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In the context of the “dual-carbon” goal and the building of a moderately
prosperous society, it is of great significance to explore in depth the impact of
livelihood development on urban carbon emissions. This paper uses the Human
Development Index (HDI) as a proxy for assessing livelihood development. Based
on the data of a panel of 41 cities in the Yangtze River Delta urban agglomeration
from 2000 to 2021, this study constructs the fixed effect model, mediating effect
and moderating effect models to empirically test the impact of livelihood
development on CO2 emissions from energy consumption and its
mechanism. The HDI of the Yangtze River Delta urban agglomeration
exhibited a steady increase from 0.64 in 2000 to 0.81 in 2021, marking a
significant leap from a moderate to a very high level of human development,
with an overall increase of 27.41%. The results show that there is a significant
inverted U-shaped relationship between livelihood development and urban CO2

emissions. Innovation inputs play an intermediary role and investment intensity
positively moderates the inverted U-shaped relationship between livelihood
development and CO2 emissions. Moreover, the analysis finds that the impact
of livelihood development on CO2 emissions varies significantly among regions
with different geographic locations and resource endowments. The inverted
U-shaped relationship between livelihood development and CO2 emissions is
more pronounced in central cities and non-resource-based cities. The above
research results show that urban carbon emissions can be effectively reduced by
optimizing livelihood development, and provide a scientific basis for achieving the
target of carbon peak. This study reveals the relationship between livelihood
development and CO2 emissions, provides a new perspective for sustainable
urban development, and provides a basis for promoting the simultaneous
realization of livelihood development and carbon emission reduction targets
in the Yangtze River Delta urban agglomeration.
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1 Introduction

Human society has now entered the “Anthropocene” (Crutzen, 2002), whichmeans that
human activities have become a major driver of global environmental change (Will et al.,
2007; Tyrrell, 2011; Zalasiewicz et al., 2011). Global warming and sea level rise are altering
the earth system, posing a severe threat to the natural environment and human life, and are

OPEN ACCESS

EDITED BY

Ji Zheng,
The University of Hong Kong, Hong Kong SAR,
China

REVIEWED BY

Ying Zhu,
Xi’anUniversity of Architecture and Technology,
China
Yan Sun,
Beijing Forestry University, China

*CORRESPONDENCE

Wenxue Lin,
linwenxue2019@163.com

RECEIVED 06 November 2024
ACCEPTED 24 March 2025
PUBLISHED 09 April 2025

CITATION

Zhu Z and Lin W (2025) Impact of livelihood
development on CO2 emissions: empirical
evidence from Yangtze River delta
urban agglomeration.
Front. Environ. Sci. 13:1523850.
doi: 10.3389/fenvs.2025.1523850

COPYRIGHT

© 2025 Zhu and Lin. 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 09 April 2025
DOI 10.3389/fenvs.2025.1523850

https://www.frontiersin.org/articles/10.3389/fenvs.2025.1523850/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1523850/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1523850/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1523850/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1523850/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2025.1523850&domain=pdf&date_stamp=2025-04-09
mailto:linwenxue2019@163.com
mailto:linwenxue2019@163.com
https://doi.org/10.3389/fenvs.2025.1523850
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.2025.1523850


mostly driven by human excessive carbon dioxide emissions (Marra
et al., 2015; Kijewska and Bluszcz, 2016; Tyagi et al., 2016). China’s
economic development and social activities have advanced
significantly since the country’s reform and opening up. Notable
advancements have been made in education, national health and
medical care, and the pace at which people’s livelihoods are
developing thanks to economic growth. People’s living conditions
have improved more swiftly as a result of the east wind of economic
progress. However, China’s traditional and crude approach to
development has resulted in large energy consumption and CO2

emissions. According to the IEA’s CO2 Emissions in 2023 report,
China’s carbon emissions grew to 12.6 billion tons in 2023, with per
capita emissions 15% higher than those of advanced economies
(IEA, 2024). A commitment to emission peak and carbon neutrality
has been put forth by China in response to the urgent issue of global
warming. Enhancing livelihood development and fostering green
and low-carbon development are the clear objectives of the 20th
CPC National Congress, which emphasized the significance of
people’s livelihood and green development. Enhancing people’s
quality of life can encourage more economic growth, while
economic development itself gives the means and conditions for
doing so. Therefore, the growth of people’s livelihoods should have a
carbon emission reduction effect, as it is a crucial sector to support
China’s social development. Thus, the primary issue that must be
addressed as a priority is how to alter the course of development to
maximize the improvement of livelihood development at the lowest
possible cost to the environment.

Due to the Environmental Kuznets Curve (EKC) hypothesis,
CO2 emissions will have an inverted U-shaped tendency to rise and
then decline as the economy grows (Kuznets, 1955; Grossman and
Krueger, 1995). Studies have generally taken economic growth as an
indicator of development. However, human beings are the core
beneficiaries of the development process. Thus, the evaluation of
development should not only focus on the inputs, but also
emphasize the results that the society obtains from the
development (Hussain and Dey, 2021). Therefore, the Human
Development Index (HDI) provides a more comprehensive
measure of the development (Cracolici et al., 2010; Sen et al.,
2010; Cumming and von Cramon-Taubadel, 2018). The HDI was
first released by the United Nations Development Program in 1990
(UNDP, 1990), and contains three sub-indicators: health, education,
and standard of living. It serves as a tool for comprehensively reflect
prosperity in the economy, advancement in society, and balance
with the environment. It has since become the most influential
indicator of human development worldwide (Morse, 2020).
Therefore, this paper selects the HDI to measure the level of
livelihood development in the Yangtze River Delta urban
agglomeration.

Urban agglomerations are becoming the hub for energy
resources due to the rapid expansion of urban areas, and they
are also taking on more responsibility for reducing carbon
emissions. The Yangtze River Delta, the biggest and most
economically significant metropolitan agglomeration in China, is
not only a pioneer in creating a “happy circle” for people’s
livelihood, but also a typical model for energy conservation and
emission reduction (He et al., 2021). “14th Five-Year
Comprehensive Work Plan for Energy Conservation and
Emission Reduction” explicitly proposed to strictly control coal

consumption in the Yangtze River Delta Urban Agglomeration.
In this context, accurately assessing the carbon emissions from
energy consumption and the level of livelihood development in
the Yangtze River Delta urban area is highly important.
Additionally, it is crucial to empirically evaluate the impact and
mechanisms of energy-related carbon emission reductions in
livelihood development. These efforts aim to enhance the quality
of life for residents and encourage a synchronized peak in
carbon emissions.

This paper potentially makes contributions in the following
three areas. First, we integrate livelihood development and carbon
emissions into a single research framework, offering an innovative
approach to enhancing the degree of livelihood development and
lowering carbon emissions. Subsequently, we conduct an empirical
investigation into the precise pathways by which livelihood
development influences carbon emissions, including both
innovation inputs and investment intensity. Our goal is to offer
recommendations for future initiatives aimed at reducing carbon
emissions. Thirdly, to ascertain the varying effects of livelihood
development on carbon emissions, we carried out a heterogeneous
analysis of urban geographic location and resource reliance.

2 Literature review

These three distinct strands represent the research that is
relevant to this particular investigation. The first strand is the
research on CO2 emissions. Research currently conducted
indicates that many factors, including population size,
urbanization rate, economic development level, and foreign direct
investment, have varying degrees of impact on carbon dioxide
emissions (Liu et al., 2017; Wang S. et al., 2019; Ma et al., 2022;
Wu and Xu, 2023). In terms of research methods of influencing
factors, there are mainly IPAT or STIRPAT models, Kaya constant
equation and LMDI method (Shao et al., 2016; Chen et al., 2018;
Guan et al., 2018; Yang et al., 2022). The STIRPAT model is
traditionally defined as the Stochastic (ST) estimation of
environmental impacts (I) by regression (R) on population (P),
affluence (A), and technology (T) (Wei, 2011).

The second strand focuses on the measurement of livelihood
development. Some scholars have constructed different indicator
systems for measurement through the understanding of the
connotation of livelihood development. For instance, (Chen et al.,
2020) selected indicators from the five dimensions of economic
progress, quality of life, societal advancement, environmental
stewardship, and scientific and technological innovation as an
assessment system for the city’s livelihood based on the entropy
value method (Chen et al., 2020). Ye et al. (2018) constructed the
indicators of the sense of livelihood acquisition and livelihood
satisfaction and carried out the questionnaire measurements and
empirical analyses. Wang et al. (2022) constructed China’s
livelihood development indicator system from the four
dimensions of economic prosperity, quality of life, societal
progress, and environmental conservation. While some scholars
have utilized objective indicators such as Better Life Index, Human
Development Index and Genuine Progress Index to measure the
level of human wellbeing (Wang et al., 2018; Michalos and Hatch,
2020; Pala, 2024).

Frontiers in Environmental Science frontiersin.org02

Zhu and Lin 10.3389/fenvs.2025.1523850

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1523850


The third strand is dedicated to examining the impact of
urban development on the reduction of energy-related carbon
emissions within the context of livelihood improvement.
According to some research, nations with more developed
livelihoods typically have greater per capita carbon dioxide
emissions and a higher prevalence of environmental issues
(Kvon et al., 2019). However, Van Tran’s study shows that
environmental quality can be improved by livelihood
development (Van Tran et al., 2019). Research on the
connection between human development and the decrease of
carbon emissions is scarce at the moment. For the most part, it
looks at how the HDI affects carbon emissions, but the
relationship has not been thoroughly established. The
influence of the level of human development on CO2

emissions is found to be industry-specific (Mohmmed et al.,
2019). Specifically, the human development index (HDI) has a
negative regression coefficient in the agricultural sector. This
suggests that human activities can help reduce carbon emissions
in this sector. Researchers also found that humans can reduce
agricultural carbon emissions through improved farming
practices (Aminetzah et al., 2020). For example, Brazil and the
United States currently use low- and no-tillage practices on about
40% of hectares, reducing fuel use and denitrification, thereby
reducing greenhouse gas emissions. Conversely, in the
transportation and bunker sectors, the HDI shows a positive
regression coefficient. This implies that human activities have led
to increased carbon emissions in these areas. According to the
IEA, passenger and freight activity rebounded after the
coronavirus (COVID-19) pandemic in 2022, leading to a 3%
increase in CO2 emissions from transportation over the previous
year (IEA, 2023). Ocean shipping, heavily dependent on bunker
fuels, is projected to see ship-source greenhouse gas emissions
increase by up to 250% by 2050 from 2012 levels due to rising
global freight volumes (Wan et al., 2018). The energy, industry,
and manufacturing sectors did not exhibit any significant effects.
Using quantile regression based on panel data of emerging
economies, Banday and Kocoglu (2023) found that HDI had a
significant carbon abatement effect in all quartiles. (Maji, 2019)
verified the carbon abatement effect of HDI by employing a
systematic GMM approach to assess data from 42 sub-Saharan
nations (Maji, 2019). Additionally, (Yumashev et al., 2020)
included the HDI’s quadratic term into the model and verified
the inverted “U” nonlinear relationship between livelihood
development and CO2 emissions (Yumashev et al., 2020).
Subsequently, other researchers like (Hussain and Dey, 2021)
also used the HDI as an indicator of development and found the
existence of environmental Kuznets curves in 30 countries from
1990 to 2016 (Hussain and Dey, 2021). Through a comparison of
the model’s GDP and HDI performance, Majewska and
Gierałtowska (2022) determined that the model which uses the
HDI as a measure of affluence fits better than GDP, based on data
from 2000 to 2019 for Central and Eastern European nations.

In general, prior studies have not resulted in a consistent
criterion for measuring the level of livelihood development.
Furthermore, there is no agreement on how to understand the
carbon emission reduction effects of livelihood development.
There has been little quantitative investigation of the impact

mechanism in the correlation between livelihood development
and carbon emissions, and even less on the heterogeneity of these
driving relationships. Based on this, the study attempts to
investigate through theoretical and empirical analyses the
extent to which livelihood development affects urban CO2

emissions, whether or not it shares features with other studies,
and what the processes and outcomes of this function are. To be
more precise, this paper uses 41 prefecture-level cities in the
Yangtze River Delta urban agglomeration from 2000 to 2021 as
research samples. Estimates are made first for carbon emissions
and the degree of livelihood development. The impact of
livelihood development on reducing carbon emissions is then
empirically tested using the STIRPAT model. Also, a controlling
variable called investment intensity is presented. Subsequently,
the geographical and typological diversity of the correlation
between the two are examined with the goal of acting as a
guide for developing livelihood development plans that
complement low-emission development.

3 Theoretical framework and research
hypothesis

In the early development stages, industrialization was gaining
momentum due to a spike in energy use, particularly from fossil
fuels, and significant CO2 emissions from human activity. People’s
standard of living was comparatively underdeveloped, and their
knowledge of and capacity for environmental protection was
constrained. The mid-development phase has witnessed structural
changes because of the rise of the service and high-tech sectors,
which have slowed down the growth of carbon emissions, reduced
reliance on heavy and energy-intensive industries, and raised public
awareness of environmental issues. When people’s livelihoods have
advanced to a high degree, governments and corporations start to
place more emphasis on environmental preservation and sustainable
development. People also recognize the necessity to employ “clean
energy” and reduce pollution. Society starts to transition to a more
sustainable development model with a decrease in carbon emissions
when governments start to take action, such as making investments
in clean energy and enforcing environmental rules (Yumashev et al.,
2020). Consequently, the following hypothesis is put forth:

Hypothesis 1: The livelihood development has a carbon
emission reduction effect. And there is an inverted U-shaped
relationship between livelihood development and CO2 emissions.

The livelihood development can reduce CO2 emissions by
increasing investment in science and technology innovation. The
insatiable demand for human’s own development serves as a catalyst
for scientific and technical advancement, which in turn serves as a
major impetus for energy conservation and emission reduction (Zou
et al., 2022). Through legislative support and investment in science
and technology education, livelihood development may offer a
strong foundation and sustained momentum for scientific and
technology innovation. Firstly, livelihood development creates an
atmosphere that is conducive to creativity. The livelihood
development can influence the introduction of policies by the
government in this area. Examples of such policies include those
that encourage businesses and research institutions to invest more in

Frontiers in Environmental Science frontiersin.org03

Zhu and Lin 10.3389/fenvs.2025.1523850

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1523850


innovation by offering R&D funds, tax breaks, intellectual property
protection, and other incentives. Secondly, livelihood development
offers a consistent flow of skilled individuals who foster innovation.
More investment in STEM education, higher spending on education
and science and technology, and reasonable modifications to
national public budget expenditures based on human
development needs will all contribute to the creation of more
innovative individuals and offer a human resource base for
innovation. Investment in innovation significantly reduces CO2

emissions. More financing for innovation will, on the one hand,
lead to decreased CO2 emissions through the development of
energy-efficient buildings, the iterative improvement of
technology, research and development into renewable energy
sources, integration of energy systems, etc. On the other hand,
funding for innovation can be used to raise public knowledge of the
significance of reducing carbon emissions and to motivate more
individuals to live low-carbon lives through public awareness and
education, thus lowering CO2 emissions.

Hypothesis 2: Innovation inputs play a mediating effect in the
impact of livelihood development on CO2 emissions.

One of the “troika” forces behind economic growth is
thought to be investment, and fixed asset investment, which
makes up a large portion of investment, has grown to be crucial
for fostering economic development and enhancing people’s
quality of life (Bond et al., 2010). A moderating effect on the
route of livelihood development that influences CO2 emissions
could be expected from investment intensity. On the one hand,
higher investment intensity might guarantee that the
improvement of livelihoods has a favorable effect on cutting
carbon emissions. The development of environmentally friendly
infrastructure, including green buildings and low-carbon
transportation systems, is aided by fixed asset investment.
This influences the degree to which the development of
livelihood improves the environmental quality. Adjusting
investment intensity, on the other hand, increases the desire
of enterprises to implement green projects. The need for green
development and the need to update the economic development
paradigm are being emphasized by the government more and
more. It also tends to allocate fixed asset investment to sectors of
the economy that are dedicated to developing low-carbon
technology and increasing carbon efficiency, which
encourages businesses to adopt low-carbon practices and
advances the reduction of carbon emissions.

Hypothesis 3: Investment intensity plays a moderating effect in
the impact of livelihood development on CO2 emissions.

4 The variables, model setting and data
description

4.1 Variable selection

4.1.1 Explained variable
CO2 emissions per capita (CE). The measurement of urban

CO2 emissions draws on Han and Xie (2017), which
extrapolated urban CO2 emissions through energy
consumption such as electricity, natural gas, and liquefied

petroleum gas. The per capita CO2 emissions were then
calculated by dividing the total carbon emissions by the
population of each city. The specific calculation method is
shown in Equations 1, 2.

I � Cn + Cp + Ce � κEn + γEp + φ η × Ee( ) (1)
CE � I/P (2)

Here, I is the urban CO2 emissions;Cn,Cp,Ce are the CO2 emissions
from the consumption of natural gas, liquefied petroleum gas and
electricity, respectively; En, Ep, Ee denote the natural gas
consumption, liquefied petroleum gas consumption and
electricity consumption, respectively; κ is the carbon emission
factor of natural gas 2.1622 kg-CO2/m

3, γ is the carbon emission
factor of liquefied petroleum gas 3.1013 kg-CO2/kg; φ is the GHG
emission factor for the coal power fuel chain, with an equivalent CO2

of 1.3023 kg-CO2/(kW-h), η is the proportion of coal power
generation to total power generation, and P is the number of
people in the city at the end of the year.

4.1.2 Core explanatory variable
HumanDevelopment Index (HDI). According to the calculation

methodology in the Human Development Report 2023–24, the HDI
is based on the health, education and standard of living (UNDP,
2024). Then it is measured by calculating the geometric mean of the
levels of the indicators in these three dimensions. The calculation
method is shown in Equations 3-6.

HDI � �������������
LEI × EI × II3

√
(3)

LEI � LE −MinF

MaxF −MinF
(4)

EI � MYS −MinF

MaxF −MinF
( ) + EYS −MinF

MaxF −MinF
( )/2 (5)

II � ln GNIpc( ) − ln MinF( )
ln MaxF( ) − ln MinF( ) (6)

LEI, EI and II are the health, education and standard of living
indices, respectively; LE is the life expectancy at birth, andMYS is
the mean years of schooling, and EYS is the expected years of
schooling, and GNIpc is the purchasing power-adjusted real GNI
per capita; MinF is the lower threshold limit for each indicator,
and MaxF is the upper threshold for each indicator. The
thresholds for each indicator are shown in Table 1. Among
them, the calculation of life expectancy and average years of
schooling is based on successive national census data
measurements to obtain the indicator data for the census years
(2000, 2010 and 2020), and then the interpolation and
extrapolation methods are used to obtain the data for other
years. Data on expected years of schooling are approximated by
net or gross enrollment ratios at all levels of education including
primary, middle, high school, and university (Liu et al., 2020). For
missing data, the enrollment rate of the province was used as a
proxy. For the calculation of real GNI per capita, the ratio between
GDP per capita measured in RMB prices in the current year and
GNI measured in PPP prices in 2011 was used to obtain a
conversion factor, based on which the GNI measured in PPP
prices in 2011 was calculated for each city (UNDP et al., 2019;
Wang M. et al., 2019).
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4.2 Model setting

The STIRPAT model, which is an enhanced version of the IPAT
model, was selected as the analytical framework for this paper using
the following underlying expression (York et al., 2003). The IPAT
model is shown in Equation 7:

I � aPbAcTdε (7)
Where I denotes environmental pressure, P, A and T denote

demographic, economic and technological factors; a, b, c and
d are the model parameters; ε is the random error term.
Referring to the related literature on the impact of HDI
on CO2 emissions, the quadratic term of HDI is added to
the model and logarithm is taken on both sides of the
model. The expanded baseline regression model is shown in
Equation 8.

lnCEit � α0 + α1lnHDIit + α2 lnHDIit( )2 + α3 ln CVit + ln εit (8)

Where i and t represent cities and years; CEit represents the
per capita emissions of CO2 in the city; HDIit represents the
human development index; CVit represents a series of control
variables, including energy intensity (T), energy structure (S),
urbanization rate (U), industrial structure (IS), openness (O),
foreign direct investment (FDI), consumption capacity (CON); α
is the parameter to be estimated by the model; εit is the
random error term.

Referring to Yang and Niu’s research idea to construct the
mediation effect model in order to test the mediating effect of
innovation inputs (Baron and Kenny, 1986; Yang and Niu,
2023). The model is shown in Equations 9, 10:

lnMit � φ0 + φ1lnHDIit + φ2 lnHDIit( )2 + φ3ln CVit + ln εit (9)
lnCEit � β0 + β1lnHDIit + β2 lnHDIit( )2 + β3lnMit + β4 ln CVit

+ ln εit

(10)
Where Mit is the mediating variable innovation input; φ, and β

are the parameters of the model to be estimated. The other variables
are defined as above.

Equation 11 is constructed to test the moderating effect of
investment intensity (Yang and Niu, 2023).

lnCEit � γ0 + γ1lnHDIit + γ2 lnHDIit( )2 + γ3Eit + γ4Eit × lnHDIit

+γ5Eit × lnHDIit( )2 + γ6 ln CVit + ln εit (11)

Where Eit is the moderating variable investment intensity;
the Eit × lnHDIit and Eit × (lnHDIit)2 are the interaction terms

of the primary and secondary terms of the explanatory variable
HDI with investment intensity; γ are the parameters of
the model to be estimated. The other variables are defined
as above.

4.3 Data sources and descriptive statistics

This paper takes 41 cities in the Yangtze River Delta urban
agglomeration from 2000 to 2021 as the research sample. The
data come from China City Statistical Yearbook1, China Electric
Power Yearbook2, National Statistical Yearbook3, national
population census (2000, 2010, 2020)4, the World Bank
database5, statistical yearbooks of provinces and cities, and
national economic and social development bulletins6, etc. GDP
data were calculated using 2000 as the base period. In addition,

TABLE 1 Indicator thresholds for each dimension of HDI.

Dimension Indicator Minimum Maximum

Health Life expectancy at birth (years) 20 85

Education Expected years of schooling (years) 0 18

Mean years of schooling (years) 0 15

Standard of living GNI per capita (2011 PPP$) 100 75,000

TABLE 2 Variable description statistics.

Variable Obs Mean SD Min Max

CE 902 3.660 2.581 0.099 11.591

HDI 902 0.734 0.075 0.522 0.899

T 902 0.191 0.079 0.029 0.614

S 902 0.680 0.092 0.219 0.824

U 902 0.529 0.176 0.029 0.896

IS 902 0.479 0.087 0.216 0.747

O 902 0.321 0.375 0.004 2.882

FDI 902 0.031 0.024 0.000 0.201

CON 902 0.368 0.085 0.163 0.726

TT 902 0.202 0.049 0.017 0.370

FAI 902 0.634 0.303 0.081 2.439

1 China City Statistical Yearbook: https://data.cnki.net/yearBook/single?id=

N2024050590&pinyinCode=YZGCA.

2 China Electric Power Yearbook: http://www.ceppc.org.cn/dlnj/.

3 National Statistical Yearbook: https://www.stats.gov.cn/sj/ndsj/.

4 National population census: https://www.stats.gov.cn/sj/pcsj/.

5 World Bank: https://data.worldbank.org.

6 City yearbooks and statistical bulletins: https://data.cnki.net/home.
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we use interpolation and trend extrapolation methods to
supplement some missing data. The interpolation method is
used to estimate the missing value between two known data
points (Fan and Pei, 2023). Meanwhile, the trend
extrapolation method predicts future data values based on the
historical trends observed in the data, allowing us to estimate
values beyond the existing dataset’s range (Zhenjun et al., 2023).
Therefore, based on the above two methods, we can ensure the
consistency and analyzability of data to a certain extent. Table 2
displays the descriptive statistics for each variable.

5 Results

5.1 Analysis of livelihood development and
CO2 emissions

Using the previously mentioned Equations 1–6, data on the
evolution of livelihood development and CO2 emissions during the
course of the research period are calculated. The average human
development index of 41 cities was chosen as the livelihood
development data of the Yangtze River Delta urban
agglomerations in order to analyze the data evolution
characteristics of these areas. The annual per capita carbon
emission data of these areas was then calculated by adding and
dividing the total carbon emission and population of each city.
Figure 1 displays the results of the calculation.

With a rise of 27.41%, the HDI of the Yangtze River Delta
urban agglomeration completed the transition from the
medium to the very high human development level in 2021,
rising steadily from 0.64 in 2000 to 0.81 in 2021, as shown in
Figure 1. Between 2000 and 2006, it was at the medium human
development. The objective of “building a moderately affluent
society in all aspects” was presented during the 16th National
Congress of the Communist Party of China in 2002, which
introduces new demands for the development of livelihoods.
Therefore, the Yangtze River Delta urban agglomeration is
working toward greater economic growth, advancements in
science and education, and more stable means of subsistence
for its residents. After reaching the high human development

level in 2007, the HDI hit 0.79 in 2018. During this period, the
region’s citizens enjoyed an improvement in their standard of
life and saw a discernible rise in the level of economic growth.
The new rural social pension insurance policy went into effect in
2009, resulting in a large increase in social security payments.
The 2010 World Expo was subsequently hosted in Shanghai,
which sped up the region’s economic upgrading, restructuring,
and transformation. It also encouraged the building of
transportation infrastructure, which further aided in the

FIGURE 1
Trends in CO2 emissions and HDI.

TABLE 3 Regression results.

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

lnHDI −2.361***

(0.563)

(lnHDI)2 −3.139***

(0.541)

lnLEI 0.486***

(0.120)

lnEI −0.527***

(0.138)

lnII 0.819***

(0.110)

lnT 0.988*** 0.885*** 0.972*** 0.918***

(0.0238) (0.0104) (0.0226) (0.0229)

lnS 0.700*** 0.660*** 0.611***

(0.0504) (0.0494) (0.0486)

lnU 0.0948*** 0.00562 0.0882*** 0.0854***

(0.0170) (0.00859) (0.0172) (0.0167)

lnIS 0.158*** 0.128*** 0.419*** 0.173***

(0.0576) (0.0237) (0.0493) (0.0526)

lnO 0.0581*** 0.00441 0.0665*** 0.0705***

(0.0125) (0.00626) (0.0125) (0.0121)

ln FDI −0.0190*** −0.00588* −0.00156 −0.0177**

(0.00724) (0.00348) (0.00718) (0.00702)

lnCON −0.105*** 0.0150 −0.0401 −0.0559*

(0.0325) (0.0160) (0.0326) (0.0315)

lnP −0.980***

(0.0169)

Constant 2.682*** 8.602*** 3.151*** 3.325***

(0.137) (0.102) (0.0680) (0.0572)

Time-fixed Yes Yes Yes Yes

City-fixed Yes Yes Yes Yes

R-squared 0.989 0.997 0.989 0.989

Standard errors in parentheses; ***p < 0.01, **p < 0.05, *p < 0.1, below.
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region’s economic development. Between 2019 and 2021, the
Yangtze River Delta urban agglomeration achieved to very high
human development. After a reasonably prosperous society was
achieved in 2020, there was a notable improvement in people’s
quality of life, a steady rise in the protection of the rights to
development and subsistence, then the new phase of more
coordinated growth in human development (Ren et al., 2021).

In addition, the overall trend in the Yangtze River Delta urban
agglomeration’s per capita CO2 emissions is a sharp rise followed by
a slow plateau. In particular, there was an annual growth rate of
approximately 9.95% on average in per capita CO2 emissions
between 2000 and 2013, rising from 1.29 tons per person in
2000 to 4.90 tons per person in 2013. The nation set goals for
7.5% average annual GDP growth and 47% urbanization rate during
the 11th Five-Year Plan period7. The Yangtze River Delta urban
agglomeration’s rapid economic development and the ongoing rise
in urbanization have resulted in a rapid increase in CO2 emissions.
Due in large part to China’s aggressive push of low-carbon
development, per capita CO2 emissions increased negatively in
2014 and 2015. The State Council’s adoption and approval of the
National Climate Change Response Plan (2014–2020) in 2014 has
played a significant role in hastening the reduction of carbon
emissions. It lays out explicit guidelines for decreasing CO2

emissions intensity and expanding forests area. During the “13th
Five-Year Plan” period, China has set a target of reducing energy
consumption per unit of GDP by 15% by 2020 compared with 2015.
The Yangtze River Delta’s industrial structure shifted to a larger
percentage of tertiary industry as its economic growth method has
continuously changed. The pace at which CO2 emissions increased
fell sharply. In 2021, the average person’s CO2 emissions increased
to 6.25 tons. As the pandemic spreads during this time, there is a
greater chance that a global value chain would break, which could
trigger a worldwide energy crisis. This situation may endanger the
development of energy in the Yangtze River Delta. It also poses
challenges for climate governance and the achievement of the “dual
carbon” target CO2 emissions might have gone up as a result of this.

5.2 Estimation results

The F, LM and Hausman tests led to the selection of the two-way
fixed effect model to investigate how livelihood improvement affects
carbon emission reduction. Table 3 presents the results of the
measurement.

Table 3’s column (1) regression findings show that, at the 1%
level, the HDI and its squared term coefficient are both
significantly negative. Since the HDI has a range of values
from 0 to 1, its logarithmic value is negative in the model.
Therefore, an important inverted “U” shape is found between
the HDI and carbon emissions. This is consistent with the
findings of some of the scholars above. Hypothesis 1 is
preliminarily tested. It is not rigorous to conclude that the

inverted “U” relationship is based solely on the significance of
the coefficients of the primary and secondary terms. Then we
continued to use the Utest test command to verify the result (Liu
and Mu, 2024). The p-value of Utest test for the inverted “U”
curve with carbon emission is less than 0.01. The slope of the
curve is positive (1.73, p < 0.01) and then negative (−1.69, p <
0.01). The HDI’s extreme point, which is 0.68 and falls within the
range of HDI values, suggests that the relationship between
carbon emissions and livelihood development is shaped like an
inverted “U”. The inflection point value is 0.68, meaning that
livelihood development will have a suppressive effect on carbon
emissions when HDI is higher than 0.68. And after calculation,
hypothesis 1 is correct since livelihood development has a
dominant effect on reducing carbon emissions at this point.
An improvement in the HDI denotes not just a rise in the
economic status of the population, but also a notable
improvement in their health and education levels. When it
comes to this process, individuals with higher levels of
education and overall quality typically have stronger concepts
related to environmental protection, are more conscious of the
significance of climate change and environmental protection, and
are more likely to take action to protect the environment. They
may even engage in social and political activities to influence
policy decisions and encourage the implementation of
environmental protection measures to facilitate human
development in a sustainable manner (Yumashev et al., 2020).

The regression model incorporates the HDI indices of the three
dimensions to enhance the examination of the impact of livelihood
development on CO2 emissions. The resulting tables are arranged in
columns (2), (3), and (4) of Table 3. Considering the significance of
the data, we examined the relationship between the health index and
CO2 emissions using the total population (P) data as a control
variable. The findings show that an increase in the health index
significantly increases CO2 emissions. One possible explanation for
this could be that although life expectancy has improved
dramatically due to improvements in health and medical
technology, the energy-intensive nature of medication research
and medical services may contribute to a rise in CO2 emissions.
Column (3) data indicates a considerable restraining effect of the

TABLE 4 Robustness test results.

Variable (1) (2) (3)

lnHDI −3.498** −1.604** −2.899***

(1.476) (0.622) (0.615)

(lnHDI)2 −6.601*** −2.560*** −3.623***

(1.418) (0.581) (0.586)

Control Yes Yes Yes

Constant 1.818*** 2.737*** 2.644***

(0.358) (0.154) (0.148)

Time-fixed Yes Yes Yes

City-fixed Yes Yes Yes

R-squared 0.942 0.990 0.987

7 Outline of the 11th Five-Year Plan for National Economic and Social

Development of the People’s Republic of China: https://www.gov.cn/

gongbao/content/2006/content_268766.htm.
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education index on CO2 emissions. Education can help people
become more aware of environmental issues on a personal and
societal level, support the advancement of green technologies, and
lower CO2 emissions. The income index has a considerable impact
on the rise in CO2 emissions, as seen by Column (4). Economic
development is reflected in the rising income index, and the Yangtze
River Delta region’s economic development is heavily reliant on
fossil fuels like coal and oil, which can raise CO2 emissions. In the
sub-dimension regression, only the education index can reduce
carbon emissions. However, the degree of human development
can significantly reduce carbon emissions. This shows that in
order to reach the aim of carbon peaking, we need raise the
whole level of livelihood development rather than relying solely
on one dimension.

5.3 Robustness test

The following robustness tests are carried out to confirm the
benchmark regression’s scientific validity. The results are shown
in Table 4.

(1) Replace the explanatory variables. Replace the CO2 emissions
data with the CO2 emissions of each city published by China
Emission Accounts and Datasets (CEADs) to re-estimate the
model. The results are shown in column (1) of Table 4.

(2) Exclude some samples. There is a big difference between
municipalities, provincial capitals and sub-provincial cities
and ordinary prefecture-level cities in terms of livelihood
development. As a result, the regression does not include the
aforementioned samples. The outcomes are displayed
in Column (2).

(3) Control variable shrinking tail. We employ a 1% shrinking tail
treatment to prevent the extreme values of the control
variables from significantly affecting the regression
findings. The results are shown in column (3). The
empirical findings demonstrate the robustness of the
benchmark results by demonstrating that the inverted “U”
curve link between CO2 emissions and livelihood
development remains constant.

5.4 Mechanism test

5.4.1 Mediating effect
The findings of a step-by-step regression of Equations 9 , 10 to

investigate how livelihood development influences urban CO2

emissions are presented in Table 5. The link between livelihood
development and innovation inputs is U-shaped, as seen by column
(1). During the examination period, most cities were found to the right
of the turning point, suggesting that improvements in living conditions
facilitate investment in innovation. Following the addition of mediating
variables, column (2) shows that innovation inputs have a regression
coefficient of −0.195 on carbon emissions, indicating that innovation
inputs suppress carbon emissions. Additionally, the coefficients of
lnHDI and (lnHDI)2 are both significant and lower than in the
baseline regression model, indicating that innovation inputs play a
part in mediating the effect of livelihood development on carbon
emissions. Hypothesis 2 is valid.

5.4.2 Moderating effect
The data in column (3) shows that investment intensity has a

positive moderating effect on the connection between CO2 emissions
and livelihood development, as seen by the significantly negative
coefficients of both lnHDI*lnFAI and (lnHDI)2*lnFAI. Based on
Haans and Pieters (Haans et al., 2016), the shift of the turning
point and the curve’s shape can be used to analyze the moderating
effect of investment intensity. The effect of investment intensity on the
shape of the curve is mainly reflected by the positivity and negativity of
γ5. It is noticeably negative in column (3), suggesting that the curve
steepens with increasing investment intensity. The degree of investment
will cause the turning point of the inverted “U” curve tomove slightly to
the right, as indicated by the new inflection point value of lnHDI
≈ −0.36. Increased investment intensity strengthens the inverted
U-shaped link between livelihood development and CO2 emissions.
In other words, it positively regulates the impact of livelihood
development on CO2 emissions. At this point, hypothesis 3 holds true.

5.5 Heterogeneity test

5.5.1 Analysis of regional heterogeneity
To examine geographical differences in the relationship between

livelihood development and carbon emissions, group regressions are

TABLE 5 Regression results of mediating and moderating effects.

Variable lnTT lnCE lnCE

(1) (2) (3)

lnHDI 5.246*** −1.338** −3.062***

(1.141) (0.524) (0.739)

(lnHDI)2 4.514*** −2.259*** −4.248***

(1.096) (0.503) (0.865)

lnTT −0.195***

(0.0157)

lnHDI × ln FAI −0.974**

(0.392)

(lnHDI)2 × ln FAI −1.252**

(0.514)

ln FAI −0.188***

(0.0724)

Control Yes Yes Yes

Constant −0.836*** 2.519*** 2.575***

(0.277) (0.126) (0.162)

Time-fixed Yes Yes Yes

City-fixed Yes Yes Yes

R-squared 0.606 0.991 0.989
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utilized. These regional variations are based on the Outline of the
Plan for the Integrated Development of the Yangtze River Delta
Region, which classifies 27 cities—including Shanghai, Nanjing, and
Changzhou—as the center area and the remaining 14 as non-center
area cities. The HDI and its squared term coefficients of the central
cities are shown to be significantly negative at the 1% level in
columns (1) through (2) of Table 6. The P-value of the Utest test
is less than 0.01, indicating that the development of livelihood
development and carbon emissions of the central cities have an
inverted U-shaped relationship. The city in the central area has
now passed the turning point, with an HDI value of 0.64, and the
improvement of people’s livelihoods has demonstrated a
carbon-reducing effect. The HDI and its squared term
coefficient of non-central cities show a significant positive
relationship, but they fail the U test. The rationale is that
there is an incremental relationship between livelihood
development and carbon emissions in non-central cities. It is
indicated by the fact that all of these cities’ HDI are situated on
the right side of the positive U-shaped curve’s inflection point.
According to Lian, the Fisher’s Permutation test was used to
determine the significance of the variation in coefficients across
groups, with the number of samples set at 1000 (Lian et al.,
2010). The results show that the p-values for the primary and
secondary terms are less than 0.01, which suggests that there is a
substantial difference between the two groups’ coefficients.
Cities in the central region may gain from their better
geographic location, quicker advancements in living
standards, health, and education, higher degrees of livelihood
development, and a population that is more aware of the need
to protect the environment. However, when the level of
livelihood development rises, non-central region cities will
see an increase in energy consumption, which would raise
carbon emissions.

5.5.2 Analysis of type heterogeneity
The State Council’s National Sustainable Development Plan

for Resource-based Cities (2013–2020) criteria is used to divide
the cities under investigation into resource-based and non-

resource-based categories. This categorization allows for a
comparative examination of the ways in which the influence
of livelihood development on carbon emissions differs
depending on the resource endowment of these cities. The
HDI and its squared term in resource-based cities show
significantly positive coefficients from columns (3) to (4) of
Table 6, but they fail the Utest test at the 5% significant level,
suggesting that there is still evidence of a carbon-increasing
effect in resource-based cities related to livelihood
development. In non-resource cities, the relationship between
the livelihood development and carbon emissions is formed
like an inverted “U”. The results of the significance test for
group differences in coefficients demonstrate a significant
difference between the two groups’ coefficients. The
explanation could be that non-resource cities are able to
reduce carbon emissions through technological innovation
and upgrading of the industrial structure, whereas resource
cities have more abundant energy and resources and
become unduly dependent on resources in the process of
promoting urbanization, which raises carbon emissions (Yan
et al., 2021).

6 Conclusion and policy
recommendations

6.1 Conclusion

This research measured the human development index and
CO2 emissions from energy consumption using panel data from
the Yangtze River Delta urban agglomeration from 2000 to 2021.
It then built the STIRPAT model to examine the impact of
livelihood development on reducing carbon emissions
empirically. The findings of the study were as follows: (1) The
relationship between livelihood development and carbon
emissions shows an inverted “U” shape, indicating a large
reduction in carbon emissions at this level. After a series of
robustness tests, the finding holds true. (2) The mechanism test

TABLE 6 Results of heterogeneity test.

Variable Central area Non-central area Resource-based Non-resource-based

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

lnHDI −3.725*** 2.694*** 3.225** −3.548***

(0.789) (0.757) (1.522) (0.564)

(lnHDI)2 −4.194*** 2.019*** 3.332** −4.333***

(0.810) (0.694) (1.372) (0.550)

Control Yes Yes Yes Yes

Constant 2.598*** 3.488*** 4.074*** 2.579***

(0.173) (0.207) (0.384) (0.143)

Time-fixed Yes Yes Yes Yes

City-fixed Yes Yes Yes Yes

R-squared 0.982 0.996 0.990 0.991
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shows that by boosting investment in innovation, livelihood
development lowers CO2 emissions. The regulation effect of
investment intensity on the relationship between livelihood
development and CO2 emissions is positive. The curve is more
convex and the inflection point is somewhat pushed to the right
under the regulation of investment intensity. (3) In central cities
and non-resource cities, the relationship between livelihood
development and CO2 emissions is more substantial in an
inverted U shape.

6.2 Policy recommendations

In order to improve the livelihood development and meet the
aim of carbon peaking as soon as feasible, this study makes the
following recommendations for the Yangtze River Delta urban
agglomeration based on the conclusions mentioned above.

Firstly, enhance public service systems for human development.
To protect a higher degree of human development, the government
should create a strong public service system for the entirety of
human existence and implement the sharing of high-quality public
services as soon as possible. To lessen the pollution that landfills and
incineration contribute to the environment, hospitals and associated
organizations should improve waste management and streamline
medical service procedures. The government should aggressively
maximize the distribution of educational resources, ensure that all
citizens have access to high school education, and consistently raise
the educational attainment of its citizens. For cities with high levels
of HDI (e.g., Shanghai, Nanjing, Suzhou, and Hefei), they should
focus on advanced waste management technologies and accelerate
cross-jurisdictional sharing of high-quality healthcare and education
resources through digital platforms to become regional centers of
innovation and service excellence. As for cities with an average level
of HDI (e.g., Anqing, Liuan, Fuyang, etc.), these cities should
prioritize the improvement of basic waste management
infrastructure and the expansion of educational opportunities in
order to reduce regional disparities.

Secondly, promote innovation investment and green finance.
The government ought to make the most of the regulatory effects of
investment intensity and bolster the contribution of innovation
investment to the reduction of carbon emissions. Local governments
ought to support the green finance system and encourage the
development of low-carbon technologies. When assigning fixed-asset
investments, they also need to pay attention to green and sustainable
projects. For these initiatives, it is imperative to improve environmental
evaluations and openness. These initiatives will all have a major impact
on reducing carbon emissions.

Thirdly, formulate policies in light of different characteristics of
cities. Policies on livelihood development should be developed by the
state and pertinent agencies in accordance with local circumstances.We
can propose different policy concerns for different types of cities based
on the heterogeneity analysis. On the one hand, in the regional
heterogeneity analysis, we categorize the 41 cities into central area
cities and non-central area cities according to the policy report. Central
area cities (e.g., Shanghai, Hangzhou,Wuhu, etc.) should invest more in
public services such as education and healthcare, build more low-
carbon and energy-saving public facilities, and improve the quality of
life for their residents. These central cities should play a leading role in

promoting resource sharing and collaborative development with
neighboring non-central cities through the establishment of regional
cooperation mechanisms. Non-central area cities (e.g., Lianyungang,
Lishui, Huangshan, etc.) should focus on improving public
transportation and energy efficiency, leveraging their ecological
advantages to create ecologically livable cities, and developing low-
carbon industries such as eco-agriculture and rural tourism to promote
residents’ employment and income generation. On the other hand, in
the type heterogeneity analysis, we classify cities into resource-based
cities and non-resource-based cities. Resource-based cities (e.g.,
Xuzhou, Suqian, Huzhou, etc.) should increase ecological restoration
in resource extraction areas to improve the ecological environment and
enhance residents’ quality of life. They should also accelerate the
optimization of their energy structure, reducing dependence on
traditional fossil fuels and increasing the use of renewable energy.
Non-resource-based cities (e.g., Changzhou, Nantong, Ningbo, etc.)
should promote the greening of public service facilities such as
education and healthcare to improve energy efficiency and reduce
carbon emissions. Additionally, these cities should strengthen scientific
and technological innovation and support enterprises in the research
and development and application of low-carbon technologies to
enhance industrial competitiveness. These measures will not only
reinforce the inverted U-shaped relationship between livelihood
development and carbon emissions in central and non-resource-
based cities but also facilitate the transition of non-central and
resource-based cities to low-carbon development.

7 Limitations and future directions

Although this study provides new insights into how livelihood
development affects CO2 emissions, there are still some limitations.
First, this study uses panel data from the Yangtze River Delta urban
agglomeration rather than time series data from individual cities.
The focus on quantitative analysis may not adequately capture the
specific characteristics of each city. Therefore, specific findings and
policy recommendations cannot be provided for each city.
Additionally, this study focuses on the mediating role of
innovation inputs and the moderating role of investment
intensity between livelihood development and CO2 emissions in
the Yangtze River Delta urban agglomeration. However, other
potential influencing factors, such as public services and social
trust, are not included in the analysis. This may affect the
comprehensiveness of the mechanism analysis.

In response to these limitations, future research can be
expanded and deepened in the following ways. First, conduct
specific and in-depth urban analysis. Future research can use
county-level data to conduct more specific and in-depth analyses
of urban agglomerations, building on the overall impact studies.
For example, using county-level carbon emissions data to analyze
the heterogeneity of different counties in the relationship
between livelihood development and carbon emissions can
provide more targeted recommendations for city-level
policymaking (Zhu et al., 2024). Second, enrich the
mechanism variables. Future studies may consider adding
factors such as public services and social trust as mechanism
variables to enrich the current findings. For example, the
optimization of public services may affect carbon emissions by

Frontiers in Environmental Science frontiersin.org10

Zhu and Lin 10.3389/fenvs.2025.1523850

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1523850


improving residents’ quality of life and promoting green
consumption (Prabhu and Pai, 2012). Social trust may play an
important role in environmental protection by reducing CO2

emissions through social expectations and public opinion
pressure (Zhang and Fu, 2023).
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