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How aging impacts environmental sustainability—
insights from the effects of social consumption and
labor supply
Shuyu Li1, Qiang Wang 2,3✉ & Rongrong Li2,3✉

Population aging is discreetly reshaping the dynamics of social demand and labor supply,

introducing potential turbulence to global carbon emissions. Understanding the impact of

aging on carbon emissions is imperative for steering the next phase of sustainable devel-

opment. This study, focusing on China, the world’s largest carbon emitter, delved into the

intricacies of how population aging influences carbon emissions using a dynamic panel

threshold model and a mediated effects model. Geographic heterogeneity within China was

also considered. On the one hand, this study incorporated three consumer-side inter-

mediation mechanisms: energy consumption, residential consumption and medical con-

sumption. It was found that the positive driving effect of consumption-side variables on

carbon emissions was characterized by an inverted “U”-shaped change in China’s highly

aging regions, while an asymptotic upward trend of 7.65% was observed in regions with

moderate and low aging. On the other hand, this study scrutinized three supply-side med-

iating mechanisms: industrial structure, R&D innovation and labor supply. The mechanism of

supply-side variables on carbon emissions exhibited a shift from robustly positive driving to

more nuanced weak positive driving or even negative inhibiting in highly aging regions, while

inhibiting effects dominated in regions with moderate and low aging. This study offers a dual

perspective encompassing both the production and consumption sides, which lays a foun-

dation for exploring the internal mechanism of aging on carbon emission.
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Introduction

The latest report released by the World Meteorological
Organization (WMO) shows that global atmospheric
greenhouse gas emissions have reached a new record high.

As the most dominant greenhouse gas, carbon dioxide con-
centration reaches 413.2 ppm in 2020, accounting for about 66%
of the warming effect. Among them, human socio-economic
activities are the main cause of global carbon growth. Conse-
quently, changes in the demographic field are bound to trigger
new upheavals in carbon emissions. The recently released UN
report World Population Prospects 2022 showed that population
aging was becoming one of the distinct global trends. The report
stated that in 2021, the global population aged 65 and over was
761 million, and this number will increase to 1.6 billion by 2050
(Chen et al. 2022). From the perspective of the structure of social
demand and supply patterns, aging is bounded to have new
implications for environmental sustainability (Masson-Delmotte
et al. 2022).

A large number of scholars have conducted extensive
research around the impact of aging on carbon emissions (Yu
et al. 2022). Some scholars focus on energy use habits in an
aging society, preferring that aging triggers an increase in
carbon emissions (Pan et al. 2021), while others propose that
aging can reduce carbon emissions by promoting industrial
upgrading (Menz and Welsch 2012). These conflicting findings
reflect the complexity of the impact of aging on carbon emis-
sions. With the deepening of global aging, the rapid expansion
of the absolute elderly population is bound to change the scale
and structure of society’s consumption to a certain extent. In
addition, aging societies have less and less labor entering the
production system, while global welfare spending enters a
period of terrible expansion, which would inevitably drag down
global productivity gains (Mason et al. 2022). Scholars such as
Zheng (Zheng et al. 2023) and Meng (Meng et al. 2018) have
confirmed that changes in the production and consumption
sides of society would exert a more long-term impact on carbon
emissions. Therefore, examining the impact of aging on carbon
emissions should consider the indirect effects of consumption
and production both.

Since the onset of the twenty-first century, China has under-
gone a phase of rapid development coinciding with a swiftly aging
population. As the paramount carbon emitter, understanding the
implications of China’s future profound aging for carbon emis-
sion trends is pivotal for achieving Sustainable Development
Goals. However, owing to the influence of geographic diversity
and data selection, the mechanism governing the impact of aging
on carbon emissions in China has remained in an ambiguous
state (Yu et al. 2023). Whether viewed through the lens of pro-
duction or consumption pathways, the impact of aging on carbon
emissions exhibited notable regional variability (Fan et al. 2021).
Consequently, a nuanced examination of the mechanism under-
lying the impact of aging in China necessitates a geographical
differentiation to unravel its complex dynamics (Zhang and Tan
2016).

On the basis of existing studies, this study innovates the
mechanism of aging on carbon emissions. On the one hand, we
refine the mediating channels through which aging affects carbon
emissions into two aspects: the production side and the con-
sumption side. Among them, energy consumption, residential
consumption, healthcare consumption, industrialization propor-
tion, R&D innovation, and labor supply are regarded as med-
iating factors. On the other hand, we extend the study at the
national level to the level of regions with high, medium, and low
levels of aging. The exploration of heterogeneity in stages has
practical effects for comprehensively measuring the carbon tra-
jectories under different processes.

The remainder of this paper is organized as follows: the “Lit-
erature review” section describes the literature review; the
“Methods and data” section constructs the theoretical framework
and presents the data and methods; the “Empirical results and
analysis” section discusses the main results; and the “Conclusion”
section offers conclusions and policy implications.

Literature review
The relationship between aging and carbon emissions. Along
with the global prominence of aging, more and more scholars are
concerned that population age structure change has a more long-
term impact on climate change than population size (Wang et al.
2023b). However, even though such studies have been emerging
for a long time, there is no consistent conclusions on the extent of
the impact.

The consumption behavior and habits of the elderly differ from
those of the younger population due to solidified ideologies and
declining physical functions. Taking energy usage as an example,
the elderly tends to spend a significant amount of time indoors,
implicitly increasing the share of household energy consumption
(Shi et al. 2023). Additionally, the rising proportion of
hospitalization in an aging society contributes to increased
carbon emissions in the healthcare industry (Yang et al. 2022).
These factors affirm the close relationship between aging and
carbon emissions. Numerous studies indicated a linear impact of
population aging on carbon emissions, but there was controversy
regarding the direction of this impact. For instance, scholars
found that the activity intensity of the elderly was significantly
lower than that of other age groups after investigating behavioral
attributes across different age stages (An et al. 2020). Similarly,
scholars constructing models for household consumption pat-
terns discovered a trend of aging in the consumption of energy-
intensive products. In terms of environmental awareness and the
tendency to choose energy-efficient products, some analysts
argued that there was a positive correlation between aging and
carbon emission. For example, research affirmed the environ-
mental consciousness of the working-age population, suggesting
that younger individuals were more inclined to use energy-
efficient products and adopt low-carbon transportation methods.
Seeking empirical evidence, scholars utilizing the STIRPAT
model investigated the impact of aging on carbon emissions,
finding a tendency toward a positive correlation at the national
level (Zhang and Tan 2016). At the regional level, the linear
relationship between aging and carbon emissions is influenced by
numerous latent variables, resulting in heterogeneity.

Some studies have analyzed the relationship between popula-
tion aging and carbon emissions from a nonlinear perspective
(Feng et al. 2023). Wang et al. used a panel threshold regression
approach to examine data from a sample of 154 countries and
concluded that there was a threshold between aging and per
capita carbon emissions, indicating a nonlinear impact of aging
on per capita carbon emissions (Wang et al. 2024b). Certain
research suggests that the promotional effect of aging on carbon
emissions tends to exhibit a characteristic of initial enhancement
followed by a decline. For example, utilizing a threshold
regression model and a two-stage instrumental variable regres-
sion model, Fan Jianshuang et al. estimated that population aging
initially increases carbon emissions in urban households. Still,
once the level of aging surpassed a critical threshold, its driving
effect on carbon emissions weakened (Fan et al. 2021). In contrast
to the arguments of the previous scholars, some scholars have also
found that the inhibitory effect of aging on carbon emissions was
initially weak and then strengthens (Yang and Wang 2020). The
reasons for the diverse outcomes are mostly associated with
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differences in factors such as industry, region, indicator data, and
more (Zhang et al. 2023).

Drivers of carbon emissions endogenous: production-side.
Beyond direct relationships, aging exerts indirect effects on car-
bon emissions through various intermediary variables. From a
production perspective, population aging is undeniably instigat-
ing a comprehensive transformation in productivity. Through a
comprehensive review, this study reveals that the impact of
population aging on carbon emissions, via the production-
induced pathway, is primarily manifested at three levels: indus-
trial structure, R&D innovation, and labor supply (Mamipour
et al. 2019).

Firstly, in terms of industrial structure, population aging
induces a “forcing effect” on the industry structure by influencing
automation levels and human capital (Jiang et al. 2018). For
instance, Bloom et al. found that due to the reduction in the
workforce, enterprises were compelled to intensify technological
innovation, employing automation and intelligent devices to
replace manual labor, thereby swiftly enhancing the factor
productivity of enterprises (Bloom et al. 2010). Building upon
this, the transformation of industrial structure shifts the intrinsic
growth mode of the economy, injecting a cleaner and more
efficient development model into resource utilization (Li et al.
2023). Ronald et al. noted that due to population aging, labor
resources were becoming increasingly scarce. The demand for the
quality of human capital became more stringent, gradually
replacing many low-skilled workers with highly skilled and
talented individuals, thereby providing impetus for the high-
quality development of the manufacturing industry (Lee and
Mason 2010).

Secondly, in the realm of research and development (R&D)
innovation, funds allocated to elderly care and public health have
displaced national investments in R&D activities, thereby
curtailing societal innovation capabilities in the short term.
However, over the long term, the decline in the proportion of the
working-age population resulting from aging is poised to
stimulate society to meet production demands through the
assimilation of novel technologies, thereby exerting a positive
influence on technological innovation (Liu et al. 2022). Gehringer
et al., utilizing panel data spanning from 1960 to 2011 from
OECD countries, conducted an analysis revealing a positive
correlation between life expectancy and productivity (Gehringer
and Prettner 2019).

Lastly, on the front of labor supply, population aging elevates
the average age of the working-age population, impeding the
enhancement of labor force participation efficiency and societal
productivity (Fan et al. 2015). Kühn, in his research, pointed out
that the impact of elderly workers on the labor market extended
beyond the challenge posed by the increasing number of retirees;
it also heightened the risk faced by the labor market during
economic crises (Kühn et al. 2018). Lisenkova et al. employing a
generational overlapping computable general equilibrium model,
computed that labor productivity needs to increase by 15% over
the next 100 years to offset the output loss caused by population
aging (Lisenkova et al. 2013).

Drivers of carbon emissions endogenous: consumption-side.
From the perspective of consumption, population aging alters
societal product usage demands, thereby influencing the overall
consumption structure (Mi et al. 2016). Studies have found that
the consumption coefficient of the elderly population is sig-
nificantly lower than that of the working-age population. How-
ever, the overall changes in lifestyles and product preferences of
residents in an aging society have led to shifts in the societal

consumption structure (Shuai et al. 2014). The environmental
impact associated with these changes is no less significant than
that of technological innovations.

A review of the literature indicates that the impact of
population aging on carbon emissions, through the
consumption-induced pathway, is primarily manifested in three
dimensions: energy consumption, residential consumption, and
medical consumption. Firstly, the mainstream view in academia
suggests that aging may lead to a shift in the type of energy
consumption from traditional sources to green and clean energy,
thereby reducing carbon emissions (Wang et al. 2023a). Some
studies, however, indicate that societies with a higher proportion
of elderly individuals appear to make the production and
distribution of services more energy-intensive. For example,
Richard correlated industrial and commercial energy consump-
tion with the proportion of the population aged 65 and above in
14 EU member countries, finding that for every 1% increase in
the proportion of elderly individuals, industrial/commercial
energy consumption would increase by ~0.9%. Secondly, in
terms of residential consumption, the elderly population generally
exhibits lower overall consumption capacity, stable consumption
structures, and a preference for practical products meeting daily
needs. Research suggested that the substantial consumption of
durable goods directly lead to a sharp increase in carbon
emissions and triggered carbon emissions through inter-
industry driving effects. Lastly, in medical consumption, the
one-time payment and ongoing hospitalization costs of the
elderly population constitute a significant proportion of health-
care expenses. While the carbon intensity of healthcare is not as
high as that of industry, the production of medical equipment
and drugs still contributes to some carbon emissions (Wu 2019).
Cassandra et al. found that the healthcare industry in the United
States annually consumed ~479 million tons of carbon dioxide,
accounting for nearly 8% of the total national emissions. Among
these, hospital care and clinical services were the largest sources
of emissions in the healthcare industry, with structural equipment
and pharmaceuticals ranking as the third and fourth largest
sources, respectively (Thiel and Richie 2022). Thus, it was evident
that strengthening guidance and control over consumption
behavior were crucial for building a low-carbon consumption
model (Chen et al. 2018).

Literature summary. Table 1 systematically summarizes the
intermediate factors involved in the literature on aging and car-
bon emissions. As shown in the table, the impact indicators of
population aging on carbon emissions are diverse and scattered.
Relevant research primarily focuses on either the societal pro-
duction pathway or the societal consumption pathway, lacking a
systematic demonstration that unifies both aspects. Furthermore,
this body of research lacks dynamic analyses of response
mechanisms across different aging stages. This situation leaves
the driving mechanisms of carbon emissions in future aging
societies unclear.

This study aims to explore a more comprehensive analytical
framework to address the existing dispersion across different
perspectives in current research. The innovations in this study are
as follows: (1) As depicted in Fig. 1, this research subdivides the
intermediate pathways through which aging impacts carbon
emissions into two aspects—production and consumption. It
selectively filters core elements such as energy consumption,
residential consumption, healthcare, industrialization, R&D
innovation, and labor participation, providing a thorough over-
view and summary of existing research. (2) This study examines
the impact pathways of aging on carbon emissions from a
nonlinear perspective, identifying structural breakpoints in
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factors affecting carbon emissions during the evolutionary
process of aging. Distinguished from the majority of studies
utilizing static panels, this research employs dynamic provincial-
level panel data from China spanning 2000 to 2020, representing
a valuable academic endeavor. (3) To mitigate interference from
different aging stages on regression results, this study categorizes
the investigated regions into three types: high-level aging,
medium-level aging, and low-level aging. Within each region,
the impacts of the six pathways are separately explored, aiming to
elucidate the underlying patterns between aging and carbon
emissions. The aforementioned exploration extends the study
from theoretical assumptions to empirical deduction, compre-
hensively revealing the complexity of the impact of changes in
population age structure on the societal environment.

Methods and data
Data sources. Panel data can observe the sample data of multiple
cross-sections in the time series simultaneously and control the

bias caused by heteroskedasticity among different regions.
Therefore, this study selects Chinese provincial panel data to
measure the impact of population aging on carbon emissions.
Considering the missing data of Hong Kong, Macau, Taiwan and
Tibet in the China Statistical Yearbook, the data of the remaining
30 provinces and cities from 2000 to 2020 are chosen as the
research sample. The types of variables and units set in this study
are shown in Table 2, including carbon emissions (explanatory
variable), the proportion of elderly population (threshold vari-
able) and six explanatory variables (i.e., energy consumption, per
capita consumption expenditures, health care consumption
expenditures, industrial structure, share of R&D expenditures,
and labor force participation rate).

In terms of data sources, the percentage of the elderly
population, per capita residential consumption expenditure,
healthcare consumption expenditure, and industrial structure
are obtained from the “China Statistical Yearbook”. Energy
consumption categorized by type is sourced from the “China

Table 1 Existing studies on the role of population aging on carbon emissions.

Mechanism Author Indicator

Consumption-side He et al. (2018), Yang and Liu (2017) Housing consumption
Thiel and Richie (2022), W. H. Organization (2012) Pharma consumption
Mao and Xu (2014), De Meijer et al. (2011) Medical consumption
Bardazzi and Pazienza (2017) Consumption habits
He et al. (2018) Electricity consumption
Soltani et al. (2020), Menz and Kühling (2011), Li et al. (2024) Residential consumption
Charlier and Legendre (2021), Song et al. (2018) Energy consumption

Production-side Wang et al. (2024c) Industrial structure
Wei et al. (2018), Kühn et al. (2018) Labor productivity
Lee and Mason (2010) Manufacturing development
Jones (2010), Lancia and Prarolo (2012) Innovation capability
Gehringer and Prettner (2019), Dixon (2003) Social productivity
Acemoglu (2010), Lisenkova et al. (2013) Technological advances
Mao and Xu (2014), Can et al. (2021) Aging industry

Fig. 1 Pathways of population aging on carbon emissions. This image illustrates the six mechanisms through which aging affects carbon emissions. In the
consumption-side mediation mechanisms, it includes energy consumption (Eng), household consumption (Exp), and medical consumption (Med). On the
supply side, the mediation mechanisms comprise industrialization level (Ind), research and development innovation level (Rd), and labor participation level
(Lp).
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Energy Statistical Yearbook”. The percentage of research and
development (R&D) expenditure is derived from the “China
Science and Technology Statistical Yearbook”. The labor
participation rate, defined as the ratio of the labor force to the
working-age population, utilizes employment figures from the
“China Population and Employment Statistical Yearbook”.
Additionally, specific carbon emission data for each region in
China are not officially disclosed by government agencies. The
Intergovernmental Panel on Climate Change (IPCC) provides a
method based on energy consumption and carbon emission
coefficients, characterized by its scientific, systematic, and
comprehensive nature. This method calculates carbon dioxide
emissions based on the consumption of various fossil fuels such
as raw coal, coke, crude oil, fuel oil, gasoline, kerosene, diesel,
liquefied petroleum gas, and natural gas. According to the IPCC-
provided method, the formula for calculating carbon emissions in
each region is as follows: CO2;j ¼ ∑9

i¼1Ei;j ´ ai ´ f i. Here, i
represents the ith type of fossil energy source, j represents the
jth region, CO2;j is the carbon emissions in the jth province, Ei;j is
the consumption of the ith energy source in the jth province, ai is
the conversion coefficient of the ith energy source to standard
coal, and f i is the carbon dioxide emission per unit of energy
produced. Since the carbon emissions from various energy
sources during combustion or usage are essentially fixed, the
carbon emission coefficients for each energy source remain stable.

Dynamic panel threshold model. In practical scenarios, the
impact of various factors on carbon emissions manifests differ-
ences across different stages of aging. For instance, in the early
stages of aging, the level of industrialization significantly drived
carbon emissions. As the degree of aging increases, the added
value of the secondary industry gradually decreases, leading to a
weakening effect of industrialization on carbon emissions. Simi-
larly, when the aging level of a region was low, the relationship
between effective labor supply and carbon emissions was rela-
tively weak. However, as the aging level crossed a certain critical
threshold, the impact of effective labor supply on carbon emis-
sions became more pronounced. To understand the hetero-
geneous effects of various variables on carbon emissions during
different aging stages, identifying the “aging rate” turning point
that triggers the structural shift is crucial.

“Threshold effect” accurately describes the phenomenon when
a specific variable reaches a critical point, leading to a sudden
shift in its development. In this process, the critical point causing
a structural change in other variables is referred to as the
threshold value. The threshold can be a point in time, such as the
implementation of a policy, or it can be represented by a variable.
In early research, grouping tests and interaction term methods

were common approaches for determining threshold values. The
former often suffered from low accuracy due to subjective biases
in determining separation points. The latter relied on the sign of
the interaction term coefficient to determine the direction of the
threshold variable’s effect, but the economic significance of the
interaction term was often unclear. As research advances, the
panel threshold model introduces endogeneity within the system
and provides a robust method for statistically testing the
significance of threshold effects.

In the development of the threshold regression model, the
static panel threshold model based on fixed effects was first
proposed by Hansen (1999). This method can accurately and
objectively estimate the threshold value based on the internal
characteristics of the variables and test the significance of the
threshold interval using the “self-sampling” method, which can
compensate for the shortcomings of the cross-term model
method and the group test method. With continuous research,
the problem of bias caused by the explanatory variables as well as
the endogeneity of the threshold variables has attracted extensive
attention from scholars. To address such problems, Caner and
Hansen (2004) proposed two-stage least squares estimation of
threshold parameters and generalized moments estimation
methods, which were successfully applied to dynamic panel
threshold models by Kremer et al. (2013). The dynamic panel
threshold model, built upon the static model, incorporates the
influence of time, enhancing its ability to capture the dynamic
nature of the data (Li et al. 2022). This study draws on Kremer’s
method to conduct a series of dynamic panel threshold regression
analyses on national data with carbon emissions as the
explanatory variable and the aging rate as the threshold variable
(Seo and Shin 2016).

First, single threshold model on the energy-driven path is set
up as shown in Eq. (1):

lnðCO2i;tÞ ¼ β0 þ β1ln engit
� �

´ I ageit ≤ γ
� �þ β2ln engit

� �
´ I ageit > γ

� �

þ β3lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð1Þ

Where γ is the threshold value and I �ð Þ is the threshold indicative
function, i.e., I �ð Þ ¼ 1 when the condition of the expression in
parentheses holds, and I �ð Þ ¼ 0 on the contrary. In this equation,
the effects of energy consumption on carbon emissions are β1 and
β2 for the two cases of aging rate below the threshold ageit ≤ γ

� �

and aging rate above the threshold ageit>γ
� �

, respectively. The
remaining variables β3 are the parameters to be estimated for the
first-order lagged terms of the explanatory variables, βn are the
parameters to be estimated for the other control variables, εit
denotes the independent identically distributed random

Table 2 Explanation of each variable.

Properties Name Symbol Unit

Explained variables Carbon emissions CO2 Millions of tons (Mt)
Threshold variables Aging Age Percentage (%)
Main explanatory variables Energy consumption Eng Million tons of standard coal

Residential consumption Exp RMB
Medical consumption Med RMB
Industrial structure Ind Percentage (%)
R&D innovation Rd Percentage (%)
Labor supply Lp Percentage (%)

Control variables Population density Popd People/square kilometer
Affluence Pgdp RMB
Service industry Sep Percentage (%)
Urbanization Urb Percentage (%)
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perturbation terms, and μi represents the individual effects of
different regions.

In addition to the energy-driven path with energy consumption
as the main explanatory variable, this study replaced the core
explanatory variables energy consumption with residential
consumption, medical consumption, industrial structure, R&D
innovation, and labor supply, successively setting a single
threshold model, as shown in Eqs. (2)–(6):

lnðCO2i;tÞ ¼ β0 þ β1ln expit
� �

´ I ageit ≤ γ
� �þ β2ln expit

� �
´ I ageit > γ

� �

þ β3lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð2Þ
lnðCO2i;tÞ ¼ β0 þ β1ln medit

� �
´ I ageit ≤ γ

� �þ β2ln medit
� �

´ I ageit > γ
� �

þβ3lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð3Þ
lnðCO2i;tÞ ¼ β0 þ β1indit ´ I ageit ≤ γ

� �þ β2indit ´ I ageit > γ
� �

þ β3lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi
ð4Þ

lnðCO2i;tÞ ¼ β0 þ β1rdit ´ I ageit ≤ γ
� �þ β2rdit ´ I ageit > γ

� �

þ β3lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi
ð5Þ

lnðCO2i;tÞ ¼ β0 þ β1lpit ´ I ageit ≤ γ
� �þ β2lpit ´ I ageit > γ

� �

þ β3lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi
ð6Þ

In Eqs. (1)–(6), carbon emissions, energy consumption,
residential consumption, and medical consumption are expressed
in absolute terms, and hence, a logarithmic transformation is
applied. Aging, industrial structure, R&D innovation, and labor
supply are represented as relative quantities, and thus, their
original values are retained. In practical applications, the specific
effects of the core explanatory variables on carbon emissions are
also determined based on the conditions under which the
indicative functions hold and the significance levels of the
parameters β1 and β2.

Test of threshold effect. To avoid the problem of bias due to
endogeneity of variables, this study uses least squares estimation
for parameter estimation of the panel threshold model. First, the
method of within-group averaging is required to eliminate the
individual fixed effects. Taking Eq. (1) as an example, the fol-
lowing form is obtained after within-group averaging:

lnðCO2i;tÞ ¼ β0 þ β1ln engit
� �

´ I ageit ≤ γ
� �þ β2ln engit

� �
´ I ageit>γ

� �

þ β3lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð7Þ
Second, on the basis of the standard form and the mean form

of the equation (Lee et al. 2011), the discrete form of the equation
is further obtained by subtracting the two:

lnðCO2i;tÞ� ¼ β0 þ β1ln engit
� �� ´ I ageit ≤ γ

� �þ β2ln engit
� �� ´ I ageit>γ

� �

þ β3lnðCO2i;t�1Þ� þ βnXcontrol�it
� þ εit

�

ð8Þ
Third, a specific threshold value γ is taken for the formula that

has eliminated individual effects, and least squares are applied to
the estimation of the regression parameters to generate the
coefficients shown below:

β̂ γ
� � ¼ ½X�ðγÞ0ln engit

� ��ðγÞ��1
ln engit
� ��ðγÞ0lnðCO2i;tÞ� ð9Þ

The corresponding residual vectors and residual sums of
squares are obtained as:

ê� γ
� � ¼ lnðCO2i;tÞ� � ln engit

� ��ðγÞ � β�ðγÞ ð10Þ

SSE γ
� � ¼ ê� γ

� �0
ê� γ
� � ð11Þ

Finally, according to the different assignments to γ, these residual
sums of squares are compared using the grid search method, and
the value of γ corresponding to the smallest residual sum of squares
is selected as the threshold value, i.e., γ̂ ¼ argminSSEðγÞ. The
estimated residual variance of σ̂2 ¼ SSE γ

� �
=NðT � 1Þ and the

estimated regression coefficient of β̂ ¼ β̂ðγ̂� were also obtained.
In order to determine the validity of the empirical results,

further tests related to the threshold effect are required. The first
is a significance test for the existence of the threshold effect,
which is essentially a test for the significance of the regression
coefficients. The existence of the threshold effect is determined by
observing whether there is a significant difference between the
coefficients β1 and β2 (Lee et al. 2011). The original hypothesis is
H0 : β1 ¼ β2, i.e., there is no threshold effect; the alternative
hypothesis is H1 : β1 ≠ β2, i.e., there is a threshold effect. This test
is implemented by constructing an F-statistic, which can be
expressed by the following equation:

F ¼ S0 � S1ðγ̂Þ
σ̂2

ð12Þ

The truth test of the threshold estimate is to test whether the
estimate of the threshold is equal to the true value by means of
the maximum likelihood estimator, where the original hypothesis
is that the two are equal and the alternative hypothesis is that the
two are not equal. The statistics of the great likelihood ratio are:

LRnðγÞ ¼
SnðγÞ � Snðγ̂Þ

σðγ̂Þ2 ð13Þ

Since the distribution of the LR statistic was still non-standard
normal, based on the theory of asymptotic distribution, Hansen
provided a formula criterion for calculating the critical value
based on its cumulative distribution function to determine its
rejection domain. The inverse function of the distribution
function cðαÞ ¼ �2 logð1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� αð Þ

p
Þ is established, where α is

the set significance level, and the values of cðαÞ at significance
levels of 1, 5, and 10% are calculated as 10.59, 7.35, and 6.53. If
LRn γ

� �
>cðαÞ ¼ �2 logð1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� αð Þ

p
Þ, the original hypothesis is

rejected and the alternative hypothesis that the threshold
estimates, and the threshold true values are not equal is accepted.

Multi-threshold panel model. A single threshold value divides
the regression coefficients of the explanatory variable into two
intervals: below the threshold value and above the threshold value.
In the actual research process, the complex relationship between
variables or the internal structure of threshold variables often leads
to the situation of double thresholds. In this case, dual thresholds
divide the variable into three stages: below the first threshold,
between the first and second thresholds, and above the second
threshold. The regression coefficients of the variable exhibit dif-
ferent values in the three intervals. In this study, the constructed
double-threshold panel models are shown in (14)–(19) in order:

lnðCO2i;tÞ ¼ β0 þ β1ln engit
� �

´ I ageit ≤ γ1
� �þ β2ln engit

� �

´ I γ1<ageit ≤ γ2
� �þ β3ln engit

� �
´ I ageit>γ2

� �

þ β4lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi
ð14Þ
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lnðCO2i;tÞ ¼ β0 þ β1ln expit
� �

´ I ageit ≤ γ1
� �þ β2ln expit

� �

´ I γ1<ageit ≤ γ2
� �þ β3ln expit

� �
´ I ageit>γ2

� �

þ β4lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð15Þ

lnðCO2i;tÞ ¼ β0 þ β1ln medit
� �

´ I ageit ≤ γ1
� �þ β2ln medit

� �

´ I γ1<ageit ≤ γ2
� �þ β3ln medit

� �
´ I ageit>γ2

� �

þ β4lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð16Þ

lnðCO2i;tÞ ¼ β0 þ β1indit ´ I ageit ≤ γ1
� �þ β2indit ´ I γ1<ageit ≤ γ2

� �

þ β3indit ´ I ageit>γ2
� �þ β4lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð17Þ
lnðCO2i;tÞ ¼ β0 þ β1rdit ´ I ageit ≤ γ1

� �þ β2rdit ´ I γ1<ageit ≤ γ2
� �

þ β3rdit ´ I ageit>γ2
� �þ β4lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð18Þ
lnðCO2i;tÞ ¼ β0 þ β1lpit ´ I ageit ≤ γ1

� �þ β2lpit ´ I γ1<ageit ≤ γ2
� �

þ β3lpit ´ I ageit>γ2
� �þ β4lnðCO2i;t�1Þ þ βnXcontrol�it þ εit þ μi

ð19Þ

Where, γ1 and γ2 are two different thresholds; β1, β2 and β3 are
the regression coefficients of the main explanatory variables in
different threshold intervals. When β1 ≠ β2 ≠ β3, the double
threshold effect exists.

It is worth noting that the threshold values and the number of
thresholds need to be determined according to the theory of
minimum residual sum, the significance of the regression
parameters is determined based on Bootstrap test, the confidence
intervals are established using the theory of asymptotic distribu-
tion, and the model estimation results are established based on
the significance level, p value, and confidence interval.

Empirical results and analysis
Results of the threshold effect test. This section empirically
verifies whether there are jumps or abrupt changes in the impact
of each variable on carbon emissions during the evolution of
aging. Table 3 presents the threshold effect tests under the aging
rate threshold. The first column of the table lists the core
explanatory variables of the model, while the second column

shows the types of assumptions for single, double, and multiple
thresholds. The third column shows the test statistics, while the
fourth column presents the values obtained using 300 “self-
sampling” simulations. The fifth to seventh columns show the
threshold values at 10, 5, and 1% significance levels. The results
show that the dynamic panel models with energy consumption
(Eng), residential consumption (Exp), medical consumption
(Med), industrialization (Ind), R&D and innovation (Rd), and
labor supply (Lp) as the core explanatory variables have single
thresholds. This suggests that population aging divides the effect
of each factor on carbon emissions into two different structural
intervals. The effects of the social consumption side and the
production side on carbon emissions show two-stage differences
in the interval segments above and below the threshold estimates.

Specifically, when the aging level is below the threshold, the
coefficients of the impact of the social consumption and
production variables on carbon emissions are in a single take.
And when the aging level is higher than the threshold value, the
coefficients of the impact of the variables on carbon emissions
would change abruptly. This means that in the context of
population aging, adopting different policy measures according to
different stages of aging may produce more effective carbon
emission control.

After determining the number of thresholds, this study further
tests the veracity of the thresholds using the likelihood ratio
function plot. Figure 2 shows that in the model with the core
explanatory variable of energy consumption (Eng), the likelihood
ratio statistic lies within the confidence interval below the
threshold when the aging rate threshold estimate is 4.7491, which
proves that the threshold estimate is true and valid. The values of
the likelihood ratio function with residential consumption (Exp),
medical consumption (Med), industrial structure (Ind), and labor
supply (Lp) as the core explanatory variables are the same. The
threshold estimate of the aging rate in the model with R&D
innovation (Rd) as the core explanatory variable is 4.7573 and
passes the 95% confidence interval, so the R&D innovation
variable presents a structural breakpoint of the effect on carbon
emissions at an aging rate of 4.7573%. The confidence interval
provides a range of values that are deemed plausible for a
parameter or statistic. This result confirms that there is an abrupt
change in the impact of energy consumption, residential
consumption, healthcare consumption, industrial structure,

Table 3 Threshold effect tests of multiple driving paths under the threshold of aging.

Explanatory variable Threshold type F-statistic p value Threshold value

10% 5% 1%

Eng Single 90.87 0.0233 37.8123 53.3132 102.8507
Double −69.99 1.0000 20.2179 26.1245 50.1579
Multiple 1.79 0.9367 21.7353 31.3700 62.9416

Exp Single 93.90 0.0033 30.9502 42.6070 84.8832
Double −71.64 1.0000 18.9724 25.5980 36.0021
Multiple 2.26 0.9300 23.8681 35.0651 71.4724

Med Single 94.83 0.0000 28.4946 41.6356 58.7866
Double −72.69 1.0000 22.1954 29.2748 45.2758
Multiple 1.73 0.9433 14.3299 23.6744 43.6492

Ind Single 94.26 0.0067 32.1561 40.3095 64.4005
Double −77.54 1.0000 14.3976 19.2268 29.8245
Multiple 1.36 0.9833 15.8163 29.7117 49.9420

Rd Single 128.80 0.0000 49.3493 58.6557 96.5311
Double −73.19 1.0000 26.0164 40.4226 62.4413
Multiple 0.59 1.0000 23.3318 30.4957 57.2607

Lp Single 97.27 0.0100 29.1798 41.6733 79.2426
Double 7.61 0.5333 20.6642 29.1078 49.9822
Multiple 7.73 0.4533 15.8642 19.0060 49.6084
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R&D innovation and labor supply on carbon emissions during
the evolution of aging.

Analysis of threshold regression results for the consumer-side
drive path. This subsection further identifies the inner logic of the
consumption-side driving mechanism with the help of Stata
software. The regression results in Table 4 convey the following
messages: (1) For the energy consumption-driven pathway, when
the aging rate is below 4.7401%, each 1% increase in energy
consumption would lead to a 0.2945% increase in carbon emis-
sions. When the aging rate exceeds the threshold of 4.7401%, each
1% increase in energy consumption would result in a 0.4494%
increase in carbon emissions. This conveys that as the level of
aging continues to deepen, the positive contribution of energy
consumption to carbon emissions becomes more significant, with
each unit of energy consumption leading to 50% more increase in
carbon emissions than at the beginning of aging. (2) For the
residential consumption-driven path, when the aging rate is
below 4.7401%, carbon emissions would increase by 0.3201% for
every 1% increase in residential consumption expenditure; while
once the aging rate exceeds 4.7401%, the increase in carbon
emissions rises from 0.3201 to 0.4673% for every 1% increase in

residential consumption expenditure. This implies that during the
evolution of aging, China’s residential consumption shows an
enhanced driving mechanism of a small increase in carbon
emissions, with a rise of about 15%. (3) For medical consumption,
medical consumption expenditure does not show a significant
effect on carbon emissions when the aging rate is below 4.7401%;
as the aging rate exceeds 4.7401%, each 1% increase in medical
consumption expenditure would increase carbon emissions by
0.3627%. This result implies that there is a point-in-time char-
acteristic of the effect of health care consumption level on carbon
emissions in China, and that a specific aging threshold is the key
factor that triggers the statistical link between the two.

Figure 3 illustrates the impact coefficients of energy consump-
tion, residential consumption, and medical consumption on
carbon emissions in two stages. As shown in the figure, the
positive stimulating effects of these three variables on carbon
emissions are strengthened in the later stages of aging.
Specifically, when the level of aging surpasses a certain critical
threshold, the stimulating effect of energy consumption on
carbon emissions is doubled. The reason behind is that older age
groups tend to have a greater preference for energy-intensive
products in terms of energy use compared to younger

Fig. 2 Threshold estimates and 95% confidence intervals under multiple pathways. This image displays the likelihood ratio functions for each model. The
blue line represents the statistical estimate of the threshold, while the red dashed line represents the threshold curve at a 95% confidence level.
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generations. This tendency is mainly reflected in other residential
energy use such as building heating, cooking, and water,
electricity, and gas. For example, some older people usually rely
on heating or insulation to meet their living needs, or are
accustomed to taking traditional cooking methods such as coal-
fired or natural gas stoves. According to statistics, residential
energy consumption is the largest single source of all energy
consumption. Thus, the increase of this energy use increases the
proportion of carbon emissions consumed in the household. The
results of this study reinforce that the stimulating effect of social
energy consumption on carbon emissions is doubled when the
level of aging crosses a certain threshold. This empirical result is
generally consistent with the arguments of Balezentis (2020). The
rising trend in energy consumption and carbon emissions caused
by aging will have a series of impacts at the societal level (Li et al.
2021). For instance, society may experience increased pressure on
energy supply, especially in regions with a higher proportion of
elderly individuals. This could lead to a surge in energy prices,
thereby affecting the overall economic operation of society.

The growth of the residential consumption coefficient implies
that China’s aging process has intensified carbon emissions in the
residential consumption sector. The statistical results of this study
point out that the contribution of China’s residential consump-
tion expenditure to carbon emissions is deepening with the

deepening of population aging. The reason for this phenomenon
is that, driven by both economic growth and population aging,
the potential shrinkage of residential consumption levels due to
the increasing population aging is overwhelmed by the con-
sumption boom triggered by economic development, and the
overall expenditure level still shows a rapid increase over time
(Wang et al. 2024a). With the increase in the elderly population,
the residential consumption sector may witness the emergence of
more markets and services catering to the elderly. This not only
provides new opportunities for businesses but also requires the
formulation of relevant policies to ensure that these services align
with sustainable development needs.

The level of medical consumption has similarly exhibited a
positive reinforcement in its simulative effect on carbon
emissions. When the society is in the early stage of aging, the
number of elderly population and the level of medical consump-
tion are generally low, and the carbon emission caused by medical
consumption is not significant at this time. However, when the
aging rate exceeds a specific threshold, the size of the elderly
population increases significantly and brings about an increase in
the demand for social medical services. At the same time, the
proportion of medical consumption expenditure in the overall
consumption structure would also reach a certain share and have
an impact on environmental quality through a series of

Table 4 Coefficients and test statistics of the consumption-side driving path.

Variable Coefficient Standard error T-statistic p value

L1.ln_CO2 0.4165*** 0.1136 3.67 0.001
ln_Eng (Age < 4.7491) 0.2945** 0.1168 2.52 0.017
ln_Eng (Age≥ 4.7491) 0.4494*** 0.1270 3.54 0.001
ln_Exp (Age < 4.7491) 0.3201*** 0.0716 4.47 0.000
ln_Exp (Age≥ 4.7491) 0.4673*** 0.1260 3.71 0.001
ln_Med (Age < 4.7491) 0.1446 0.1223 1.18 0.247
ln_Med (Age≥ 4.7491) 0.3627*** 0.0997 3.64 0.001
Control variables Control

Fig. 3 The influence of the consumption-side driving path within different aging intervals. This image illustrates the variation in the impact of
consumption-side factors on carbon emissions. The left section displays the impact coefficients of consumption-side factors during the early stages of
aging, while the right section shows the impact coefficients of consumption-side factors during the later stages of aging.
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production channels. For example, medical consumer goods are
responsible for a certain share of energy consumption from the
production of raw materials, road transportation to sales and use.
In the long run, changes in energy consumption in the medical
consumer goods sector would inevitably increase energy-carrying
carbon emissions, thus leading to a stimulating effect of
healthcare spending on carbon emissions.

Analysis of threshold regression results for the production-side
drive path. The regression results outlined in Table 5 reveal
several noteworthy trends. Firstly, the degree of industrialization
consistently exerts a positive influence on carbon emissions
throughout the aging evolution. However, it is crucial to highlight
that this driving effect significantly diminishes during the later
stages of aging compared to the earlier stages. Secondly, the
influence of the R&D innovation level on carbon emissions
becomes apparent only after surpassing a specific aging threshold.
Over the entire survey period, R&D innovation consistently
demonstrates a negative impact on carbon emissions, and no
structural breakpoints are observed. Lastly, the impact of the
labor force participation rate on carbon emissions undergoes a

structural shift from being a negative inhibitor to becoming a
positive driver throughout the aging process in China.

Figure 4 displays the coefficients of the share of the secondary
industry, research and development (R&D) innovation, and labor
participation rate on carbon emissions in two stages. As shown in
the figure, the stimulative effect of the share of the secondary
industry on carbon emissions diminishes in the later stages of
aging. This indirectly confirms that population aging will, to some
extent, promote the transformation and upgrading of the social
industrial structure. During the period of low aging, the
secondary industry is in a rapid development stage, and the
society is prompted to consume electricity and energy by
increasing industrial activities and producing industrial products,
which leads to the positive influence of the share of secondary
industry on carbon emission more significantly. However, with
the increase of aging, the industrial level of the society has made a
big improvement. In the process of further aging, the society
would certainly prompt the rapid development of high-end
service industry and high-tech medical and health care industry
and drive the production side of the society to complete the
transition from labor-intensive industry-oriented to technology-
intensive industry-led, and from low-value-added industry to
high-value-added industry.

The characteristics of the impact of R&D innovation on carbon
emissions convey that the aging of the population would promote
the technological level at a specific stage. When the aging level is
low, R&D innovation is at a slower starting stage, and society
attaches less importance and support to R&D innovation, so the
marginal impact of the increase in research funding on carbon
emissions is minimal at this time. As the number of elderly people
gradually increases and the number of age-appropriate labor force
becomes smaller and smaller, the scarcity of labor leads to an
increase in the price of labor factors, and market players would
urge enterprises to take relevant measures to improve labor
efficiency, such as introducing new technology and equipment
and investing in R&D funds. Over time, social production
efficiency and green energy-saving products can be improved and

Fig. 4 The influence of the production-side driving path within different aging intervals. This image illustrates the variation in the impact of supply-side
factors on carbon emissions. The left section displays the impact coefficients of supply-side factors during the early stages of aging, while the right section
shows the impact coefficients of supply-side factors during the later stages of aging.

Table 5 Coefficients and test statistics of the production-
side driving path.

Variable Coefficient Standard
error

T-statistic p value

L1.ln_CO2 0.4030*** 0.1195 3.37 0.002
Ind (Age < 4.7491) 0.0231*** 0.0214 −1.08 0.006
Ind (Age≥ 4.7491) 0.0033** 0.0013 2.59 0.015
Rd (Age < 4.7573) −0.9048 0.6415 −1.41 0.169
Rd (Age≥ 4.7573) −0.0157*** 0.0053 −2.96 0.006
Lp (Age < 4.7491) −0.0142 0.0121 −1.17 0.012
Lp (Age≥ 4.7491) 0.0020 0.0023 0.88 0.007
Control variables Control

ARTICLE HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-02914-9

10 HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:387 | https://doi.org/10.1057/s41599-024-02914-9



promoted, and the growth rate of carbon emissions can be
effectively controlled.

The impact of the labor participation rate on carbon emissions
has shifted from inhibitory to stipulative. Recent population
census data indicates that China’s labor force participation rate
has been on a downward trend in the first decade of the twenty-
first century, with a total decrease of 5%. In the backdrop of
China’s demographic aging, the decline in the juvenile depen-
dency ratio and the substantial influx of the prime working-age
population persist as primary drivers continually propelling the
rising proportion of the working-age demographic. In a departure
from historical trends, the labor force participation rate, having
undergone a distinct period of notable decline, has presently
shifted toward stimulating carbon emissions through the
expansion of industrial value added. Consequently, the envisaged
scenario wherein the aging population curtails carbon emissions
by reducing labor supply has not materialized in China.

Heterogeneous effects of different stages of aging. Given the
vast size of China, differences in affluence, technology level, and
cultural attitudes among the 30 provinces contribute to the
uneven distribution of population aging. Ignoring the differences
among regions may lead to bias of theoretical regression results in
practical application. This study refers to the criteria for an aging
society developed by the World Health Organization (Rudnicka
et al. 2020), and divides the 30 provinces into highly aging,
moderately aging, and low aging regions based on the structural
intervals of aging rates of 7%–12%, 12%–14%, and 14%–20%. As
shown in Fig. 5, the highly aging regions contain 12 provinces
and cities, mainly located in the northeast region, the southeast
coastal region, and Sichuan and Chongqing regions. The mod-
erate aging region contains 9 provinces and cities, which are

scattered in North China, Central China, and Northwest China.
The low-aging region contains 9 provinces and cities, mostly
concentrated in Southwest China, South China and Northwest
China. Following this division result, this section constructs
dynamic panel threshold models for indicator data of high,
medium and low aging regions in turn, and compares the coef-
ficient differences of the same elements within different regions to
understand the regional heterogeneity effect of aging on carbon
emissions.

Carbon emission driving pathways in regions with
highly aging. In the demographic evolution of high aging regions,
social consumption side variables show a three-stage, significant
positive effect on carbon emissions. Figure 6 shows more dis-
tinctly the slope parameter changes of the driving effect of carbon
emissions in highly aging regions in different threshold intervals.
First, the positive driving effect of the social consumption side on
carbon emissions shows an inverted “U” shaped variation. The
effect of all three variables on carbon emissions peaks in the
second process of aging, and then shows a lower positive impact
in the third process than in the first. In other words, the first stage
of aging stimulates the increase of consumption level and causes a
rapid increase of carbon emissions in the consumption sector;
while the positive driving effect of social consumption side vari-
ables on carbon emissions starts to weaken after the aging level
exceeds 15.61%. This further supports that the impact of aging on
the consumption side would undergo a transition from the
individual resident domain to the integrated social domain as
mentioned in the previous section (Fan et al. 2021). In the early
and middle stages of the aging process, household carbon emis-
sions experience a significant surge attributable to the heightened
utilization of energy-intensive products such as housing, food,

Fig. 5 Results of the regional classification according to the level of aging. This image illustrates the regional categorization of China based on different
levels of aging. The green region represents areas with a high level of aging, the yellow region represents areas with a moderate level of aging, and the light
green region represents areas with a low level of aging.
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and healthcare. Consequently, individual consumption patterns
contribute to an elevated carbon emission coefficient during this
phase. As the aging process advances, societal dynamics evolve,
transitioning from reliance on traditional energy sources to
embracing green and clean energy alternatives to meet the esca-
lating demand for household energy consumption. Simulta-
neously, the tertiary sector, characterized by lower energy
dependence, undergoes a reduction in energy consumption and
environmental pollution. This social restructuring results in a
decline in the carbon emission coefficient during the later stages
of aging development. This underscores a three-stage evolution in
the impact of aging on the social consumption side within highly
aged regions. While the decline in the third stage may not be
conspicuously apparent, it signifies the manifestation of a sce-
nario wherein population aging suppresses carbon emissions
through the social consumption side.

The mechanism of action of the social production side on
carbon emissions is characterized by a change from a positive
strong driver to a positive weak driver/negative suppressor. In
particular, the magnitude of the effect of industrial structure on
carbon emissions increases to 0.66% and then decreases to 0.04%.
This pattern suggests that aging initially propels the industrializa-
tion process, leading to a rapid surge in carbon emissions during
the early stage, followed by a plateauing trend in carbon
emissions growth within the industrial sector during the later
stage. As for R&D innovation and labor supply, their roles shift
from positive drivers to negative inhibitors, with respective
negative inhibitions of 2.75 and 0.16%. This implies that they
have evolved into emerging factors contributing to the reduction
of carbon emissions amid the process of profound aging.

This phenomenon underscores that in regions characterized by
advanced aging, transformations in the age structure of the
population induce a paradigm shift in the societal production
sector. Notably, this includes a reduction in the carbon growth
rate attributed to industrial structure optimization and

decarbonization on the production side due to technological
advancements. The literature has previously posited that aging
instigates the transformation and upgrading of the social
production sphere by reshaping demand structures and influen-
cing levels of automation and human capital (Cheng et al. 2018).
The empirical findings presented in this paper lend support to the
assertion that this trend is gaining traction in regions experien-
cing advanced aging. Looking ahead, the deepening aging process
is poised to establish a compelling impetus for enterprises to
gravitate toward technology-intensive manufacturing driven by
science and technology innovation. This shift is anticipated to
elevate the levels of science and technology innovation within
society and further propel the high-quality development of
industries.

Carbon emission driving pathways in regions with
moderate aging. Figure 7 distinctly shows the slope parameter
changes of the driving effect of carbon emissions in moderately
aging regions in different threshold intervals. First, the positive
driving effect of the social consumption side on carbon emissions
has a gradual increase in the evolution of aging. In both structural
intervals, the magnitude of the effect of all three variables on
carbon emissions appears to rise in the second process. That is,
the social consumption level in moderately aged areas experiences
a shift from low to high. When the aging rate exceeds 12.99%, the
increase in the consumption level of the region leads to a further
rise in its driving force for carbon emissions. This implies that in
moderately aged regions, the impact of aging on society is still
dominated by stimulating consumption, with a more significant
level of consumption increase in the energy sector. This phe-
nomenon is in line with York’s argument that an increase in the
proportion of the elderly population makes the production and
distribution of society more energy-intensive (York 2007), which
leads to an increase in the carbon emission coefficients of the

Fig. 6 Changes in slope parameters of CO2 driving effects in highly aged areas. This image displays the variation in the coefficients of the six influencing
factors on carbon emissions within regions characterized by a high level of aging.
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relevant variables. This also conveys that the aging of the popu-
lation has not yet taken shape in the region through the social
consumption side to curb carbon emissions.

Secondly, during the middle and late stages of population
aging, variables on the social production side predominantly
exhibit a mitigating impact on carbon emissions. Specifically, the
influence of industrial structure on carbon emissions declines
from a positive 0.32% to a negative 0.47%. In other words, aging
propels the industrialization process, fostering a rapid escalation
in carbon emission levels during the early stage, and subsequently
contributing to a negative growth in carbon emissions within the
industrial sector in the later stage. In the case of both R&D
innovation and labor supply, their effects on carbon emissions
consistently manifest as negative suppressors, with R&D innova-
tion playing a more pronounced role in contributing to carbon
emission reduction. This observation suggests that population
aging not only enhances industrial structure and diminishes
traditional industrial energy consumption in regions with
moderate aging but also steers the production side toward
high-quality development through technological advancements
and improved labor supply. Beyond its environmental implica-
tions, these changes in the social production landscape may
catalyze broader societal benefits, fostering innovation-driven
economic growth, creating opportunities for skilled employment,
and contributing to a more sustainable and resilient economy in
regions experiencing moderate aging.

Carbon emission driving pathways in regions with lowly aging.
Figure 8 starkly shows the slope parameter changes of the driving
effect of carbon emissions in low-aging regions in different
threshold intervals. First, the positive driving effect of the social
consumption side on carbon emissions has an enhanced trend in
the later stages of aging, and the increase is stronger in the second
threshold interval than in the moderately aging regions. Specifi-
cally, the regression parameters of energy consumption and

residential consumption on carbon emissions increase by about
0.4% in the second process of aging, which implies that the aging
population is causing the social consumption level in the region
to experience a period of rapid growth. The driving effect of
healthcare consumption on carbon emissions is particularly sig-
nificant in the low-level aging region, where each 1% of health-
care spending on average would lead to a 0.4879% increase in
carbon emissions. This shows that the effect of social consump-
tion on carbon emissions in low-aging areas increases sig-
nificantly after crossing a specific threshold, and the driving effect
of energy consumption and residential consumption on carbon
emissions is particularly pronounced in the late aging period.
This further supports the conclusion that the increase in con-
sumption of energy-intensive products and durable goods at the
beginning of aging increases carbon emissions sharply (Han et al.
2022).

Secondly, in the context of the social production side, the
driving impact of industrial structure on carbon emissions
weakens during the aging process. Although the inhibitory effects
of R&D innovation and labor supply on carbon emissions are
particularly notable in the early stage of aging, the carbon
influence of the social production side remains undisclosed in the
later stages due to developmental nuances. Specifically, the
influence of industrial structure on carbon emissions decreases
from 4.43 to 1.25%. Despite the deceleration in the carbon rate
within the industrial sector attributed to the aging population,
this sector continues to exert the most substantial contribution to
carbon emissions among the three major regions. Regarding R&D
innovation and labor supply, both consistently demonstrate
negative suppression of carbon emissions, with labor supply
playing a more impactful role in contributing to carbon
reduction.

This observed phenomenon suggests that the aging level in the
region has enhanced capital returns and societal technology
through the cumulative impact of human capital, steering the
region toward the goal of optimizing industrial structure. Beyond

Fig. 7 Changes in slope parameters of CO2 driving effects in moderate aged areas. This image illustrates the variation in the coefficients of the six
influencing factors on carbon emissions within regions characterized by a moderate level of aging.
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its environmental implications, these changes in the social
production landscape may have profound societal impacts. The
optimization of industrial structure, coupled with advancements
in technology and a skilled labor force, can catalyze economic
growth, foster innovation-driven industries, and create new
employment opportunities. Additionally, as carbon reduction
becomes a central focus, these shifts contribute to a more
sustainable and resilient society, aligning with broader goals of
environmental stewardship and quality of life enhancement in the
face of population aging.

Conclusion
This study introduces a dynamic panel threshold regression
model to first explore the patterns of the effects of energy con-
sumption, residential consumption, health care consumption,
industrial structure, technological progress, and labor supply on
carbon emissions. Secondly, we identify the structural break-
points and changes in effect levels of the multiple impact paths in
the aging process. Finally, the spatial heterogeneity of the multiple
driving paths of carbon emissions at the national level, in highly
aging regions, in moderately aging regions, and low aging regions
is identified.

The study reaches the following primary conclusions. First, the
heightened preference for energy-intensive products among the
aging population in the later stages of aging underscores the
urgency for targeted interventions in energy-related carbon
emissions. The delayed emergence of the driving effect of
healthcare consumption expenditure on carbon emissions
emphasizes the need for adaptive policies that address the evolving
dynamics of an aging society’s impact on consumption structures.
Second, the gradual optimization and upgrading of the industrial
structure as society ages signify the potential for policies pro-
moting technological progress and capital efficiency. The transi-
tion from labor substitution to technological reliance highlights
the importance of policies that incentivize and support firms in

adopting advanced technologies and improving capital efficiency.
Third, the spatial heterogeneity in the impact of aging on carbon
emissions underscores the necessity for region-specific policies
tailored to address distinctive consumption and production pat-
terns. Areas with lower levels of aging must mitigate carbon
emissions through strategic shifts in consumption practices. In
regions with higher levels of aging, technological advances in
production are needed to achieve a balance between economic
development and carbon emissions (Wang et al. 2024c). Policy-
makers should conscientiously consider these spatial dynamics
when crafting policies, ensuring they are well-adapted to provide
effective and targeted responses to the environmental challenges
posed by population aging across diverse regions.

Our research has some limitations. This study undertakes a
quantitative examination of the environmental ramifications
associated with population aging, concentrating its analysis on
both national and regional scales. The investigation treats the
nation and three prominent aging regions as closed population
systems. However, it is noteworthy that for urban and rural areas,
classified as open population systems, the study regrettably lacks a
more comprehensive assessment of the environmental impacts
attributed to the aging phenomenon. This is where our future
research will focus.
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