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Abstract

Depletion of natural resources and population aging are the two most critical challenges for environmental sustainability.
However, the research that integrates natural resources and population aging in the same environmental policy framework
is still scant. Therefore, this study investigates the linkage between natural resources, population aging, green technologies,
and ecological footprint (EF) of G7 countries. In addition, this study also explores the moderating effects of green technolo-
gies on the relationship between natural resources and EF. Drawing on the panel times series data from 1970 to 2017, we
employ a cross-sectional autoregressive distributed lags (CS-ARDL) model for short- and long-run empirical estimation.
Our empirical analysis indicates that natural resource use exacerbates ecological degradation by increasing EF. By contrast,
population aging and green technologies present positive ameliorative effects on EF. Interestingly, the interaction effect of
green technologies and natural resources indicates that the damage to ecological quality from natural resources can be effec-
tively improved by means of green technologies, thus maintaining environmental sustainability. Furthermore, the results of
panel quantile regression show that the effects of population aging and green technologies on the overall ecological footprint
distribution in G7 countries are heterogeneous, while the effects of natural resources on the distribution of all conditions of
the ecological footprint are positive. In addition, this paper verifies the causal relationship between the variables using the
Dumitrescu and Hurlin test. The findings reveal that the relevant changes in all explanatory variables are bilaterally causally
associated with EF. Based on these results, this paper provides some feasible policy recommendations.
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Introduction

The environmental consequences of economic growth have
been a major challenge affecting sustainable development
processes (Balsalobre-Lorente et al. 2021). These conse-
quences include climate warming, biological extinction,
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creates severe weather patterns to which all living things
cannot adapt. However, the shortage of ecological resources
will become the ultimate crisis that is likely to lead to the
destruction of the living environment.

Ecological footprint (EF) is an important indicator in
mitigating ecological crises and has been studied by many
scholars (Chu and Le 2022; Figge et al. 2017; Khan et al.
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2021b; Solarin et al. 2021). Moreover, EF is also an effec-
tive tool for measuring multifaceted ecological resource
occupation activities, for example, carbon footprint, land,
agricultural fields, fishing grounds, forests, and agricultural
cropland (Lyu et al. 2021). The global EF has risen by 190%
over half a century, indicating that the relationship between
humans and ecological resources has become unbalanced
(Ahmad et al. 2021). Specifically, in 2017, the global ecolog-
ical footprint reached 2.77 global hectares (GHA) per capita
(GFN 2021). To give a more visual indication of resource
occupation, the Global Footprint Network also uses another
calculation metric: the earth equivalent. The earth equivalent
states that if every citizen of the world depended on ecologi-
cal resources to live a normal life, those citizens would need
at least 1.73 earths to meet the footprint they occupy. How-
ever, it is obvious that we only have one earth. If ecological
resources are not sufficient to meet human needs, it will trig-
ger a global ecological deficit, which will further exacerbate
the ecological crisis facing the planet and its inhabitants.
Therefore, it is crucial to find the factors that induce ecologi-
cal crises and the means to mitigate them.

It is well known that an abundance of natural resource
reserves is an important pillar of a country’s national econ-
omy (Khan et al. 2021b; Pata et al. 2020). For the past half-
century, developed countries rich in natural resources have
led the economic development of the world. High-income
countries, led by the G7 countries, tend to prioritize the eco-
nomic well-being and spiritual satisfaction they receive in
exchange for natural resources. In this regard, the gradual
increase in EF reflects the extent to which people consume
natural resources to support their needs (Pata et al. 2020).
However, rapid economic development without considering
the environmental consequences has led to severe environ-
mental degradation. Clearly, this type of consumption also
violates the law of intergenerational equity that promotes
sustainable development (Demirel et al. 2016).

With regard to G7 countries, the link between natural
resources and EF can be categorized into two groups. Coun-
tries in the first group, including Canada and the USA, pos-
sess an abundance of natural resources but produce the most
severe environmental degradation in tandem. For example,
the vast territory of Canada has contributed to a global abun-
dance of mineral resources. Canada’s production of nickel,
zinc, platinum, and asbestos is the highest in the world. In
addition, Canada’s vast landmass and suitable precipitation
allow the country to produce huge timber reserves. However,
an over-reliance on natural resources has also led Canada
to suffer the most severe environmental degradation of the
seven countries. In 2017, Canada’s ecological footprint
reached 8.08 GHA per person, or 5.05 earth equivalents. In
the same contextual model, the USA follows Canada with an
ecological resource footprint of 8.04 GHA per person (5.03
earth equivalents). Most of the energy in the USA comes
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from non-renewable sources (Khan et al. 2020), and its
coal, oil, natural gas, phosphate, potash, iron ore, and other
mineral reserves are among the largest in the world. The
USA is also rich in land resources, containing 12% of the
world’s total arable land area. In this regard, a progressively
increasing EF provides evidence of continuous demand for
resources from mankind. The second group of countries,
including Germany, France, Italy, and Japan, possesses rela-
tively scarce natural resources. All four economies have less
than 0.1% of natural resource rents and produce ecological
footprints between 4.2 and 4.7 GHA per capita (as of 2017).

The most notable of the G7 countries is the UK. With
considerable oil and shale gas reserves, the UK is also the
richest country in the European Union countries in terms of
energy resources (Atkinson and Hamilton 2020). The UK
has roughly the same share of resource rents as the USA and
only one-half the ecological footprint. This is because the
UK, as the earliest industrialized country, also introduced
very strict environmental protection policies. The UK has
been imposing a climate tax since 2001 in response to the
climate change crisis. In addition, the UK has developed
more advanced technologies for water resource treatment
and utilization. As such, the water and soil resources in UK
are greatly protected, and its ecological footprint is reduced.
This begs the question of whether technological innovation
can reduce the global ecological footprint by reducing the
use of natural resources among G7 countries. Therefore,
based on our exploration of the impact of natural resources
on EF, we also examine the interaction between natural
resources and green technologies to verify its role on EF.

Nowadays, the dramatic worldwide growth of aging pop-
ulations has pushed population, an important environmental
factor, into a deeper level of discussion. Population aging is
a global phenomenon, especially among G7 countries. Japan
is the most elderly country in the world, with an aging rate
of 28%. Other countries with aging rates above 20% include
Italy, Germany, and France. The remaining G7 countries, the
USA, the UK, and Canada, all have aging rates of over 16%.
The emergence of the aging phenomenon brings many chal-
lenges to the new era. It affects many aspects of the world
development process, including social security systems,
health care levels, financial markets, and economic growth
(Menz and Welsch 2010).

From an environmental perspective, the impact of
demographic change due to aging on environmental qual-
ity is the most visible (Dalton et al. 2008). However, the
exact association of this effect is not clear. Most scholars
support the positive environmental effects of aging. From
the perspective of resource consumption, lower fertility
and birth rates reduce population size and may improve
environmental degradation by reducing resource use and
energy consumption (Bongaarts 1992; Cole and Neu-
mayer 2004). Regarding consumption patterns, elderly
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populations not only seek higher environmental and air
quality but also engage in more energy-saving and envi-
ronmentally friendly behaviors than younger people. For
example, older people are more likely to take public trans-
portation rather than frequently using personal vehicles,
thus reducing energy consumption in transportation (Kro-
nenberg 2009; O’Neill and Chen 2002). Considering that
the growth of the aging population affects the process of
natural resource use, the indicator of carbon emissions is
no longer sufficient to support our desired conclusions.
Therefore, we include the role of population aging in our
study of ecological footprint.

In summary, our study contributes to the existing lit-
erature by focusing on the following aspects. First, this
paper covers panel data for seven major global economies
(G7) from 1970 to 2017. While Yang et al. (2021a) have
included population aging in the theoretical framework
of natural resource and ecological footprint studies for
the first time, the severity of aging is uneven across the
27 Organization for Economic Co-operation and Devel-
opment (OECD) countries. Taking the 2017 data as an
example, 14 of the countries in the sample used by Yang
et al. (2021b) are below the average level (18%) of aging
in OECD countries, and four countries are less than 10%
old. Estimating panel data for different levels of aging
may result in bias in the estimated coefficients. Therefore,
through data analysis, we used a sample of G7 countries
that all have a high level of aging. Not merely that, the
above discussion also reveals that the G7 countries are rich
in natural resources and meet the conditions for our sample
selection. More importantly, our study bridges the gap in
the literature on population aging and environmental eco-
nomics in the G7 countries. Developing a suitable theoreti-
cal framework for G7 countries would be useful to emu-
late in other developed or emerging economies. Second,
we have included the green technologies in this model.
As per best of authors’ knowledge, no previous studies
examine the role of green technologies in the relationship
between natural resources and ecological footprint. Third,
this work also employs the panel quantile regression to
examine the heterogeneous effects of vital variables on
ecological footprint under different conditional distribu-
tions. To our knowledge, this is the first study to explore
the heterogeneous impact of population aging on ecologi-
cal footprint from the perspective of panel quantile regres-
sion. Unlike the conditional mean distribution, regression
at different quantiles provides a fuller and more extensive
characterization of the impact distribution. In tandem,
clearer indication of the effects of the independent vari-
ables on the dependent variable will offer more detailed
and comprehensive advice to decision makers.

In general, the current research intends to contribute to
the existing literature and address the following queries:

1. How do natural resource rents affect EF in the G7 coun-
tries?

2. What is the impact of population aging on EF in G7
countries?

3. Do green technologies moderate the relationship
between natural resources and EF in G7 countries?

4. Do natural resources, population aging, and green tech-
nologies have heterogeneous effects on the ecological
footprint of different condition distributions?

The remaining sections are as follows: “Literature review”
section presents the existing literature, while “Model, data,
and methodology strategy” section discusses the methodol-
ogy and data. In “Empirical results and discussion” section,
we give the empirical analysis. In the last section, we con-
clude the paper and offer some policy implications.

Literature review

This study investigates the linkage between the abundance
of natural resources, population aging, green technologies,
and EF. For coherence, we divided the review of literature
into three segments: natural resources and EF nexus, the
nexus between population aging and EF, and the relationship
between green technologies and EF.

Natural resources and ecological footprint

The association between an abundance of natural resources
and environmental quality is a controversial subject with
different arguments. The first strand of the literature suggests
that natural resources improved the ecological quality. For
instance, a study by Danish et al. (2020) on BRICS countries
showed that natural resources improve environmental quality
by lessening EF. Similarly, the empirical evidence from the
USA reached by Khan et al. (2021a) demonstrated the nega-
tive effect of natural resources on EF. An earlier study by
Zafar et al. (2019) also reported a positive impact of natural
resources on environment quality in the USA. Zhang et al.
(2021) examined the impact of natural resources on EF in
Pakistan and report that natural resources negatively affect
EF. Kongbuamai et al. (2020) found that natural resources
have a negative impact on the EF in members of the associa-
tion of Southeast Asian nations. Their findings support the
view that economies with an abundance of natural resources
can enjoy better environmental quality than those without
such an abundance of resources.

The second strand of the literature suggests a positive
effect of natural resources on EF. For instance, Ahmed
et al. (2020) probed the relationship between EF and
natural resources rent in China from 1970 to 2016. They
highlight that natural resource rent significantly increased
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environmental degradation because China has been putting
massive pressure on its ecological resources to fulfill its
growing energy demand. Likewise, Zia et al. (2021) argued
that natural resources are causing a surge in ecological
footprint of China. And Shen et al. (2021) also observed a
positive correlation between natural resources and carbon
emission using the panel data of 30 provinces in China.
Ahmad et al. (2020) investigated the linkage between natu-
ral resources, technological innovation, and EF in emerging
countries. Using the CS-ARDL model, they disclose the pos-
itive effect of natural resources on EF, while technological
innovation has a native effect on EF. They also confirmed a
similar relationship in the top ten ecological footprint coun-
tries. In a recent study on natural resources, Nathaniel et al.
(2020) revealed a positive and significant effect of natural
resources on EF in BRCIS countries. They further highlight
that these countries are endowed with resources but compro-
mise their environmental quality to gain foreign exchange.
Muhammad et al. (2021) pointed out that the total amount of
natural resources is one of the main factors driving environ-
mental degradation in BRICS countries and other develop-
ing or developed areas.

Population aging and environmental degradation

The human population has grown exponentially over the
past few decades, placing enormous pressure on ecological
resources and the environment (Khan et al. 2021a; Yang
and Khan 2022). Numerous scholars have explored the link-
age between population and environmental quality, but little
attention has been paid to examining the impact of popula-
tion aging on environmental quality. Therefore, the topics
of population aging and environmental quality have gained
substantial interest from scholars. For instance, Dalton et al.
(2008) studied the linkage between the aging population and
carbon emission in the USA. They concluded that popula-
tion aging reduces carbon emission by almost 40% in the
long run because older people prefer to use public trans-
port, thereby reducing the use of private cars and resources
and thus lowering pollution levels. Likewise, Hassan and
Salim (2015) stated that a 1% increase in the aged population
would decrease carbon emissions by 1.55% in the long term.
Yang et al. (2021a) and Yang et al. (2021b) also reported on
the negative effect of population aging on the degradation
of the environment. They further highlight that the elderly
population uses fewer commodities than the young popula-
tion and shows the shift of demand towards a low carbon
pattern.

On the contrary, Menz and Welsch (2010) argued that
older people use more energy-intensive products and
consume more energy, thereby aggravating higher emis-
sions. However, Menz and Welsch (2012) claimed that the
relationship between population aging and environmental
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degradation depends on the country’s development level.
Liddle (2011) analyzed the impact of age structure on elec-
tricity consumption and environmental degradation. Their
results indicated young people (20-34) and older popula-
tions (70+) have a positive coefficient, whereas middle-
aged people (35-49 and 50-69) pose a negative effect,
indicating the presence of a U-shaped association between
aging and emissions. A recent study of EU-5 countries
by Balsalobre-Lorente et al. (2021) reported an inverted
U-shaped association between population aging and carbon
emission.

Green technologies and environmental degradation

Several empirical results demonstrate that the innovation
brought by green technologies promotes environmental sus-
tainability by lessening EF and CO, emissions. For instance,
Wang et al. (2020) examined the impact of technological
innovation on CO, emissions in G7 countries between
1990 and 2017. They concluded that technology innovation
poses a mitigating effect on carbon emission and can help
to improve environmental performance caused by increas-
ing economic activities. Likewise, Ahmad et al. (2021) also
reported a similar connection between eco-innovation and
EF among G7 countries. Their results further highlight that
development level plays a crucial role in the relationship
between eco-innovation and EF. They claimed that eco-
innovation is more effective at abating emissions among G7
countries than in developing countries. Similarly, Ding et al.
(2021) revealed that eco-innovation significantly alleviates
consumption-based carbon emission in G7 countries. The
mitigating effect of innovation on environmental degrada-
tion is also stated by numerous researchers, including Sinha
et al. (2020), who researched NEXT 11 countries, Solarin
and Bello (2020), who researched the USA, Hashmi and
Alam (2019), who researched selected OECD countries, and
Zhang et al. (2017) who researched China. On the contrary,
Yii and Geetha (2017) concluded that technological inno-
vation is negatively related to carbon emission in the short
run while there is no effect that affects the long run. Oth-
ers argue that innovations in green technologies can reduce
environmental degradation only under certain conditions.
For instance, Ahmad and Zheng (2021) pointed out that
during the economic upturn in BRICS countries, the posi-
tive shocks of environment-related innovation can improve
environmental quality by minimizing CO, emissions. Raz-
zaq et al. (2021) found that green technologies can reduce
carbon emissions of BRICS regions only at higher emission
levels. These researches have highlighted the direct effect
of technological innovation on environmental quality. How-
ever, few authors have focused on the indirect effects of tech-
nological innovation on environmental quality, especially
through the channel of natural resource use.
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Research gaps

Summarizing the above literature, we can conclude that
there are limited studies that examine the impact of natu-
ral resources and population aging on environmental qual-
ity and the relationship between the two and do not have a
definitive conclusion. Moreover, these studies fail to discuss
the relationship between natural resources, population aging,
green technologies, and EF. On the other hand, researchers
mainly examined the relationship between green technolo-
gies and EF, but none of the studies examined the moderat-
ing effect of green technologies on the relationship between
natural resources and EF. Therefore, this study fills this
gap and investigates the linkage between population aging,
natural resources, green technologies, and EF in the context
of G7 countries. In addition, previous studies concerning
the impact of interested variables on EF are all econometric
methods using conditional mean estimator. In this respect,
they ignore the influence of different degrees of variables
and outlier distribution, which is easy to lack of heterogene-
ity analysis. Therefore, we provide estimates under different
conditional quantiles, hoping to show a different perspective
for the analysis of existing literature.

Model, data, and methodology strategy
Model construction

This paper follows the models constructed by Ahmad et al.
(2020) and Ahmad et al. (2021) and incorporates two key
factors, natural resource rent and population aging, into the
framework. In addition, control variables include GDP and
energy consumption, which are frequently employed to dis-
cuss environmental consequences. Therefore, we build the
following model:

and EI denote natural resources, population aging, and green
technologies, respectively; economic growth is represented
by GDP; and EC denotes energy consumption. To diminish
metric error between the data, all variables were transformed
by natural logarithm. The measurement of the variables and
the data source are proffered in Table 1.

Data

This paper explores the dynamic linkages between natural
resources, population aging, green technologies, and eco-
logical footprint in G7 countries. The G7 countries cov-
ered include the USA, Japan, the UK, Germany, France,
Italy, and Japan. The EF indicates the relevant ecological
consequences, and the data are derived from the open plat-
form of the GFN. The data for natural resource rents are
obtained from the WDI. It measures the extent to which
the seven countries consume and occupy natural resources
to meet their living and production needs. The common
international view on population aging is that a nation
becomes an elderly society if 10% of the total population
is over 60 years old or 7% of the total population is over 65
years old (UN 2021). Data on population aging and GDP
are also derived from the WDI. Data on green technologies
are characterized by the number of environment-related
patents. Compared to other alternative innovation indica-
tors, patent data have several attractive features. They are
widely available, quantitative, comparable, and output-
oriented (OECD 2021). In addition, data on energy con-
sumption are derived from the Statistical Review of World
Energy, published by BP in 2020. The study period spans
from 1970 to 2017, which is based solely on the available
range of related data required for the empirical analysis.
The EF only supports data before 2017. And after review-
ing the data availability of other variables, we finally set-
tled on 1970 as the starting date. Table 2 contains general
information about the data used in this paper, including

EF = f(NR, PA, EI, GDP, EC) (1)  maximum, minimum, mean, median, and standard devia-
tion. Box charts of our six variables are shown in Figure 1.
InEF;, = By + p,InNR,, + p,InPA,, + psInEl, + ,InGDP,, + psInEC;, + 7, 2)

To verify the indirect impact of natural resources on EF,
that is, whether green technologies have a moderating effect,
the interaction term (InNR*/nEI) between green technolo-
gies and natural resources is included in Eq. (2). Therefore,
the original model is extended to the following Eq. (3):

Methodology strategy

Before performing the empirical analysis, the panel data
requires a number of testing procedures to determine the usa-
bility of the model. The flow of the estimation strategy in this

INEF,, = By + B, InNR,, + PyInPA,, + p3InEL, + B,InGDP,, + psInEC,, + PsIn(NR * EI) + ,, 3)

where i refers to the seven cross-sections, i.e., seven coun-
tries (1, 2, 3, ... ,7); t represents the time period (1970-2017)
involved in this study; 7 represents the error item; NR, PA,

paper can be seen in Figure 2. It shows each test session and the
econometrics methods used. The methods for testing include
the cross-sectional dependency test proposed by Pesaran
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Table 1 Variable’s description

Variables Measure Source

EF Per capita (global hectares) GFN: https://data.footprintnetwork.org/#/
NR Natural resource rents as a percentage of GDP WDI: https://data.worldbank.org/indicator
PA Population over 65 years of age (% of the total population) WDI: https://data.worldbank.org/indicator
EI Number of patents related to the environment OECD: https://www.oecd.org/

GDP Per capita (constant 2010 US$) WDI: https://data.worldbank.org/indicator
EC Energy consumption (gigajoule per capita) BP: https://www.bp.com/

GFN Global Footprint Network, OECD Organization for Economic Co-operation and Development, WDI World Development Indicators, BP

British Petroleum

Table 2 Descriptive statistics

- . InEF InNR InPA InEL InGDP InEC

and pair-wise correlation

analysis Mean 1.835 —1.255 2.656 2.062 10.401 5.834
Median 1.733 -1.521 2.677 2.043 10.436 5.592
Maximum 2.404 2.202 3.300 2.734 10.885 7.747
Minimum 1.400 -4.510 1.928 1.295 9.800 4.781
Std. Dev. 0.278 1.634 0.251 0.299 0.266 0.791
Sum 616.42 —421.79 892.57 692.93 3494.70 1960.31
Sum Sq. Dev. 25.82 894.70 21.05 29.95 23.65 209.82
Observations 336 336 336 336 336 336
InEF 1.000
InNR 0.751 1.000
InPA -0.470 —0.468 1.000
InEI —-0.032 -0.019 0.381 1.000
inGDP 0.088 -0.112 0.507 0.503 1.000
InEC 0.606 0.223 -0.163 0.085 0.362 1.000

(2004), the slope homogeneity test proposed by Pesaran &
Yamgata (2008), the unit root test raised by Pesaran (2007),
the cointegration test of Westerlund (2007), and the causality
test presented by Dumitrescu and Hurlin (2012).

Cross-sectional augmented autoregressive distributed lag
(CS-ARDL)

The short-term and long-term relationships between natural
resources, population aging, green technologies, economic
growth, energy consumption, and EF in this paper are deter-
mined using the advanced CS-ARDL estimation method
(Chudik and Pesaran 2015). Compared to other estimation
methods, the CS-ARDL method has three significant advan-
tages. Firstly, it is still able to overcome and give robust
results against the CD and heterogeneity problems addressed
in the previous subsections. Secondly, it can overcome pos-
sible endogeneity problems among variables, eliminating the
potential risk of bias in the estimation results. Thirdly, the
method is more lenient in terms of data smoothness require-
ments. This is because CS-ARDL can estimate variables of
mixed integration order rather than requiring all variables to
be I(0) or I(1) processes. The test equation for CS-ARDL is:
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)

where EXV stands for all explanatory variables and
Z, = (Ay,, EXV, ! is the average value of cross-section.

Robustness test (AMG)

As an essential part of the measurement strategy, robust-
ness tests are also incorporated in the estimation step. The
augmented mean group (AMG) estimator developed by
Eberhardt (2012) is applied in this study. This method can
also give long-run estimated coefficients and can overcome
some of the common problems with the data mentioned in
the above steps. Therefore, the use of the AMG method as a
robustness screen is qualified and reasonable.

Panel quantile regression

CS-ARDL and AMG present long-run equilibrium between
variables. However, these two methods cannot demonstrate
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Fig.1 The box charts of six variables employed in this paper

the heterogeneous effects of the main explanatory variables
on the ecological footprint. Therefore, this paper takes a
panel quantile regression approach to overcome the effects
of outliers and heteroskedasticity and gives the estimated
coefficients at different quantile levels. Quantile regression
was proposed by Koenker and Bassett (1978). The quantile

Fig.2 The flow chart of estima-
tion strategy
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regression model allows to determine the effect of covari-
ates on the entire conditional distribution of the dependent
variable (Opoku and Aluko 2021). For the panel quantile
regression, we use the non-additive fixed effects proposed by
Powell (2016), an estimate that should be useful in environ-
ments where differential identification is required and where
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the effects of the variables are believed to be heterogeneous
across the distribution of outcomes. Moreover, non-additive
fixed effects allow for the presence of endogeneity as it is
developed in the framework of instrumental variables. In
the case of dealing with a large number of variables, Powell
(2016) requires other optimization methods such as Markov
chain Monte Carlo (MCMC). The quantile regression model
used in this paper is as follows.

IEF, = a, X, + 1,0 <7 < 1 )

Quant (InEF,|X,) = a.X,, (6)

where X;; is the vector consisting of natural resources,
population aging, green technologies, economic growth,
and energy consumption; « is the coefficient vectors to be
estimated; 7 indicates a quantile between O and 1; and 7 is a
random perturbation term.

Empirical results and discussion
The panel test results

We obtain the cross-sectional correlations between coun-
tries, as shown in Table 3. All variables meet the 1% sig-
nificance requirement, indicating a strong rejection of the
original assumption. The interpretation of this result is
that although there are asynchronies in economic growth,
population planning, and policymaking across countries,
it is inevitable that the decisions and progress of any one
country will indirectly affect other economies. The reflection
in statistics shows the problem of cross-sectional correla-
tion. Again, the slope homogeneity test in Table 4 provides
further evidence: the values of ZSH and adjusted Zadjus,ed in
two models reject the presence of homogeneity at 1% signifi-
cance. Therefore, the current panel data are heterogeneous.

Next are the outcomes of the unit root tests which are
displayed in Table 5 and the results show that unit root prob-
lems exist at the level for EF, GDP, and EC. However, all
three variables get stationary after performing the first-order

Table 3 Cross-sectional dependency test results

Variables Statistic p value Abs (corr)
InEF 14.142%:%* 0.000 0.512
InNR 18.535%#* 0.000 0.592
InPA 28.950%#* 0.000 0.912
InEIl 26.548%#* 0.000 0.836
InGDP 30.826%** 0.000 0.971
InEC 15.894 % 0.000 0.543

The symbol *** indicates the significance level at 1%
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Table 4 Slope heterogeneity test results

Test Model 1 Model 2
Value p value Value p value
; 21.538%** 0.000 19.282%** 0.000
SH
& 23.304%** 0.000 21.122%** 0.000
adjusted

The symbol *** indicates the significance level at 1%

difference. Moreover, NR, PA, and EI are I(0) processes.
The mixed integration order is equally sufficient for the
cointegration test and coefficient estimation steps. There-
fore, the cointegration test results are given in the results in
Table 6. Results for model 1 show significant cointegration
equilibrium properties between natural resources, population
aging, green technologies, GDP, energy consumption, and
EF Similarly, among the results of the extended model 2, we
find that when the cross term of natural resources and green
technologies (InNR*InEIl) is added, the model also has a
strong long-run covariance. Thus, there is evidence that the
individual variables vary and move together with EF.

The long-run and short-run results

After ensuring some basic requirements before estimating
the panel data, we estimate the long-run and short-run asso-
ciations between the variables. Table 7 shows the regres-
sion results for CS-ARDL. Natural resources (NR) sig-
nificantly stimulate EF in both the short and long term. In
terms of data, the average short-term EF increase of 0.023%
(model 1: 0.010%; model 2: 0.036%) is due to the role of
natural resources. In the long run, 0.01% (model 1: 0.006%;
model 2: 0.023%) of the increase in EF is caused by natu-
ral resources. The reason for the unsustainability of natural
resources may be the inadequate management system of the
resource-related sector. Once a natural resource is “leased,”
it will lead to overexploitation of natural resources if the
economy is not guaranteed to receive the corresponding rent
or tax. This type of resource use not only costs the economy
economic benefits but is likely to create a resource curse
for the region, leading to slow or even stagnant regional
economic growth (Ulucak et al. 2020). The present conclu-
sions are in agreement with Ahmad et al. (2020), Balsalobre-
Lorente et al. (2021), Danish et al. (2020), Pata et al. (2020),
Shen et al. (2021), and others. However, the conclusions are
not shared by Khan et al. (2021a) and Zafar et al. (2019),
who argue that natural resources improve environmental
quality by reducing dependence on fossil fuels.

The regression results further indicate that population
aging shows a negative relationship with EF in the long
term as well as in the short term. Averaging the data from
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Table 5 Panel unit root tests Variables Level First-difference Order

results

Intercept Intercept and trend Intercept Intercept and trend

CIPS
InEF —2.368%* -2.610 - - 1(0)
InNR —2.876%** —3.072%s%:% - - 1(0)
InPA —3.705%%* —4.7738%#% - - 1(0)
InEl —3.486%** —4.401 %% - - 1(0)
InGDP —1.623 —2.553 —4.8237%%% —4.6807%#* 1(1)
InEC -2.072 —2.776%* - - 1(0)
CADF
InEF —2.368%* -2.610 - - 1(0)
InNR —2.9097%** —3.099%##* - - 1(0)
InPA —2.715%%% —3.250%#:* - - 1(0)
InEIl —2.730%%* —3.19] k% - - 1(0)
InGDP —1.885 -2.725 —3.660%#* —3.286%** 1(1)
InEC -2.128 —3.033s%:k* - - 1(0)
The symbols *#*, ** and * indicate the significance level at 1%, 5%, and 10%, respectively

Table 6 Westerlund Statistic Model 1 Model 2

cointegration test results

Value Z-value p value Value Z-value p value

G, —3.117%%* —2.388 0.009 —3.271%* -2.190 0.014
G, —12.125 —-0.138 0.445 —12.884 0.309 0.621
P, —7.491°%%* -2.056 0.020 —7.901%* —1.908 0.028
P, —10.370 -0.778 0.218 —11.59 —0.481 0.315

The symbols *** ** and * indicate the significance level at 1%, 5%, and 10%, respectively

Table 7 The CS-ARDL estimations

Variables Model 1 Model 2
Coef. Std. Err.  Coef. Std. Err.

Short-run results

InNR 0.010***  0.003 0.036* 0.019
InPA —0.334%*%  0.147 —0.348*%*  0.167
InEl —0.048**  0.021 —0.059*%*  0.023
InGDP 0.715%**  0.187 0.773***  0.211
InEC 0.484***  (.123 0.430***  0.139
InNR*InEI - - —0.025%**  0.009
ECM (-1) —0.657**%*  0.062 —0.642%**  0.070
Long-run results

InNR 0.006***  (0.002 0.023**  0.011
InPA —0.198**  0.086 —0.204**  0.100
InEIl —0.029*%*%  0.012 —0.037*%**  0.014
InGDP 0.429***  (0.104 0.467***  0.121
InEC 0.301***  0.082 0.269***  0.089
InNR*[nEL - - —0.016***  0.005

p < 0.1, ¥¥p < 0.05, #*%p < 0.01

both models, every 1% increase in population aging (PA)
will result in a 0.341% decrease in the short-run EF and a
0.201% increase in long-run EF. The negative coefficient of
population aging suggests that older age groups are improv-
ing the environmental quality of G7 countries by reducing
EF, which provides evidence for the third query of this
paper. This view is consistent with O’Neill et al. (2010),
Yang and Wang (2020), and Yang et al. (2021a). From an
economic perspective, economic growth brings high rates
of natural resource extraction. Meanwhile, an aging popu-
lation can cause a shortage of labor supply (Balsalobre-
Lorente et al. 2021). This reduces the economic growth
rate in tandem with the risk of ecological deficit caused
by the overexploitation of resources. From the perspective
of industrial structure, aging will promote the develop-
ment of tertiary industries, such as livelihood security for
the elderly, pension systems, and health care industries,
thus upgrading and optimizing industrial structures (Yang
and Wang 2020). These sectors consume less energy and
reduce the level of dependence on natural resources, which
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in turn improve environmental conditions. Furthermore,
in terms of consumption patterns, most elderly people
choose resource-saving travel methods and goods (Yang
et al. 2021b). Moreover, in terms of attitudes surround-
ing environmental protection, tolerance for environmental
degradation decreases with age due to a more spiritually
enriched elderly population who prefer a “green” natural
environment and thus actively reduce their ecological foot-
print consumption.

We also detect a negative effect of green technologies
on EF. In the short-term scenario, green technologies (EI)
reduce the EF by 0.054% on average (model 1 is —0.048%
and model 2 is —0.059%). Similarly, in the long-term sce-
nario, a 1% increase in EI leads to a 0.033% decrease in
EF. This is consistent with the results of several studies
involving research of green technologies and EF (Ahmad
et al. 2020; Ahmad et al. 2021). The implementation of
green technologies can increase the productivity of exist-
ing societies and improve the production methods based
on the consumption of traditional energy sources, thus
reducing pollutant emissions. In addition, the develop-
ment and implementation of cleaner technologies such
as more efficient green technologies can reduce energy
consumption and pollution emissions per unit of product
compared to traditional technologies, thus increasing the
value of resources and energy use. When green technolo-
gies are developed to a certain extent, they stimulate the
replacement of energy-consuming technologies, which in
turn expands the share of environmentally friendly tech-
nologies. In this regard, the continuous advances in green
technologies tools can improve the efficiency of natural
resource use, thereby slowing resource depletion and
minimizing ecological degradation (Ulucak et al. 2020).
We further explored the moderating role of green tech-
nologies between natural resources and EF. The cross term
(InNR*[nEI) in model 2 provides the joint impact of natu-
ral resources and green technologies. Both the short-run
and long-run estimated coefficients of the crossover term
are negative, indicating that the moderating effect of green
technologies displays a beneficial driving effect on miti-
gating environmental degradation due to natural resources
in G7 countries. Green technologies can provide new and
efficient technological support for natural resource manage-
ment and use, and gradually reduce the ecological burden
by reducing the growth path that is highly dependent on
natural resources. It also verifies the second hypothesis
of this paper: green technologies moderate the relation-
ship between natural resources and EF in G7 countries.
Innovative means will replace manual labor to obtain
higher rates of resource utilization than obsolete natural
resource extraction and exploitation techniques. Innova-
tion, value addition, and reuse of resources will not only
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reduce environmental degradation but also be in line with
the vision of sustainable development (Bekun et al. 2019).

In addition, both GDP and EC contribute to the unsus-
tainability of the ecological environment. On average,
each 1% increase in GDP will boost EF by 0.744% (short
term) and 0.448% (long term). This result is supported
by the conclusions of many recent studies (Ahmed et al.
2021a; Danish et al. 2019; Xue et al. 2022; Zhang et al.
2021). Ahmed et al. (2021c¢) also found that when eco-
nomic growth exceeded a threshold, biocapacity would
increase. All this evidence points to a link between eco-
nomic growth and environmental unsustainability. Addi-
tionally, energy consumption also increases EF, corre-
sponding to 0.457% (short term) and 0.285% (long term),
respectively. This finding is also supported by Baz et al.
(2020), Destek and Sinha (2020), among others. G7 coun-
tries have been pursuing economic and market leadership
for the past few decades at the expense of the environ-
mental consequences they will suffer. As economic activi-
ties have become more widespread, energy consumption
has risen, further increasing environmental degradation.
Khan et al. (2021d) also proved that energy transitions
adversely associated with EF and economic growth for
another group of developed countries—OECD. Therefore,
investing in clean energy and reducing fossil energy con-
sumption will contribute to the realization of environmen-
tal sustainability (Ahmed et al. 2021b; Khan et al. 2021c;
Rehman et al. 2021).

In response to the above findings, further corroboration
is performed using the AMG estimator to increase statistical
evidence for the conclusions. The results in Table 8 dis-
play that natural resources, GDP, and energy consumption
increase EF, while population aging and green technolo-
gies decrease ecological consequences. In addition, green
technologies play a sustainable role in the linkage between
natural resources and EF. The AMG findings also provide us
with evidence for the three hypotheses once again.

Table 8 The AMG estimations (for the robustness test)

Variables Model 1 Model 2
Coef. Std. Err. Coef. Std. Err.

Short-run results

InNR 0.0097%** 0.003 0.015*%**  (0.005
InPA —1.283%*+  0.579 —1.240*%*  0.588
InEIl —0.052%*%  0.024 —0.056***  0.021
inGDP 0.758%* 0.126 0.727*%**  (.123
InEC 0.318%%* 0.080 0.336%**  0.083
InNR*InEI - - —0.007**  0.003
Constant —8.206%**  1.135 —0.642%**  0.005

#p < 0.05, #*+p < 0.01
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Table 9 The quantile regression results of Powell (2016)

Variables Low quantile Median quantile High quantile
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

InNR 0.0729* 0.0928* 0.1104* 0.0437* 0.0798* 0.0711* 0.0836* 0.0826* 0.0466*
[0.0004] [0.0014] [0.0008] [0.0004] [0.0013] [0.0014] [0.0003] [0.0007] [0.0160]

InPA 0.0351* 0.0339* 0.2491* —0.3604% -0.3627% -0.4118* —0.3888* —0.3958* -0.1359
[0.0026] [0.0111] [0.0196] [0.0002] [0.0218] [0.0004] [0.0029] [0.0049] [0.0852]

InEl —0.1515% —0.1080% —0.1387% 0.0979* 0.0416* —0.0265% -0.0079" —0.0254°¢ —0.2943%
[0.0025] [0.0063] [0.0078] [0.0019] [0.0066] [0.0045] [0.0033] [0.0139] [0.1120]

InGDP 0.0674* 0.2076* -0.3182% —0.1100% 0.1576* -0.1773% 0.0956* 0.0847* —0.0605
[0.0013] [0.0064] [0.0339] [0.0027] [0.0116] [0.0300] [0.0032] [0.0168] [0.0473]

InEC 0.2156* 0.1828* 0.3648* 0.1478* 0.1475% 0.2747% 0.1092* 0.1070* 0.0657*
[0.0003] [0.0012] [0.0120] [0.0005] [0.0020] [0.0152] [0.0008] [0.0026] [0.0444]

Obs. 336 336 336 336 336 336 336 336 336

The symbols a, b, and ¢ indicate the significance level at 1%, 5%, and 10%, respectively. The value in [ ] is for the standard error

The panel quantile regression results

The quantile regression results provided in Table 9 shows
that the coefficients of some variables remain constant
at different quantiles of the ecological footprint, while
the coefficients of individual variables have both posi-
tive and negative values, thus showing heterogeneous
effects. Specifically, the estimated coefficients for natural
resources fluctuate between 0.04 and 0.1, which is not a
large range of fluctuation, but the coefficients are always
significantly positive at each quantile. This suggests that
in G7 countries with high natural resource abundance,
natural resource use significantly stimulates an increase
in ecological footprint and causes environmental degrada-
tion, and this effect is homogeneous across all quantiles.
In addition, the quantile regression results capture the het-
erogeneous effect of population aging on the ecological
footprint. Specifically, the effect of population aging on
the ecological footprint of the lower quantiles (quantiles
Ist, 2nd, and 3rd) is significantly positive. This positive
result is identical to the findings of Balsalobre-Lorente
et al. (2021) for the EUS and Menz and Welsch (2010) for
OECD countries on the environmental quality impacts of
aging. At the same time, this result echoes the previous
findings of Yang et al. (2021a) on the short-term effects of
aging on the ecological footprint. However, for the fourth
to eighth quantiles, the estimated coefficient of popula-
tion aging is negative and consistently confirmed at the
significance level of 0.01%. Notably, at quantile 9th, the
estimated coefficient of aging begins to change, not only
showing a decrease of 0.26% in the coefficient, but also
being insignificant at any level, indicating that the nega-
tive impact of aging on the ecological footprint begins to
diminish. Similarly, we have observed a heterogeneous
effect of green technologies on the ecological footprint.

The green technologies coefficient has a significant nega-
tive value at quantiles 1st to 3rd. In contrast, the coefficient
transforms into a significant positive value in quantiles
4th and 5th. Interestingly, in the remaining quantiles 6th
to 9th, the effect of green technologies on the ecological
footprint turns negative again, and both are statistically
significant. Therefore, green technology can inhibit the
degradation of ecological environment at low and high
quantiles. The reason for this result might be that the mem-
bers of the G7 have large differences in the level of devel-
opment of technological innovation, thus leading to the
heterogeneity of the regression results. Moreover, for the
control variables, economic growth leads to an increase
in the ecological footprint, except in the 3rd, 4th, and 9th
quantiles where the effects are negative, thus capturing the
fact that the impact of economic growth on the ecological
footprint is not perfectly symmetric in the overall distri-
bution. The findings for energy consumption, on the other
hand, show that it has a significant positive coefficient in

Table 10 The DH causality test results

Null hypothesis ~ W-Stat. Z-Stat.  Prob.  Conclusion
InNR < [nEF 4.144%%* 2.836 0.005 [nNR <> [nEF
[nEF « InNR 3.897%%* 5.420  0.000

[nPA < [nEF 2.870%** 3.498 0.000 [nPA <> [nEF
[nEF « InPA 11.277+**%  19.227  0.000

[nEl « [nEF 5.186%%* 7.831 0.000 [nEI <> [nEF
[nEF « [nEl 1.990* 1.852  0.064

[nGDP < InEF 4.167%** 5925 0.000 InGDP <> InEF
[nEF « InGDP 5.271%%* 4.327  0.000

[nEC < InEF 2.160%* 2.164  0.030 [mEC <> InEF
[nEF « InEC 2.138%* 2.130  0.033

*p < 0.1, ¥%p < 0.05, **¥p < 0.01
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all quantiles. Thus, the growth of energy consumption is
associated with ecological degradation in G7 countries.

The causality test results

The causality test is authenticated in Table 10. The results
confirm the bidirectional causality between natural
resources, population aging, green technologies, economic
growth, energy consumption, and EF. Therefore, policy-
makers in G7 countries need to be aware that any deci-
sion regarding natural resources, aging, green technologies
innovation, economic growth, and energy relevant use will
affect EF, either directly or indirectly through causality, and
vice versa. The ecological environment needs to be taken
seriously because we observe a causal link from ecology
(environment) to population (society). Any change regard-
ing ecological quality does not simply cause environmen-
tal changes, but can directly or indirectly affect the popu-
lation in society. Deterioration of ecological quality may
be hazardous to human health by affecting land, water, and
air quality. Of course, it is also possible to enhance health
through improvements in ecological quality, thereby extend-
ing human lifespan. In addition, we found a causal link from
ecological footprint to green technology. Ecological deg-
radation is gradually attracting the attention of the whole
society, which stimulates countries to accelerate the process
of technological innovation development. Actively mitigat-
ing environmental degradation and improving the human
living environment at the technological level is the best way
to achieve sustainable development for both humans and the
planet.

Conclusion and policy implications
Conclusion

Pioneering G7 countries, which benefited from high eco-
nomic leadership and a “demographic dividend,” are facing
twin challenges of environmental degradation and popula-
tion aging. Therefore, these countries must find instruments
and policy directions that can safeguard their current envi-
ronmental welfare. With this in mind, this paper investigated
the effects of natural resources, population aging, green tech-
nologies, economic growth, and energy consumption on the
ecological footprint of G7 countries between 1970 and 2017.
First, this study identified the presence of cross-sectional
correlation and slope heterogeneity across the seven coun-
tries. Under this condition, we conducted unit root tests and
cointegration tests on the data using a second-generation
panel regression technique that considers cross-sectional
issues. The results show that all variables except NR, PA,
and EI remain stable after first-order differencing. Therefore,
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the variables used in this paper are of mixed integration
order. In the process, this paper also confirms the cointe-
gration between the variables of interest. These outcomes
allow the application of advanced CS-ARDL models for the
estimation of long-run and short-run relationships between
variables. CS-ARDL results reveal that natural resources,
GDP, and energy consumption drive a county’s long-term
and short-term ecological footprint, while population aging
and green technologies reduce ecological footprint. Notably,
the cross term of natural resources and green technologies
also diminishes ecological footprint, suggesting that natural
resource use, moderated by green technologies, can mitigate
the risk of environmental degradation. To verify the hetero-
geneous effects of the variables of interest on the ecologi-
cal footprint, we quantified the coefficients of the effects of
natural resources, population aging, and green technologies
on the ecological footprint at different quantiles using a
panel quantile regression. The quantile regression results
show that the impact of natural resources on ecological
footprint is positive at each quantile and thus symmetrically
distributed in the overall impact. Population aging presents
a heterogeneous impact, as evidenced by positive estimated
coefficients for the first three quantiles and negative results
from quantile 4 to quantile 9. The distribution of the impact
of green technologies is more complex, with coefficients
ranging from negative to positive to negative again, showing
significant heterogeneity.

In addition, to avoid errors in the practical significance
of the results, we verify the causal relationships between the
explanatory and explained variables. The causal relation-
ships indicate that there is a bidirectional effect between
natural resources, GDP, energy consumption, and ecological
footprint, while population aging and green technologies are
the unidirectional Granger causes of ecological footprint.

Policy implications

In response to the findings, this paper provides the follow-
ing policy implications: (1) The regression results suggest
that natural resource rents deteriorate the environment by
increasing the ecological footprint. Relevant departments
in G7 countries should strengthen regulations on natural
resource management and strictly enforce taxation man-
dates on natural resource use in order to prevent the use
of ecological resources without compensation or at low
prices. Whether it is an individual or an enterprise, those
who use ecological resources must pay for them. In the
case of excessive damage caused to the environment, com-
pensation should be paid in addition to paying the neces-
sary rent to guarantee the sustainable use of resources. (2)
Additionally, countries should not only raise awareness for
resource conservation among people and enterprises but
also try to coordinate the relationship between economic
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growth, resource use, and the environment to avoid the
“resource curse.” (3) Green technologies alleviate envi-
ronmental degradation by moderating the role of natural
resources on EF. Therefore, G7 countries should strongly
support green technologies projects and screen for new
industries that are consistent with sustainable develop-
ment. Green technology innovation could reduce G7 coun-
tries’ dependence on polluting energy use and industrial
equipment. At present, the research and development of
green technology face the dilemma of high investment and
low return. However, the G7 still needs to develop meas-
ures and policies to encourage companies and enterprises
to develop new products and reduce the risks and bur-
dens of emerging industries. In addition, outdated natural
resource extraction and utilization equipment often results
in high energy consumption and low resource utilization,
which wastes limited natural resources. Thus, the gov-
ernment and relevant authorities should replace outdated
equipment and compensate companies for the replacement
cost. It is well known that the development and diffusion
of future green technologies cannot be achieved without
the support of human capital. In this respect, G7 coun-
tries can cultivate specialized talents for eco-innovation
to counteract the ecological crisis. (4) The outcomes fur-
ther unveil the positive effects of population aging in G7
countries. Aging is both an opportunity and a challenge.
Countries should seize the opportunity introduced through
the aging era and make efforts to promote and adjust the
upgrading and transformation of industrial structures. Pol-
lution-intensive businesses should be outpaced by health-
care markets and social welfare businesses that serve the
elderly. Countries should develop a social economy that
focuses on the elderly market and strengthen the develop-
ment and operation of environmentally friendly tertiary
industries. In addition, policymakers should encourage
young people to learn from the resource-saving consump-
tion patterns and environmental concepts of the elderly.
At the same time, society should protect and safeguard the
fundamental interests of the elderly, such as labor force
participation rate, pensions, and elimination of age dis-
crimination and inequality.

Limitation of the paper

It is necessary to present some limitations of this study. For
example, our study sample covers seven countries from 1970
to 2017. Considered comprehensively, these seven coun-
tries are significantly representative of developed countries
and meet the requirements of high aging, abundant natural
resource reserves, and developed technological tools. How-
ever, from the perspective of aging, these seven countries are
not the top countries in the world with the highest degree of

aging. Therefore, in the subsequent study, we will focus on
some of the economies with the highest degree of aging to
analyze the environmental consequences.

Author contribution X. Y.: conceptualization, methodology, data cura-
tion, formal analysis, writing—original draft. N. L.: formal analysis,
writing—review and editing. M. A.: conceptualization, software, for-
mal analysis, visualization, writing—review and editing. H. M.: writ-
ing—review and editing, supervision.

Funding The financial support is from the National Natural Science
Foundation of China (No. 51976020, 71603039).

Data availability All data sources are referred in this paper. Data can
be downloaded free of cost.

Declarations

Ethics approval and consent to participate NA.
Consent for publication NA.

Competing interests The authors declare no competing interests.

References

Ahmad M, Zheng J (2021) Do innovation in environmental-related
technologies cyclically and asymmetrically affect environmental
sustainability in BRICS nations? Technol Soc 67:101746. https://
doi.org/10.1016/j.techsoc.2021.101746

Ahmad M, Jiang P, Majeed A, Umar M, Khan Z, Muhammad S (2020)
The dynamic impact of natural resources, technological innova-
tions and economic growth on ecological footprint: an advanced
panel data estimation. Res Pol 69:101817. https://doi.org/10.
1016/j.resourpol.2020.101817

Ahmad M, Jiang P, Murshed M, Shehzad K, Akram R, Cui L, Khan Z
(2021) Modelling the dynamic linkages between eco-innovation,
urbanization, economic growth and ecological footprints for G7
countries: does financial globalization matter? Sustain Cities Soc
70:102881. https://doi.org/10.1016/j.s¢cs.2021.102881

Ahmed Z, Asghar MM, Malik MN, Nawaz K (2020) Moving towards
a sustainable environment: the dynamic linkage between natural
resources, human capital, urbanization, economic growth, and
ecological footprint in China. Res Pol 67:101677. https://doi.org/
10.1016/j.resourpol.2020.101677

Ahmed Z, Ahmad M, Rjoub H, Kalugina OA, Hussain N (2021) Eco-
nomic growth, renewable energy consumption, and ecological
footprint: exploring the role of environmental regulations and
democracy in sustainable development. Sustain Dev. https://doi.
org/10.1002/sd.2251

Ahmed Z, Cary M, Ali S, Murshed M, Ullah H, Mahmood H (2021)
Moving toward a green revolution in Japan: symmetric and asym-
metric relationships among clean energy technology development
investments, economic growth, and CO2 emissions. Energ Envi-
ron-UK. https://doi.org/10.1177/0958305X211041780

Ahmed Z, Le HP, Shahzad SJH (2021) Toward environmental sustain-
ability: how do urbanization, economic growth, and industrializa-
tion affect biocapacity in Brazil? Environ Dev Sustain. https://doi.
org/10.1007/s10668-021-01915-x

@ Springer


https://doi.org/10.1016/j.techsoc.2021.101746
https://doi.org/10.1016/j.techsoc.2021.101746
https://doi.org/10.1016/j.resourpol.2020.101817
https://doi.org/10.1016/j.resourpol.2020.101817
https://doi.org/10.1016/j.scs.2021.102881
https://doi.org/10.1016/j.resourpol.2020.101677
https://doi.org/10.1016/j.resourpol.2020.101677
https://doi.org/10.1002/sd.2251
https://doi.org/10.1002/sd.2251
https://doi.org/10.1177/0958305X211041780
https://doi.org/10.1007/s10668-021-01915-x
https://doi.org/10.1007/s10668-021-01915-x

46678

Environmental Science and Pollution Research (2022) 29:46665-46679

Atkinson G, Hamilton K (2020) Sustaining wealth: simulating a sov-
ereign wealth fund for the UK’s oil and gas resources, past and
future. Energy Pol 139:111273. https://doi.org/10.1016/j.enpol.
2020.111273

Balsalobre-Lorente D, Sinha A, Driha OM, Mubarik MS (2021)
Assessing the impacts of ageing and natural resource extraction
on carbon emissions: a proposed policy framework for European
economies. J Clean Prod 296:126470. https://doi.org/10.1016/j.
jelepro.2021.126470

Baz K, Xu D, Ali H, Ali I, Khan I, Khan MM, Cheng J (2020) Asym-
metric impact of energy consumption and economic growth on
ecological footprint: using asymmetric and nonlinear approach.
Sci Total Environ 718:137364. https://doi.org/10.1016/j.scitotenv.
2020.137364

Bekun FV, Alola AA, Sarkodie SA (2019) Toward a sustainable envi-
ronment: nexus between CO2 emissions, resource rent, renewable
and nonrenewable energy in 16-EU countries. Sci Total Environ
657:1023-1029. https://doi.org/10.1016/j.scitotenv.2018.12.104

Bongaarts J (1992) Population growth and global warming. Facts View
Vision Obgyn 18:299-319

Chu LK, Le NTM (2022) Environmental quality and the role of
economic policy uncertainty, economic complexity, renew-
able energy, and energy intensity: the case of G7 countries.
Environ Sci Pollut Res 29:2866-2882. https://doi.org/10.1007/
s11356-021-15666-9

Chudik A, Pesaran MH (2015) Common correlated effects estimation
of heterogeneous dynamic panel data models with weakly exog-
enous regressors. J Econometrics 188:393-420. https://doi.org/
10.1016/j.jeconom.2015.03.007

Cole MA, Neumayer E (2004) Examining the impact of demographic
factors on air pollution. Popul Environ 26:5-21. https://doi.org/
10.1023/B:POEN.0000039950.85422.eb

Dalton M, O’Neill B, Prskawetz A, Jiang L, Pitkin J (2008) Population
aging and future carbon emissions in the United States. Energy
Econ 30:642-675. https://doi.org/10.1016/j.eneco.2006.07.002

Danish, Hassan ST, Baloch MA, Mahmood N, Zhang J (2019) Linking
economic growth and ecological footprint through human capital
and biocapacity. Sustain Cities Soc 47:101516. https://doi.org/10.
1016/j.5¢s.2019.101516

Danish, Ulucak R, Khan SU-D (2020) Determinants of the ecological
footprint: role of renewable energy, natural resources, and urbani-
zation. Sustain Cities Soc 54:101996. https://doi.org/10.1016/].
5¢s.2019.101996

Demirel M, Demirel DH, Isik U (2016) Environmental sustainability
for future generations (a comparison of 2020’s candidate cities).
Anthropologist 24:652—656. https://doi.org/10.1080/09720073.
2016.11892060

Destek MA, Sinha A (2020) Renewable, non-renewable energy con-
sumption, economic growth, trade openness and ecological foot-
print: evidence from Organisation for Economic Co-operation and
Development countries. J Clean Prod 242:118537. https://doi.org/
10.1016/j.jclepro.2019.118537

Ding Q, Khattak SI, Ahmad M (2021) Towards sustainable produc-
tion and consumption: assessing the impact of energy productivity
and eco-innovation on consumption-based carbon dioxide emis-
sions (CCO2) in G-7 nations. Sustain Prod Consump 27:254-268.
https://doi.org/10.1016/j.spc.2020.11.004

Dumitrescu E-1, Hurlin C (2012) Testing for Granger non-causality in
heterogeneous panels. Econ Modelling 29:1450-1460. https://doi.
org/10.1016/j.econmod.2012.02.014

Eberhardt M (2012) Estimating panel time-series models with het-
erogeneous slopes. Stata J] Promot Commun Stat Stata 12:61-71.
https://doi.org/10.1177/1536867X1201200105

Figge L, Oebels K, Offermans A (2017) The effects of globalization on
ecological footprints: an empirical analysis. Environ Dev Sustain
19:863-876. https://doi.org/10.1007/s10668-016-9769-8

@ Springer

GFN (2021) Global Footprint Network. Retrieved from. https://data.
footprintnetwork.org/#/ (Accessed June 2, 2021)

Hashmi R, Alam K (2019) Dynamic relationship among environmental
regulation, innovation, CO2 emissions, population, and economic
growth in OECD countries: a panel investigation. J Clean Prod
231:1100-1109. https://doi.org/10.1016/j.jclepro.2019.05.325

Hassan K, Salim R (2015) Population ageing, income growth and
CO2 emission: empirical evidence from high income OECD
countries. J Econ Stud 42:54-67. https://doi.org/10.1108/
JES-04-2013-0046

Khan MA, Gu L, Khan MA, Olih J (2020) Natural resources and finan-
cial development: the role of institutional quality. J Multinat Finan
Manage 56:100641. https://doi.org/10.1016/j.mulfin.2020.100641

Khan I, Hou F, Le HP (2021) The impact of natural resources, energy
consumption, and population growth on environmental quality:
fresh evidence from the United States of America. Sci Total Envi-
ron 754:142222. https://doi.org/10.1016/j.scitotenv.2020.142222

Khan I, Hou F, Le HP, Ali SA (2021) Do natural resources, urbaniza-
tion, and value-adding manufacturing affect environmental qual-
ity? Evidence from the top ten manufacturing countries. Res
Pol 72:102109. https://doi.org/10.1016/j.resourpol.2021.102109

Khan I, Hou F, Zakari A, Tawiah V, Ali SA (2021) Energy use and
urbanization as determinants of China’s environmental quality:
prospects of the Paris climate agreement. J Environ Plan Manag
2021:1-24. https://doi.org/10.1080/09640568.2021.1972797

Khan I, Zakari A, Ahmad M, Irfan M, Hou F (2021) Linking energy
transitions, energy consumption, and environmental sustainability
in OECD countries. Gondwana Res. https://doi.org/10.1016/j.gr.
2021.10.026

Koenker R, Bassett G (1978) Regression quantiles. Econometrica 46:33—
50. https://doi.org/10.2307/1913643

Kongbuamai N, Bui Q, Yousaf HMAU, Liu Y (2020) The impact of
tourism and natural resources on the ecological footprint: a case
study of ASEAN countries. Environ Sci Pollut Res 27:19251—
19264. https://doi.org/10.1007/s11356-020-08582-x

Kronenberg T (2009) The impact of demographic change on energy use
and greenhouse gas emissions in Germany. Ecol Econ 68:2637-
2645. https://doi.org/10.1016/j.ecolecon.2009.04.016

Liddle B (2011) Consumption-driven environmental impact and age
structure change in OECD countries: a cointegration-STIRPAT
analysis. Demogr Res 24:749-770. https://doi.org/10.4054/Dem-
Res.2011.24.30

Lyu L, Khan I, Zakari A (2021) A study of energy investment and
environmental sustainability nexus in China: a bootstrap replica-
tions analysis. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-021-16254-7

Menz T, Welsch H (2010) Population aging and environmental prefer-
ences in OECD countries: the case of air pollution. Ecol Econ
69:2582-2589. https://doi.org/10.1016/j.ecolecon.2010.08.002

Menz T, Welsch H (2012) Population aging and carbon emissions in
OECD countries: accounting for life-cycle and cohort effects.
Energy Econ 34:842-849. https://doi.org/10.1016/j.eneco.2011.
07.016

Muhammad B, Khan MK, Khan MI, Khan S (2021) Impact of foreign
direct investment, natural resources, renewable energy consump-
tion, and economic growth on environmental degradation: evi-
dence from BRICS, developing, developed and global countries.
Environ Sci Pollut Res 28:21789-21798. https://doi.org/10.1007/
s11356-020-12084-1

Nathaniel SP, Yal¢iner K, Bekun FV (2020) Assessing the environmen-
tal sustainability corridor: linking natural resources, renewable
energy, human capital, and ecological footprint in BRICS. Res
Pol 70:101924. https://doi.org/10.1016/j.resourpol.2020.101924

O’Neill BC, Chen BS (2002) Demographic determinants of household
energy use in the United States. Popul Dev Rev 28:53-88. https://
doi.org/10.2307/3115268


https://doi.org/10.1016/j.enpol.2020.111273
https://doi.org/10.1016/j.enpol.2020.111273
https://doi.org/10.1016/j.jclepro.2021.126470
https://doi.org/10.1016/j.jclepro.2021.126470
https://doi.org/10.1016/j.scitotenv.2020.137364
https://doi.org/10.1016/j.scitotenv.2020.137364
https://doi.org/10.1016/j.scitotenv.2018.12.104
https://doi.org/10.1007/s11356-021-15666-9
https://doi.org/10.1007/s11356-021-15666-9
https://doi.org/10.1016/j.jeconom.2015.03.007
https://doi.org/10.1016/j.jeconom.2015.03.007
https://doi.org/10.1023/B:POEN.0000039950.85422.eb
https://doi.org/10.1023/B:POEN.0000039950.85422.eb
https://doi.org/10.1016/j.eneco.2006.07.002
https://doi.org/10.1016/j.scs.2019.101516
https://doi.org/10.1016/j.scs.2019.101516
https://doi.org/10.1016/j.scs.2019.101996
https://doi.org/10.1016/j.scs.2019.101996
https://doi.org/10.1080/09720073.2016.11892060
https://doi.org/10.1080/09720073.2016.11892060
https://doi.org/10.1016/j.jclepro.2019.118537
https://doi.org/10.1016/j.jclepro.2019.118537
https://doi.org/10.1016/j.spc.2020.11.004
https://doi.org/10.1016/j.econmod.2012.02.014
https://doi.org/10.1016/j.econmod.2012.02.014
https://doi.org/10.1177/1536867X1201200105
https://doi.org/10.1007/s10668-016-9769-8
https://data.footprintnetwork.org/
https://data.footprintnetwork.org/
https://doi.org/10.1016/j.jclepro.2019.05.325
https://doi.org/10.1108/JES-04-2013-0046
https://doi.org/10.1108/JES-04-2013-0046
https://doi.org/10.1016/j.mulfin.2020.100641
https://doi.org/10.1016/j.scitotenv.2020.142222
https://doi.org/10.1016/j.resourpol.2021.102109
https://doi.org/10.1080/09640568.2021.1972797
https://doi.org/10.1016/j.gr.2021.10.026
https://doi.org/10.1016/j.gr.2021.10.026
https://doi.org/10.2307/1913643
https://doi.org/10.1007/s11356-020-08582-x
https://doi.org/10.1016/j.ecolecon.2009.04.016
https://doi.org/10.4054/DemRes.2011.24.30
https://doi.org/10.4054/DemRes.2011.24.30
https://doi.org/10.1007/s11356-021-16254-7
https://doi.org/10.1007/s11356-021-16254-7
https://doi.org/10.1016/j.ecolecon.2010.08.002
https://doi.org/10.1016/j.eneco.2011.07.016
https://doi.org/10.1016/j.eneco.2011.07.016
https://doi.org/10.1007/s11356-020-12084-1
https://doi.org/10.1007/s11356-020-12084-1
https://doi.org/10.1016/j.resourpol.2020.101924
https://doi.org/10.2307/3115268
https://doi.org/10.2307/3115268

Environmental Science and Pollution Research (2022) 29:46665-46679

46679

O’Neill BC, Dalton M, Fuchs R, Jiang L, Pachauri S, Zigova K (2010)
Global demographic trends and future carbon emissions. Proc
Natl Acad Sci 107:17521-17526. https://doi.org/10.1073/pnas.
1004581107

OECD (2021) Organisation for Economic Co-operation and Develop-
ment. Retrieved from https://www.oecd.org/ (Accessed August
26, 2021)

Opoku EEO, Aluko OA (2021) Heterogeneous effects of industrializa-
tion on the environment: evidence from panel quantile regression.
Struct Change Econ D 59:174-184. https://doi.org/10.1016/j.strue
¢0.2021.08.015

Ozcan B, Tzeremes PG, Tzeremes NG (2020) Energy consumption,
economic growth and environmental degradation in OECD coun-
tries. Econ Modelling 84:203-213. https://doi.org/10.1016/j.
econmod.2019.04.010

Pata UK, Aydin M, Haouas I (2020) Are natural resources abundance
and human development a solution for environmental pressure?
Evidence from top ten countries with the largest ecological foot-
print. Res Pol 70:101923. https://doi.org/10.1016/j.resourpol.
2020.101923

Pesaran MH (2004) General diagnostic tests for cross section depend-
ence in panels. Cambridge Work Paper Econ 69(7):1240 (Avail-
able at SSRN: https://ssrn.com/abstract=572504)

Pesaran MH (2007) A simple panel unit root test in the presence of
cross-section dependence. J Appl Econ 22:265-312. https://doi.
org/10.1002/jae.951

Pesaran MH, Yamagata T (2008) Testing slope homogeneity in large
panels. J Econometrics 142:50-93. https://doi.org/10.1016/j.jecon
om.2007.05.010

Powell D (2016) Quantile regression with nonadditive fixed effects.
Social Science Electronic Publishing, New York (Available at:
https://works.bepress.com/david_powell/1)

Razzaq A, Wang Y, Chupradit S, Suksatan W, Shahzad F (2021) Asym-
metric inter-linkages between green technology innovation and
consumption-based carbon emissions in BRICS countries using
quantile-on-quantile framework. Technol Soc 66:101656. https://
doi.org/10.1016/j.techsoc.2021.101656

Rehman A, Ma H, Ozturk I, Ulucak R (2021) Sustainable development
and pollution: the effects of CO2 emission on population growth,
food production, economic development, and energy consump-
tion in Pakistan. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-021-16998-2

Sinha A, Sengupta T, Alvarado R (2020) Interplay between technologi-
cal innovation and environmental quality: Formulating the SDG
policies for next 11 economies. J Clean Prod 242: 118549. https://
doi.org/10.1016/j.jclepro.2019.118549

Shen Y, Su Z-W, Malik MY, Umar M, Khan Z, Khan M (2021) Does
green investment, financial development and natural resources
rent limit carbon emissions? A provincial panel analysis of China.
Sci Total Environ 755:142538. https://doi.org/10.1016/j.scitotenv.
2020.142538

Solarin SA, Bello MO (2020) Energy innovations and environmental
sustainability in the U.S.: the roles of immigration and economic
expansion using a maximum likelihood method. Sci Total Envi-
ron 712:135594. https://doi.org/10.1016/j.scitotenv.2019.135594

Solarin SA, Nathaniel SP, Bekun FV, Okunola AM, Alhassan A (2021)
Towards achieving environmental sustainability: environmental
quality versus economic growth in a developing economy on
ecological footprint via dynamic simulations of ARDL. Envi-
ron Sci Pollut Res 28:17942-17959. https://doi.org/10.1007/
s11356-020-11637-8

Ulucak R, Danish, Ozcan B (2020) Relationship between energy con-
sumption and environmental sustainability in OECD countries:
the role of natural resources rents. Res Pol 69:101803. https://doi.
org/10.1016/j.resourpol.2020.101803

UN (2021) United Nations. Retrieved from https://www.un.org/devel
opment/desa/pd/. (Accessed June 14, 2021)

Wang L, Chang H-L, Rizvi SKA, Sari A (2020) Are eco-innovation and
export diversification mutually exclusive to control carbon emis-
sions in G-7 countries? J Environ Manage 270:110829. https://
doi.org/10.1016/j.jenvman.2020.110829

Westerlund J (2007) Testing for error correction in panel data. Oxf
Bull Econ Stat 69:709-748. https://doi.org/10.1111/j.1468-0084.
2007.00477.x

Xue C, Shahbaz M, Ahmed Z, Ahmad M, Sinha A (2022) Clean energy
consumption, economic growth, and environmental sustainability:
what is the role of economic policy uncertainty? Renew Energ
184:899-907. https://doi.org/10.1016/j.renene.2021.12.006

Yang X, Khan I (2022) Dynamics among economic growth, urbaniza-
tion, and environmental sustainability in IEA countries: the role
of industry value-added. Environ Sci Pollut Res 29:4116-4127.
https://doi.org/10.1007/s11356-021-16000-z

Yang T, Wang Q (2020) The nonlinear effect of population aging on
carbon emission-empirical analysis of ten selected provinces in
China. Sci Total Environ 740:140057. https://doi.org/10.1016/j.
scitotenv.2020.140057

Yang X, Li N, Mu H, Zhang M, Pang J, Ahmad M (2021) Study on the
long-term and short-term effects of globalization and population
aging on ecological footprint in OECD countries. Ecol Complex
47:100946. https://doi.org/10.1016/j.ecocom.2021.100946

Yang X, Li N, Mu H, Pang J, Zhao H, Ahmad M (2021) Study on
the long-term impact of economic globalization and population
aging on CO2 emissions in OECD countries. Sci Total Environ
787:147625. https://doi.org/10.1016/j.scitotenv.2021.147625

Yii K-J, Geetha C (2017) The nexus between technology innovation
and CO2 emissions in Malaysia: evidence from Granger causality
test. Energy Procedia 105:3118-3124. https://doi.org/10.1016/j.
egypro.2017.03.654

Zafar MW, Zaidi SAH, Khan NR, Mirza FM, Hou F, Kirmani SAA
(2019) The impact of natural resources, human capital, and for-
eign direct investment on the ecological footprint: the case of the
United States. Res Pol 63:101428. https://doi.org/10.1016/j.resou
rpol.2019.101428

Zhang YJ, Peng YL, Ma CQ, Shen B (2017) Can environmental inno-
vation facilitate carbon emissions reduction? Evidence from
China. Energy Pol 100:18-28. https://doi.org/10.1016/j.enpol.
2016.10.005

Zhang L, Godil DI, Bibi M, Khan MK, Sarwat S, Anser MK (2021)
Caring for the environment: how human capital, natural resources,
and economic growth interact with environmental degradation
in Pakistan? A dynamic ARDL approach. Sci Total Environ
774:145553. https://doi.org/10.1016/j.scitotenv.2021.145553

Zia S, Rahman Mu, Noor MH, Khan MK, Bibi M, Godil DI, Quddoos
MU, Anser MK (2021) Striving towards environmental sustain-
ability: how natural resources, human capital, financial develop-
ment, and economic growth interact with ecological footprint in
China. Environ Sci Pollut Res 28:52499-52513. https://doi.org/
10.1007/s11356-021-14342-2

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1073/pnas.1004581107
https://doi.org/10.1073/pnas.1004581107
https://www.oecd.org/
https://doi.org/10.1016/j.strueco.2021.08.015
https://doi.org/10.1016/j.strueco.2021.08.015
https://doi.org/10.1016/j.econmod.2019.04.010
https://doi.org/10.1016/j.econmod.2019.04.010
https://doi.org/10.1016/j.resourpol.2020.101923
https://doi.org/10.1016/j.resourpol.2020.101923
https://ssrn.com/abstract=572504
https://doi.org/10.1002/jae.951
https://doi.org/10.1002/jae.951
https://doi.org/10.1016/j.jeconom.2007.05.010
https://doi.org/10.1016/j.jeconom.2007.05.010
https://works.bepress.com/david_powell/1
https://doi.org/10.1016/j.techsoc.2021.101656
https://doi.org/10.1016/j.techsoc.2021.101656
https://doi.org/10.1007/s11356-021-16998-2
https://doi.org/10.1007/s11356-021-16998-2
https://doi.org/10.1016/j.scitotenv.2020.142538
https://doi.org/10.1016/j.scitotenv.2020.142538
https://doi.org/10.1016/j.scitotenv.2019.135594
https://doi.org/10.1007/s11356-020-11637-8
https://doi.org/10.1007/s11356-020-11637-8
https://doi.org/10.1016/j.resourpol.2020.101803
https://doi.org/10.1016/j.resourpol.2020.101803
https://www.un.org/development/desa/pd/
https://www.un.org/development/desa/pd/
https://doi.org/10.1016/j.jenvman.2020.110829
https://doi.org/10.1016/j.jenvman.2020.110829
https://doi.org/10.1111/j.1468-0084.2007.00477.x
https://doi.org/10.1111/j.1468-0084.2007.00477.x
https://doi.org/10.1016/j.renene.2021.12.006
https://doi.org/10.1007/s11356-021-16000-z
https://doi.org/10.1016/j.scitotenv.2020.140057
https://doi.org/10.1016/j.scitotenv.2020.140057
https://doi.org/10.1016/j.ecocom.2021.100946
https://doi.org/10.1016/j.scitotenv.2021.147625
https://doi.org/10.1016/j.egypro.2017.03.654
https://doi.org/10.1016/j.egypro.2017.03.654
https://doi.org/10.1016/j.resourpol.2019.101428
https://doi.org/10.1016/j.resourpol.2019.101428
https://doi.org/10.1016/j.enpol.2016.10.005
https://doi.org/10.1016/j.enpol.2016.10.005
https://doi.org/10.1016/j.scitotenv.2021.145553
https://doi.org/10.1007/s11356-021-14342-2
https://doi.org/10.1007/s11356-021-14342-2

	Natural resources, population aging, and environmental quality: analyzing the role of green technologies
	Abstract
	Introduction
	Literature review
	Natural resources and ecological footprint
	Population aging and environmental degradation
	Green technologies and environmental degradation
	Research gaps

	Model, data, and methodology strategy
	Model construction
	Data
	Methodology strategy
	Cross-sectional augmented autoregressive distributed lag (CS-ARDL)
	Robustness test (AMG)
	Panel quantile regression


	Empirical results and discussion
	The panel test results
	The long-run and short-run results
	The panel quantile regression results
	The causality test results

	Conclusion and policy implications
	Conclusion
	Policy implications
	Limitation of the paper

	References


