 111–123.

70. Xu X. & Cai X.(2021). Can e-government improve the efficiency of corporate investment? —Quasi-Nat-

ural Experiment Based on E-Government Pilot at County Level. Economic Management (11), 176–192.

71. Yang Z., Gao W., Han Q., Qi L., Cui Y., & Chen Y. (2022). Digitalization and carbon emissions: How

does digital city construction affect china’s carbon emission reduction?. Sustainable cities and society,

87, 104201.

72. Zhu R.(2022). Challenges and Countermeasures of Government Digital Transformation and Deepening

Development of E-government. Administration Reform (02), 61–68.

73. Liu Y., Luan L., Wu W., Zhang Z., & Hsu Y. (2021). Can digital financial inclusion promote China’s eco-

nomic growth?. International Review of Financial Analysis, 78, 101889.

74. Lee C. C., & Wang F. (2022). How does digital inclusive finance affect carbon intensity?. Economic

Analysis and Policy, 75, 174–190.

75. Zhou Y., & Liu Y. (2016). Does population have a larger impact on carbon dioxide emissions than

income? Evidence from a cross-regional panel analysis in China. Applied Energy, 180, 800–809.

76. Lupi V., & Marsiglio S. (2021). Population growth and climate change: A dynamic integrated climate-

economy-demography model. Ecological Economics, 184, 107011.

77. Murtaugh P. A., & Schlax M. G. (2009). Reproduction and the carbon legacies of individuals. Global

Environmental Change, 19(1), 14–20.

78. Liu J., Li M., & Ding Y. (2021). Econometric analysis of the impact of the urban population size on car-

bon dioxide (CO2) emissions in China. Environment, Development and Sustainability, 23(12), 18186–

18203.

79. Zhou C., Wang S., & Wang J. (2019). Examining the influences of urbanization on carbon dioxide emis-

sions in the Yangtze River Delta, China: Kuznets curve relationship. Science of the Total Environment,

675, 472–482. https://doi.org/10.1016/j.scitotenv.2019.04.269 PMID: 31030153

80. Liddle B. (2014). Impact of population, age structure, and urbanization on carbon emissions/energy

consumption: evidence from macro-level, cross-country analyses. Population and environment, 35,

286–304.

81. Hong S., Hui E. C. M., & Lin Y. (2022). Relationships between carbon emissions and urban population

size and density, based on geo-urban scaling analysis: A multi-carbon source empirical study. Urban

Climate, 46, 101337.

82. Nuo Q. & Liu C. (2020). Research on the allocation of local government attention in regional green

development—Based on the text analysis of the government work report of the three provinces of Bei-

jing, Tianjin and Hebei (2010–2019). Journal of China Yan ’an Cadre College (06), 98–106 + 136.

https://doi.org/10.16223/j.cnki.cn61-1456/c.2020.06.010

83. Dul J. (2016). Necessary condition analysis (NCA) logic and methodology of “necessary but not suffi-

cient” causality. Organizational Research Methods, 19(1), 10–52.

84. Dul J., Van der Laan E., & Kuik R. (2020). A statistical significance test for necessary condition analysis.

Organizational Research Methods, 23(2), 385–395.

85. Du Y., Liu Q. & Cheng J. (2020).What kind of business environment ecology produces high entrepreneur-

ial activity in cities? —Analysis based on institutional configuration. Managing the world (09), 141–155.

86. Rihoux B., & Ragin C. C. (2008). Configurational comparative methods: Qualitative comparative analy-

sis (QCA) and related techniques. Sage Publications.

87. Yunzhou Du & Liangding Jia. (2017). Configuration Perspective and Qualitative Comparative Analysis

(QCA) : A New Way of Management Research.Management World (06), 155–167.

88. Andrews R., Beynon M. J., & McDermott A. M. (2016). Organizational capability in the public sector: A

configurational approach. Journal of Public Administration Research and Theory, 26(2), 239–258.

89. Zhang M., Li B., & Yin S. (2020). Configurational paths to regional innovation performance: the interplay

of innovation elements based on a fuzzy-set qualitative comparative analysis approach. Technology

Analysis & Strategic Management, 32(12), 1422–1435.

PLOS ONE What influences the performance of carbon emissions in China?

PLOS ONE | https://doi.org/10.1371/journal.pone.0293763 April 10, 2024 25 / 26

https://doi.org/10.1016/j.scitotenv.2019.04.269
http://www.ncbi.nlm.nih.gov/pubmed/31030153
https://doi.org/10.16223/j.cnki.cn61-1456/c.2020.06.010
https://doi.org/10.1371/journal.pone.0293763


90. Fiss P. C. (2011). Building better causal theories: A fuzzy set approach to typologies in organization

research. Academy of management journal, 54(2), 393–420.

91. Cheng Z., Li L., & Liu J. (2018). Industrial structure, technical progress and carbon intensity in China’s

provinces. Renewable and Sustainable Energy Reviews, 81, 2935–2946.

92. Ma L., Chung J., & Thorson S. (2005). E-government in China: Bringing economic development through

administrative reform. Government Information Quarterly, 22(1), 20–37.

PLOS ONE What influences the performance of carbon emissions in China?

PLOS ONE | https://doi.org/10.1371/journal.pone.0293763 April 10, 2024 26 / 26

https://doi.org/10.1371/journal.pone.0293763

