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Abstract
In China, the proportion of elderly population is growing, influencing economic development and energy consumption. Our 
study investigates the relationship between population aging and energy consumption in China from 1997 to 2020, consid-
ering both short and long-term effects. The analysis employs the pooled mean group (PMG) estimation and explores the 
underlying mechanisms using mediating effects and threshold effects models. The PMG results reveal a negative long-term 
impact of population aging on energy consumption, indicating that a 1% increase in population aging leads to a 0.348% 
decrease in energy consumption. Additionally, GDP per capita and capital stock exhibit positive correlations with energy 
consumption, while the industrial structure shows a negative correlation. Technological progress is found to significantly 
increase energy consumption. The mechanism analysis suggests that the mediating role of scale and technological effects 
contributes to the negative effect of population aging on energy consumption. Furthermore, a nonlinear relationship between 
population aging and energy consumption is observed, influenced by both population size and technological progress. The 
policy implications call for a comprehensive approach that addresses elderly population growth, enhances energy efficiency, 
and promotes sustainable technologies to ensure sustainable economic development.
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Introduction

Population aging is a global phenomenon that has profound 
implications for various aspects of social and economic 
development, such as labor supply, consumption patterns, 
health care, and environmental quality. Among these, energy 
consumption is a crucial factor that affects both economic 
growth and environmental sustainability. Understanding how 
population aging influences energy consumption can help 
policymakers design effective strategies to cope with the 
challenges and opportunities of an aging society.

China is facing a rapid and unprecedented demographic 
transition, with the proportion of elderly population (aged 65 
and above) increasing from 6.96% in 2010 to 14.2% in 2021. 

This means that China has entered into a deeply aging society 
in 2021. Moreover, China is predicted that around 2035, more 
than 400 million people will be over 60 years old, making up 
over 30% of the entire population and starting the heavy aging 
period in China. At the same time, China is also undergoing 
a significant transformation of its energy system, aiming to 
achieve carbon neutrality by 2060 and increase the share of 
renewable energy sources in its energy mix. How population 
aging affects China's energy consumption and its implications 
for economic and environmental goals are important questions 
that need to be addressed. However, existing studies on the 
relationship between population aging and energy consump-
tion have yielded mixed and inconclusive results.

Thus, our study focuses on this topic. First, we estimate 
the long-term relationship between population aging and 
energy consumption in China using panel data from 1997 
to 2020 and pooled mean group (PMG) estimation method. 
Moreover, we explore the underlying mechanisms of how 
population aging affects energy consumption in China based 
on mediating effects and threshold effects models. Addi-
tionally, we test the nonlinear relationship between popula-
tion aging and energy consumption in China using panel 
threshold regression model with three threshold variables: 
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population size, industrial structure, and technological pro-
gress. This provides policy implications for achieving sus-
tainable economic development and environmental protec-
tion in China under the context of population aging.

The main framework of the paper is as follows: “Lit-
erature review” section is literature review. “Theoretical 
framework” section introduces methods, variables, and data. 
“Results” section provides results. “Discussion” section pre-
sents discussion. “Conclusions” section concludes.

Literature review

Currently, views in academia vary regarding the impact of 
population aging on energy consumption. These viewpoints 
can be classified into four different correlations: positive, 
negative, nonmonotonic and irrelevant. Some studies have 
concluded that population aging will continue to increase 
environmental pressure, and energy consumption would show 
an increasing trend with the rising elderly population. (Menz 
and Welsch 2012; Huang et al. 2019; Yang et al. 2015). Con-
versely, some studies suggest a negative correlation because 
population aging reduces consumption, labor supply, and 
investment, which indirectly reduces energy consumption. 
(O’Neill et al. 2012; Kim et al. 2020; Tarazkar et al. 2020; 
Guo et al. 2016; Wei et al. 2018, Hu et al. 2020, Yu et al. 
2022). Moreover, some scholars proved that population aging 
has a different impact on energy consumption considering 
urban–rural difference (Zhang and Tan 2016; Fan et al. 2021), 
an east–west difference (Wang et al. 2017), long-and-short-
term differences (Guo et al. 2022), and an income structure 
difference (Wang and Wang 2021). Dalton et al. (2008) used 
the threshold analysis and argued that under the low popula-
tion scenario, population aging influences emissions greatly. 
Yang and Wang (2020) showed that the trade openness level 
influences how population aging affects carbon emissions. 
Finally, an inverted U-shaped curve depicts the correla-
tion between population aging and energy consumption (Li 
et al. 2018; Balsalobre-Lorente et al. 2021). Several studies, 
however, found an insignificant correlation between popu-
lation aging and energy consumption (Liddle 2013; Zheng 
et al. 2022). Former research also analyzed the population-
aging-related influential mechanism on energy consumption. 
O’Neill et al. (2012) found that carbon emissions are impacted 
by population aging in the PET model mainly through impact-
ing labor supply. Fan et al. (2021) demonstrated that the non-
linear link between population aging and household carbon 
emissions in urban areas is influenced by consumption struc-
ture and level. They also found that the nonlinear connec-
tion between rural family carbon pollution and the aging of 
rural population can only be explained by income level. Wei 
and Liu (2022) showed that cost mechanism and consump-
tion upgrading mechanism are important ways for population 

structure to affect carbon emissions. Besides, changing the 
mode of economic development and energy consumption 
is the mechanism of population aging on carbon emissions. 
(Yang and Wang 2020) Danish and Hassan (2022) also sup-
port the idea that urbanization helps ease energy consumption. 
Danish et al (2019) reveals that CO2 emissions are influenced 
by factors such as real income and population density, while 
the impact of transport infrastructure on CO2 emissions is 
found to be insignificant. These earlier studies, however, 
didn’t explicitly examine the long-term impacts of China’s 
aging on energy consumption, whose mechanisms are also not 
investigated in-depth, especially not focusing on the nonlinear 
relationship.

Therefore, our research focuses on these issues. First, we 
collect the data for 23 years from 1997 to 2020 to study the 
long-term relationship between China’s population aging 
and energy consumption using the pooled mean group 
(PMG) estimation. Second, we consider the mediating effect 
of population aging on energy consumption from three per-
spectives (i.e., scale effect, structural effect, and technologi-
cal effect). Third, the non-linear relationship between popu-
lation aging and energy consumption are tested considering 
three threshold variables: population size, industrial struc-
ture, and technological progress.

Theoretical framework

The theoretical framework of our study draws upon three 
main theories: the demographic transition theory, the life 
cycle hypothesis, and the environmental Kuznets curve. 
These theories provide valuable insights into how popu-
lation aging influences economic development, consump-
tion patterns, and environmental quality in China. The 
first theory, the demographic transition theory, suggests 
that population aging occurs as a result of declining fer-
tility and mortality rates during a country's socioeco-
nomic development. Population aging has multifaceted 
effects on economic development, consumption patterns, 
and environmental quality. For instance, it may diminish 
labor supply, investment, and innovation, thereby poten-
tially decelerating economic growth and altering energy 
demand. Moreover, population aging can bring about 
changes in consumption preferences and behavior, such 
as an increased inclination towards staying at home or uti-
lizing more healthcare services, thereby impacting energy 
usage patterns. Furthermore, population aging can shape 
environmental awareness and attitudes, which in turn can 
influence energy conservation behavior and support for 
relevant policies. Based on the demographic transition 
theory, we hypothesize that population aging has a long-
term negative effect on energy consumption in China, as it 
reduces the total population size and the energy demand.
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Another theory relevant to our study is the life cycle 
hypothesis, which proposes that individuals plan their con-
sumption and savings over their lifetimes in accordance with 
their income and wealth levels. According to this theory, 
population aging can influence energy consumption by 
altering the income and wealth distribution across differ-
ent age groups. For instance, older individuals may have 
lower income, but higher wealth compared to younger indi-
viduals, leading to different energy consumption decisions. 
Furthermore, older individuals may exhibit distinct time 
preferences and risk aversion tendencies, which can affect 
their choices regarding energy-saving and investment. Based 
on the life cycle hypothesis, we hypothesize that population 
aging exhibits a nonlinear impact on energy consumption 
in China depending on population size and technological 
progress, as it alters the income and wealth distribution and 
the consumption and saving behavior of different age groups.

The third theory considered is the environmental Kuznets 
curve, which posits an inverted U-shaped relationship 
between economic development and environmental degra-
dation. Within this framework, population aging can impact 
energy consumption by influencing the level and structure 
of economic development. For instance, population aging 
may decrease the demand for energy-intensive goods and 
services, such as manufacturing and transportation, while 
simultaneously increasing the demand for less energy-inten-
sive ones, such as education and entertainment. Additionally, 
population aging can spur technological progress and inno-
vation, leading to improved energy efficiency and reduced 
energy intensity. Based on the environmental Kuznets curve, 
we hypothesize that population aging influences energy con-
sumption in China through three mediating mechanisms: 
scale effect, structural effect, and technological effect, as it 
affects the level and structure of economic development and 
the environmental quality.

Supporting empirical evidence from previous studies 
can be found for these theories. For example, Han et al. 
(2022) discovered a negative association between popula-
tion aging and energy consumption in urban China, largely 
driven by generational shifts in environmental awareness 
and energy usage habits. O’Neill et al. (2012) found that 
population aging affects carbon emissions primarily through 
its impact on labor supply, consumption structure, and tech-
nological advancements. Li et al. (2018) demonstrated an 
inverted U-shaped relationship between population aging 
and energy consumption in China, indicating a nonlinear 
effect of demographic transition on energy demand. Besides, 
some research reveals the significant relationships between 
innovations and environmental issues (Tang et al. 2022; 
Zhang et al. 2023).

Furthermore, we incorporate key terms and concepts such 
as population aging, energy consumption, economic growth, 
industrial structure, financial development, population size, 

energy intensity, and technological progress. These concepts 
are measured and operationalized based on existing litera-
ture and data sources. We also propose three hypotheses 
to explore and examine the impact of population aging on 
energy consumption in China: (1) population aging has a 
long-term negative effect on energy consumption in China, 
(2) population aging exhibits a nonlinear impact on energy 
consumption in China depending on population size and 
technological progress, and (3) population aging influences 
energy consumption in China through three mediating 
mechanisms: scale effect, structural effect, and technological 
effect. For the scale effect, we argue that population aging 
reduces the total population size by increasing the mortal-
ity rate and decreasing the birth rate, which in turn reduces 
the total energy demand. For the structural effect, we argue 
that population aging changes the consumption preferences 
and behavior of different age groups, such as increasing the 
demand for less energy-intensive services and decreasing 
the demand for more energy-intensive goods. For the tech-
nological effect, we argue that population aging influences 
the innovation capacity and adoption of new technologies, 
which can affect the energy efficiency and intensity.

Methods, variables, and data

Methods

Cross‑sectional dependence test

To identify the cross-sectional dependence of series, we employ 
Breusch and Pagan (1980) LM test and Pesaran (2004) cross-
sectional dependence test. By examining the cross-sectional 
correlation of variables, we could determine the cross-sectional 
dependence. Then those panel-based surveys can be evaluated. 
The null hypothesis represents the non-existent cross-sectional 
independence. Mathematically, this test can be shown as:

where �̂ij means the two-way sample correlation coefficient. 
N means individual and T means year. Additionally, we also 
test the homogeneity characteristics of variables.

Panel unit root and cointegration tests

	 (i)	 To test for data stationarity, we will execute a unit 
root test. If we model non-stationary data, there will 
be pseudo-regression modeling. We use the second-
generation unit root test which allows variables’ 
cross-sectional dependence, due to the requirement 
of  the null hypothesis in the first-generation unit 

(1)CSD =

√

2T

N(N − 1)

(

N
∑

i=1

N−1
∑

j=i+1

�̂ij

)

∼ N(0, 1)
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root test to the panel data that it should be of mutu-
ally  independence in cross-section. We apply the 
cross-section Im, Pesaran, and Shin (CIPS) and 
cross-section Augmented Dickey-Fuller (CADF) 
method to develop the unit root test.

	 (ii)	 After obtaining the panel unit root test’s outcomes, 
the panel cointegration could be applied to examine 
the variables’ long-term equilibrium relationship by 
applying the Kao (2000) and Pedroni (1999) tests. In 
this case, the null hypothesis represents no cointegra-
tion exists in both tests. According to the seven statis-
tics of Pedroni’s (1999) cointegration test and the ADF 
statistic of Kao’s (2000) cointegration test, we iden-
tify the cointegration among panel variables and the 
dependent/independent variables’ long-term impacts.

Benchmark model

In our study, we pay attention to the population aging impacts 
on energy consumption. Therefore, as to the benchmark model, 
we use age over 60 (pa) as an input variable which represents 
the percentage of the people over 60 in comparison to the gen-
eral population, energy consumption (ec) as an output variable, 
and gross domestic product per capita (gdp), capital stock (cs), 
industry structure (is), financial development (fd), population 
scale (pop), energy intensity (ei), technological progress (rd) as 
control variables. We compensate for possible bias by using a 
variety of control variables and take the logarithm of them. The 
function is as follow:

(2)

ln ecit = �i + �
1
ln pait + �

2
ln gdpit

+ �
3
ln csit + �

4
ln isit+�5 ln fdit

+ �
6
ln popit + �

7
ln eiit + �

8
ln rdit + �it

where βi represent the regression coefficients of correspond-
ing variables. αi means the fixed effects. The εit represents 
a random error term and i, t refer to regional division and 
time effect, respectively.

Pooled mean group estimation

The most common panel estimation method is the PMG 
(pooled mean group) estimator by Pesaran et al. (1999). The 
PMG estimator is a panel estimation method that allows the 
long-term coefficients to be homogeneous across groups while 
the short-term coefficients and error variances to be heteroge-
neous. This method has several benefits for studying the rela-
tionship between population aging and energy consumption 
in China. First, it can capture the heterogeneity of different 
regions in China and avoid the bias caused by imposing com-
mon coefficients across groups. Second, it can test the long-
term equilibrium relationship among variables and estimate 
the long-term and short-term impacts of population aging on 
energy consumption. Third, it can handle the cross-sectional 
dependence and cointegration among variables by using the 
ARDL (autoregressive distributed lag) model as its frame-
work. Therefore, we use the PMG estimator to analyze the 
long-term impact of population aging on energy consumption 
and explore the underlying mechanisms based on panel data 
from 1997 to 2020 at national and regional levels.

Panel threshold regression model

Our article analyzes the nonlinear characteristics between 
population aging and energy consumption according to a 
panel threshold regression model. The model as shown:

(3)

ln ecit = 𝛼i + 𝛽1 ln paitI
(

c < h1
)

+ 𝛽2 ln paitI
(

h1 ≤ c < h2
)

+ 𝛽3 ln paitI
(

h2 ≤ c < h3
)

+ 𝛽4 ln paitI(c

≥ h3) + 𝛽5 ln gdpit + 𝛽6 ln csit + 𝛽7 ln isit+𝛽8 ln fdit + 𝛽9 ln popit

+𝛽10 ln eiit + 𝛽11 ln rdit + 𝜀it

where c refers to the threshold variable which here indicates 
population, industrial structure, and technological progress. 
h1 refer to the threshold value. In addition,I is the indicative 
function, which equals to 1 while the number in brackets was 
correct, otherwise, it equals to 0. According to Eq. (3), we 
can test the effect of population aging on energy consump-
tion when population, industrial structure and technological 
progress are the threshold factors.

Mechanism test

We design a model to study how intermediary effect of pop-
ulation aging affects energy consumption below.

where M refers to intermediary variable. Other variables are 
the same as Eq. (2).

We also consider some other factors that may influence 
the relationship between population aging and energy con-
sumption. Jarzebski et al. (2021) pointed out that the world 

(4)ln ecit = �i + �
1
ln pait +

∑

�iXit + �it

(5)Mit = �i + �
1
ln pait +

∑

�iXit + �it

(6)ln ecit = �i + �
1
ln pait + �

2
Mit +

∑

�iXit + �it
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populations have grown older leading to simultaneously 
shrinking and ageing populations, which may have differ-
ent impacts on energy demand and supply across regions and 
sectors. Ribeiro et al. (2019) analyzed the US data and found 
that the larger the city, the greater the impact of population 
or density changes on emissions. Shen et al. (2022) showed 
that the acceleration of population aging reduced exports 
and promoted industrial structure upgrading in China. Liang 
et al. (2023) demonstrated that industrial structure optimiza-
tion had a significant negative effect on carbon emissions. 
Institute of Medicine (US) Committee on the Long-Run 
Macroeconomic Effects of the Aging U.S. Population (2012) 
suggested that the distribution of population age structure 
would affect technological progress, which in turn would 
affect energy consumption and emissions. Gao et al. (2022) 
confirmed that green technological innovation had a signifi-
cant inhibitory effect on carbon emissions.

We use the factor decomposition method to decompose 
the impact on population aging into three important mediat-
ing variable effects: scale effect, structural effect, and tech-
nology effect as follows:

Scale effect: The measure of the scale effect in this article 
is examined as population size change.
Structural effect: Given our focus on the impact of popu-
lation aging on energy consumption, we represent struc-
tural effect from a labor perspective using the share of 
tertiary employees, whereas past literature has typically 
used industrial structure adjustment.
Technological effect: The measure of technological effect 
is examined by R&D expenditure level.

Variables and data sources

Dependent variable

Energy consumption is the dependent variable. The China 
Provincial Statistical Yearbook (NBS 2020) provides statis-
tics on energy consumption by province from 1997 to 2020.

Independent variable

Population aging is the independent variable, defined by the 
rate of people over 65 in the overall population (%). The 
data on total population and population over 65 years old 
by province from 1997 to 2020 are obtained from the China 
Provincial Statistical Yearbook (NBS 2020).

Threshold variables

The threshold variables are population, industrial struc-
ture, and technological progress, whose impact on energy 

consumption have revealed in previous studies. Therefore, 
population refers to the total population, industrial structure 
indicates the share of the tertiary employee, technological 
progress refers to the R&D expenditure.

Control variables

We use economic growth (gdp), capital stock (cs), industrial 
structure (is), financial development (fd), population (pop), 
energy intensity (ei) and technological progress (rd) as con-
trol variables here as they have indicated important impacts 
on energy consumption. First, in the previous studies on the 
economic level, Zang et al. (2018) found that both the emis-
sions per unit of GDP and the per-capita energy consumption 
showed sign of convergence, during the monitoring period. 
York (2007) revealed that energy consumption increases due 
to economic growth. Nawaz et al. (2020) found that initially, 
the improvement of GDP growth increases energy consump-
tion, while after the turning point, GDP has a negative sign 
with energy consumption. Hanif (2018), Sarwar and Hanif 
(2018) also found that energy consumption increases and 
then decreases after reaching a turning point, as the GDP 
per capita grows. Liu and Hao (2018) found that in China, 
there is a causal relationship between GDP per capita and 
renewable energy, with short-term causality running from 
the former to the latter, and long-term causality in the oppo-
site direction. Thus, to represent the degree of economic 
growth, we utilize GDP per capita as a control variable. As 
to the capital stock, Ozcan and Temiz (2022) found human 
capital stock can increase energy consumption in Türkiye. 
Here, we consider physical capital stock as a control variable. 
For industrial structure, Zhao et al., (2022) and Zhang et al. 
(2020) found that industrial structure upgrading and energy 
consumption have a significant negative correlation, and 
energy consumption is positively affected by industrial struc-
ture optimization. Since our research focuses on investigating 
how the aging population influences energy consumption, 
we select the labor input as a control variable in the indus-
trial structure degree which is expressed as the proportion of 
labor input in the tertiary industry. Moreover, Sun and Chen 
(2022) showed a strong correlation between financial devel-
opment and the reduction of energy consumption. Incorporat-
ing the impact of population growth, our model utilizes the 
ratio of total credit to provincial GDP as a proxy for financial 
development, and controls for population size as a variable. 
This approach is consistent with previous studies that have 
also considered the effect of population on energy consump-
tion (Wang et al. 2017). York (2007) found that under the 
same other conditions, for every 1% increase in population 
size, energy consumption is projected to increase by over 
2%. Moreover, Liu et al. (2019) show that the energy inten-
sity reduction decreases energy consumption. Finally, R&D 
expenditure, reflecting technological progress, embodies the 
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influence of technology inputs on energy consumption. Jin 
and Zhang (2014) found that when the economy embarks 
on R&D for innovation, fossil energy use will decline along 
the innovation-led growth path. Gelenbe and Caseau (2015) 
found that  information and communication technologies 
assist us save much energy. The data of economic growth, 
capital stock, industrial structure, financial development, 
population, energy intensity, R&D expenditure are mainly 
from China Statistical Yearbook and Provincial Statistical 
Yearbook, and capital stock are calculated by perpetual inven-
tory method. The specific meaning of control variables is 
shown in the Table 1 and their descriptive statistic are be 
shown in Table S1.

Results

Initial diagnostics

We conduct the analysis with initial model diagnostics. 
First, we develop the cross-sectional independence test and 
Table S2 below displays it. The result shows that, at 1% sta-
tistical level, all variables reject the null hypothesis of cross-
sectional independence. Therefore, we need to consider the 
cross-sectional independence when developing the unit root 
tests with the CIPS and CADF tests. Table S3 shows the 
outcomes of CIPS and CADF tests that confirm the absence 
of unit roots after first-order difference, thus all variables 
become stationary after first-order difference. This means 
that we need to consider the application of cointegration test, 
which is reported in Table S4 with the Kao test. The cointe-
gration test indicates the cointegration of variables, which 
indicates that all variables have a long run relationship.

Results of pooled mean group estimation

We first adopt the fixed effects model in Table 2 to study 
how population aging impacts energy consumption, and 
the result shows that population aging affects energy con-
sumption negatively with the time and region fixed effects. 
The results with the PMG estimator are also presented in 
the Table 2, which illustrates the influence of population 

aging on energy consumption over a long- or short- term. 
At the 1% statistical level, the error correction term (Ect) 
is of statistical significance, meaning that in a long-run the 
adjustment speed can be corrected to reach balance level. 
The second column of Table 2 shows that a 1% population 
aging increase triggers to a reduction of 0.004% in energy 
consumption, however this impact is insignificant. Long-
run relationships between population aging and energy 
consumption show a markedly negative trend, according to 
the third column of Table 2, which demonstrates that a 1% 
population aging increase gives rise to a 0.348% decrease in 
energy consumption. This means that although in the short 
run, the population aging could not obviously affect energy 

Table 1   The definition of 
control variables

Name Definition

Gross domestic product per capita (gdp) GDP per capita (value in the constant price of 2010)
Capital stock (cs) Capital stock (value in the constant price of 2010)
Labor input (is) The proportion of labor input in the tertiary industry (%)
Financial development (fd) The ratio of total credit to provincial GDP (%)
Population (pop) Total population (value)
Energy intensity (ei) Energy intensity (value in the constant price of 2010)
Technological progress (rd) R&D expenditure (value in the constant price of 2010)

Table 2   PMG estimation result

***  indicates significant at 1%, ** indicates significant at 5%, * indi-
cates significant at 10%. Ect refers to error-correction term; standard 
errors are in parentheses

Variables FE PMG

Short-run coeff Long-run coeff

lnage -0.017** -0.004 -0.348***

(0.007) (0.003) (0.105)
lngdp 1.016*** 1.011*** 0.982***

(0.016) (0.011) (0.132)
lnis -0.023*** -0.005 -0.031

(0.008) (0.008) (0.049)
lncs -0.039*** 0.017* 0.178***

(0.006) (0.010) (0.032)
lnfd -0.039*** -0.004 0.041

(0.013) (0.005) (0.078)
lnpop 0.834*** 0.762*** 0.778***

(0.023) (0.135) (0.244)
lnei 0.977*** 1.018*** 0.816***

(0.008) (0.008) (0.047)
lnrd 0.056*** 0.002 0.106***

(0.005) (0.003) (0.032)
Constants -6.008***

(0.420)
Ect -0.002***

(0.045)
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consumption, from a long-term viewpoint, low energy con-
sumption is dependent on rising population aging.

Besides, the outcome shows the role of other control 
variables on energy consumption. We discover economic 
development and energy consumption are positively related 
with the time- and region- fixed effects. The PMG estima-
tor results demonstrate that the economic development sig-
nificantly and positively affect energy consumption in both 
long- and short- run at the 1% statistical level. We also find 
that the proportion of labor input in the tertiary industry and 
energy consumption are negatively related with the time- 
and region-fixed effects. However, according to the PMG 
estimator, the influence of industrial structure on the energy 
consumption in long-term and short-term is insignificant. 
We find a negative sign among capital stock and energy 
consumption with the time and region fixed effects, but the 
result shows that whether long- or short-term, capital stock 
has a considerable beneficial impact on energy consumption 
at the 10% statistical level with the PMG estimator. Financial 
development and energy consumption have negative cor-
relation with the time and region fixed effects. However, 
the PMG estimator reveals that neither a long-term nor a 
short-term evident influence on energy consumption might 
be expected from the financial development. Moreover, 
population and energy intensity have positive relationships 
with energy consumption with the time and region fixed 
effects respectively, and we find that population has positive 
long-term and short-term impacts on energy consumption. 
The outcomes additionally show a positive relation between 
technological progress and energy consumption, with fixed 
effects for time and region, while technological progress rep-
resents the considerable and positive affect on the energy 
consumption over a long term but negligible influence on 
energy consumption over a short term.

Endogeneity test and Robustness test

To address the potential endogeneity problem of population 
aging, we use the 2SLS method with the lagged value of 
population aging as an instrumental variable. The results 
are reported in the first column of Table 3. The coefficient 
of population aging is still negative and significant at the 
1% level, indicating that our main finding is robust to the 
endogeneity test. The coefficient is slightly larger in mag-
nitude than the PMG estimation, suggesting that the OLS 
estimation may underestimate the negative effect of popula-
tion aging on energy consumption.

To further check the robustness of our results, we conduct 
three additional tests using different methods. First, we use 
the winsorize method to trim the outliers of the variables at 
the 5% level. The results are shown in the second column 
of Table 3. The coefficient of population aging is still nega-
tive and significant at the 5% level, and slightly larger than 

the PMG estimation. This implies that our main result is 
not driven by extreme observations. Second, we restrict the 
time window to 2010–2020, which covers the period when 
China entered into a deeply aging society. The results are 
presented in the third column of Table 3. The coefficient of 
population aging becomes insignificant, indicating that the 
negative effect of population aging on energy consumption 
may not be evident in the recent decade. This could be due to 
the fact that China has implemented various policies to cope 
with the challenges of aging, such as promoting new energy 
development, improving energy efficiency, and encouraging 
technological innovation. Third, we use GDP total instead of 
GDP per capita as a control variable to capture the economic 
scale effect. The results are reported in the fourth column of 
Table 3. The coefficient of population aging is still negative 
and significant at the 5% level, and slightly smaller than the 
PMG estimation. This suggests that our main result is not 
sensitive to the choice of economic variable.

Mechanism test

Here we examine the scale effect, structural effect, and techno-
logical effect as three views about the mediating effect of popu-
lation aging on energy consumption. See Table 4 and Fig. 1. 
First, columns (1), (2) in Table 4 list the result of scale effect. 
We find that population aging with regression coefficients 
of -0.097 and -0.095, are negative and significant at the 1% 
statistical level. Since the overall population decline brought 
on by population aging, this translates to a negative effect on 
total energy consumption. Generally, with population aging, 

Table 3   Endogeneity test and Robustness test result

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

lnage -0.049*** -0.053** -0.005 -0.017**
(0.014) (0.026) (0.016) (0.007)

lngdp 1.025*** 0.962*** 0.994*** 1.016***
(0.009) (0.036) (0.035) (0.016)

lnis -0.029*** -0.042*** -0.017 -0.023***
(0.010) (0.018) (0.011) (0.076)

lncs 0.017*** -0.005 -0.003 -0.039***
(0.004) (0.013) (0.009) (0.006)

lnfd -0.009 -0.024 -0.103*** -0.039***
(0.009) (0.029) (0.020) (0.013)

lnpop 0.985*** 0.738*** 0.877*** -0.182***
(0.007) (0.056) (0.080) (0.019)

lnei 0.974*** 0.924*** 1.009*** 0.977***
(0.005) (0.017) (0.011) (0.008)

lnrd -0.001 0.053*** 0.070*** 0.056***
(0.004) (0.012) (0.008) (0.005)

Constants -8.854*** -4.496*** -7.131*** -6.008***
(0,122) (1.008) (1.382) (0.420)
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the population mortality rate increases, and the birth rate 
decreases, thereby decreasing the population size. The total 
amount of energy consumption of declines as the population 
grows smaller. Therefore, the scale effect mediates the negative 
correlation between population aging and energy consumption. 
As to structural effect, columns (3), (4) in Table 4 prove that 
population aging has a considerably negative correlation with 
energy consumption at the 5% statistical level, whereas it has a 
significantly positive correlation with industrial structure. This 
demonstrates that population aging is significantly beneficial 
to decrease of energy consumption but promotes the upgrad-
ing of industrial structure inapparently. Thus, invalidation of 
structure effect is embodied. The columns (5) and (6) are used 
to test the technological effect. We find that at the 1% statistical 
level, the regression coefficient of population aging on techno-
logical progress is significantly negative. This is because that 

older people are less dynamic in the innovation process and 
has insufficient capacity of receiving new knowledge, which 
is not beneficial for technological innovation. Moreover, the 
technological progress and energy consumption are highly 
positively correlated. Thus, our result proves that popula-
tion aging decreases energy consumption mainly by affecting 
technological progress. In conclusion, the effect of population 
aging on energy consumption embodies a prominent mediating 
effect, with valid scale effect and technological effect, even if 
the structural effect is insignificant.

Nonlinear effect analysis

Here the panel threshold regression model with three 
threshold variables, population, industrial structure, 
and technological progress are utilized to examine the 
nonlinear link between population aging and energy 

Table 4   Mechanism test results

***  indicates significant at 1%, ** indicates significant at 5%, * indicates significant at 10%

lnec lnpop lnec lnis lnec lnrd

lnage -0.097*** -0.095*** -0.018** 0.011 -0.034*** -0.292***

(0.013) (0.013) (0.008) (0.042) (0.008) (0.062)
lngdp 0.677*** -0.407*** 1.014*** 0.105 1.059*** 0.776***

(0.023) (0.023) (0.016) (0.089) (0.017) (0.128)
lncs -0.077*** -0.045*** -0.039*** -0.018 -0.036*** 0.063

(0.011) (0.014) (0.006) (0.033) (0.006) (0.049)
lnis -0.014 0.011 -0.015* 0.133**

(0.014) (0.014) (0.008) (0.063)
lnfd -0.170*** -0.157*** -0.040*** 0.031 -0.018 0.367***

(0.022) (0.022) (0.013) (0.071) (0.014) (0.105)
lnpop 0.832*** 0.102 0.871*** 0.668***

(0.024) (0.133) (0.026) (0.195)
lnei 0.951*** -0.031** 0.975*** 0.067 0.992*** 0.269***

(0.014) (0.014) (0.008) (0.042) (0.008) (0.062)
lnrd 0.082*** 0.032*** 0.054*** 0.060**

(0.009) (0.009) (0.005) (0.029)

Fig. 1   Mechanism test results
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consumption. In order to access the significance of each 
threshold value, the LR statistic is firstly developed. The 
statistical significance of the second threshold values for 
population size is higher than 0.05 and the first thresh-
old values for technological advancement have statistical 
significance that is greater than 0.01. However, the first, 
second and third thresholds for industrial structure are all 
not statistically significant. These indicate a relationship 
between two threshold variables that population size and 
technological progress, and nonlinear effect of popula-
tion aging on energy consumption (see Table S5). The 
population aging coefficient below the first threshold has 
obvious negative impact on the energy consumption, pre-
sented in Table 5. Population aging has a negative effect 
on energy consumption when the population size value 
reaches the first threshold. However, with the continuous 
increase of population, the negative effect of population 
aging on the energy consumption declines again when the 
value of population size above the second threshold. This 
indicates that the population size has the greatest impact 
on energy usage when it is over the first threshold number 
but below the second threshold. Moreover, the popula-
tion aging negatively affects the energy consumption with 
low technological progress level. When the technological 
progress level exceeds the first threshold, the energy con-
sumption is insignificantly impacted by population aging. 

This means that the impact of population on energy con-
sumption begins to disappear when technological progress 
level reaches a threshold level.

In summary, we can conclude via the panel threshold that 
the decrease impact of population aging on energy consump-
tion are nonlinear. The impact of population aging on the 
energy consumption has a U-shape relationships with the 
population. Technological progress also affected the nonlin-
ear effect of population aging on the energy consumption. 
As technological improvement, the impact of population 
aging on energy consumption becomes insignificant.

Discussion

Role of technological progress

In the panel threshold model and mechanism test, R&D 
expenditure is regarded as the representative data to describe 
the level of technological progress from the perspective of 
technological input. However, several other presentative data 
collected are also representative, including the number of 
green patents granted and the amount of R&D personnel. 
In this section, these technological variables are discussed 
to deepen the technological effect on the association among 
population aging and energy consumption. Table 5 shows 

Table 5   Panel threshold 
regression results

***  indicates significant at 1%, ** indicates significant at 5%, * indicates significant at 10%

Variables Coefficients Variables Coefficients

lngdp 0.759*** lngdp 1.075***

(0.023) (0.013)
lncs 0.028*** lncs -0.004

(0.007) (0.004)
lnis 0.035*** lnis -0.017**

(0.013) (0.008)
lnfd -0.067*** lnfd 0.020**

(0.019) (0.010)
lnei 0.992*** lnpop 0.899***

(0.011) (0.019)
lnrd 0.105*** lnei 0.991***

(0.009) (0.006)
lnage (lnpop < 15.778) -0.120*** lnage(lnrd < 5.229) -0.021***

(0.023) (0.006)
lnage (15.778 < lnpop < 16.494) -0.161*** lnage (lnrd > 5.229) -0.001

(0.013) (0.007)
lnage (16.494 < lnpop < 16.778) -0.120***

(0.012)
lnage (c > 16.778) -0.046***

(0.011)
Constant 7.573*** Constant -7.311***

(0.056) (0.318)
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the threshold effect test result. According to the result of 
number of green patents granted and R&D personnel, both 
test statistics for the single are significant at 1%, which result 
means that the impact of population aging on energy con-
sumption is significantly influenced by the number of green 
patents granted and R&D personnel at a single threshold. 
This is consistent with the R&D expenditure threshold effect 
test result, confirming the nonlinear impact of population 
aging on energy consumption.

Furthermore, Table S6 and Table 6 list the estimated 
results of the threshold effect model. When the number of 
green patents granted under 8.418, the regression coefficient 
of population aging is -0.026 and significant at the 1% level. 
The result reveals that there is unquestionably a substan-
tial impact of the number of green patents granted on the 
execution effect of population aging. However, when the 
number of green patents granted over 8.418, the regression 
coefficient of population aging drops to -0.014, but it is still 
significant at the level of 1%, which implies that as the num-
ber of green patents granted increases, the impact of number 
of green patents granted on the execution effect of popula-
tion aging decreases. As for R&D personnel, the population 
aging regression coefficient is -0.023 and is significant at 
the 1% level, when the value of R&D personnel is under 
2.932. This indicates the certainly significant relationships 
between R&D personnel and the enforcement of popula-
tion aging. Nevertheless, with the rise of R&D personnel 
that exceeds 2.932, the regression coefficient of population 
aging is nearly 0. Based on these result, R&D personnel 
obviously affects the impact of population aging when its 

level is relatively low. However, the influence turns indistinct 
with the increase of R&D personnel.

At last, in order to further study technological effect, 
Table 7 shows mechanism test results. In the first and sec-
ond columns in Table 7, technological effect is examined by 
number of green patents granted. The regression coefficient 
of population aging on energy consumption is negative and 
significant at the level of 1%, whereas the regression coef-
ficient of patents granted on the number of green patents 
granted is negative and not significant. The result means 
that population aging is significantly beneficial to decrease 

Table 6   Panel threshold 
regression results

***  indicates significant at 1%, ** indicates significant at 5%, * indicates significant at 10%

Variables Threshold (Number of green 
patents granted)

Variables Coefficient 
(R&D person-
nel)

lngdp 1.084*** lngdp 1.076***

(0.013) (0.013)
lncs -0.010** lncs -0.005

(0.004) (0.004)
lnis -0.015* lnis -0.016**

(0.008) (0.008)
lnfd 0.026** lnfd 0.024**

(0.011) (0.010)
lnpop 0.930*** lnpop 0.908***

(0.019) (0.019)
lnei 1.001*** lnei 0.993***

(0.006) (0.006)
lnage(c < 8.418) -0.026*** lnage (c < 2.932) -0.023***

(0.007) (0.006)
lnage (c > 8.418) -0.014** lnage (c > 2.932) -0.004

(0.007) (0.007)

Table 7   Mechanism test results

lnec lnrd1 lnec lnrd2

lnage -0.034*** -0.161 -0.034*** -0.365***

(0.008) (0.112) (0.008) (0.000)
lngdp 1.059*** 1.675*** 1.059*** 0.457***

(0.017) (0.232) (0.017) (0.163)
lncs -0.036*** 0.324*** -0.036*** 0.106**

(0.006) (0.090) (0.006) (0.063)
lnis -0.015* 0.134 -0.015* 0.278***

(0.008) (0.115) (0.008) (0.081)
lnfd -0.018 0.890*** -0.018 0.094

(0.014) (0.190) (0.014) (0.134)
lnpop 0.871*** 1.489*** 0.871*** 0.962***

(0.026) (0.000) (0.026) (0.249)
lnei 0.992*** 0.266** 0.992*** 0.194**

(0.008) (0.113) (0.008) (0.079)
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of energy consumption but inapparently decline number 
of green patents granted. Besides, technological effect is 
assessed by R&D personnel in the fifth and sixth columns 
of Table 7. The regression coefficients of population aging 
are both negative and significant at the level of 1%, whose 
values are -0.034 and -0.365 respectively. The result proves 
that population aging decreases energy consumption and 
it also triggers the drop of R&D personal. Thus, the tech-
nological effect is negative and established. The reason in 
the previous section clearly explains this result: population 
aging has reduced the capacity for technological progress, 
hence slowing down the investment in green innovation and 
leading to the decrease in R&D personnel. In summary, the 
technological effect is clearly valid regardless of which rep-
resentative variable is chosen.

A comparison with other studies

One of the main contributions of our study is that we exam-
ine the long-term impact of population aging on energy con-
sumption in China using the PMG estimation and explore 
the underlying mechanisms based on mediating effects and 
threshold effects models. Previous studies on this topic 
have either ignored these aspects or used different methods 
and data sources that have yielded inconsistent results. For 
example, Han et al. (PNAS 2022) used age-period-cohort 
detrended analysis to estimate age and generational effects 
based on China’s urban household survey data from 1992 to 
2015. They found that both the elderly and younger genera-
tions tended to be energy-intensive consumers, resulting in 
higher energy consumption in this aging society. However, 
they did not consider the mediating effects of scale, struc-
tural, and technological factors or the nonlinear effects of 
population size and technological progress on the relation-
ship between population aging and energy consumption. (Li 
et al. 2018) used panel data from 30 provinces in China 
from 1999 to 2014 and applied a panel threshold regres-
sion model to investigate the nonlinear relationship between 
population aging and household energy consumption. They 
found an inverted U-shaped curve between population aging 
and household energy consumption, which was influenced 
by income level and urbanization rate. However, they did 
not examine the long-term impact of population aging on 
energy consumption or the mediating mechanisms behind it.

Also, our findings are consistent with some previous stud-
ies (e.g., O’Neill et al. 2012; Guo et al. 2016; Wei et al. 
2018; Hu et al. 2020; Yu et al. 2022) that suggest a nega-
tive correlation between population aging and energy con-
sumption, like Yu et al. (2022) who indicated that elderly 
households have relatively lower indirect CO2 emissions, 
but differ from others (e.g., Menz and Welsch 2012; Huang 
et al. 2019; Yang et al. 2015; Li et al. 2018; Balsalobre-
Lorente et al. 2021) that suggest a positive, nonmonotonic, 

or insignificant correlation. Han et al. (2022) suggest that 
the elderly generations consume more energy, using age-
period-cohort. This discovery focuses on the perspective 
of household consumption, without considering the impact 
of aging on energy consumption through other means. Our 
study also provides more insights into the mechanisms and 
nonlinearities behind the relationship between population 
aging and energy consumption in China.

Policy implications

Our finding led to the following policy recommendation 
from three angles. Firstly, the policy recommendations for 
upgrading of energy industry. On the basis of PMG estima-
tion results, as China’s population aging increases, there will 
be vacancies in future energy consumption demand. Given 
the domestic carbon neutral policies, the market share of 
traditional energy will decrease. Therefore, Chinese gov-
ernment are suggested to strive to promote the development 
of energy industry from rapid expansion to high-quality 
development. In the past the energy industry only focused 
on energy supply, while the energy industry in the context 
of aging should lay emphasis on energy distribution, cost 
reduction and efficiency improvement. For energy distribu-
tion, a more complete energy supply system can be estab-
lished in areas such as residential and elderly care products, 
while in some other industries, the expectation of energy 
consumption reduction should be well prepared to face 
the challenges of aging more confidently. In terms of cost 
reduction and efficiency improvement, the energy sector 
should lower the cost of energy supply. This can be achieved 
through digitalization to reduce the costs of labor and energy 
waste, as well as through the transformation from traditional 
energy to new energy to decline carbon emissions and thus 
reduce economic externalities cost.

Secondly, the policy recommendations for encourag-
ing green technological progress in energy conservation 
and emission reduction. According to PMG estimation 
results, energy consumption should be driven by techno-
logical progress. However, technological progress is the 
cornerstone of social development, and it is unreasonable 
and unrealistic to slow down technological progress to 
reduce energy consumption. Therefore, we suggest that 
the Chinese government should launch more aggressive 
green technology incentive policies. Especially in an 
aging society, according to the mechanism test results, 
aging reduces the ability of technological progress. Thus, 
to support the steady advancement of green technology 
and realize the goal of reducing energy consumption, 
government intervention is needed.

Thirdly, the policy recommendations for energy-saving 
potential. In light of the PMG estimation results, the aging 
population will reduce China’s energy consumption demand. 
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Therefore, when formulating local energy-saving targets, the 
current and expected proportions of aging population in the 
local area are expected to be referred by government to bet-
ter estimate the local energy-saving potential and increase 
the intensity of energy conservation efforts.

Limitation and future guidelines

Our study also has some limitations and directions for future 
research. First, we only focused on the aggregate level of 
energy consumption, without distinguishing different types 
of energy sources or sectors. Future studies could explore 
how population aging affects the structure and quality of 
energy consumption in China. Moreover, we only considered 
three mediating mechanisms (scale, structural, and techno-
logical effects) and three threshold variables (population 
size, industrial structure, and technological progress) in our 
analysis. Future studies could incorporate other factors that 
may influence the relationship between population aging and 
energy consumption, such as consumption patterns, envi-
ronmental awareness, institutional arrangements, or cultural 
values. Finally, our analysis only focuses on China, which 
may limit the generalizability of our findings to other coun-
tries or regions. Future studies could conduct comparative 
or cross-country analyses to explore how population aging 
affects energy consumption in different contexts.

Conclusions

We examined how population aging affects China's energy 
consumption and explored the underlying mechanisms and 
nonlinear effects of this relationship. Using panel data from 
1997 to 2020, we applied pooled mean group estimation, 
panel threshold regression, and mediating effect analysis 
to test our hypotheses. We found that population aging has 
a negative impact on energy consumption in China in the 
long run, mainly through scale and technological effects. We 
also found that population size and technological progress 
moderate the nonlinear effect of population aging on energy 
consumption, with a U-shaped relationship between popula-
tion size and energy consumption, and a diminishing effect 
of population aging as technological progress increases.
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