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The economic progress of China cannot be denied; however, deteriorating
environmental quality is the primary concern to be addressed. Since the last few
years, China’s legislators have intended to facilitate green transformation by
sustaining natural resources and ensuring renewable energy consumption.
Therefore, this study explores the impact of renewable energy, natural
resource green innovation, and economic growth on ecological footprints in
China. The bootstrap autoregressive distributed lag (ARDL) model has been
deployed by taking the quarterly data ranging between 1990Q1 and 2020Q4.
The results reveal that by enhancing green innovation, China can transform its
economy into a clean environment. Similarly, the effective utilization of
renewable energy consumption is indispensable to reducing the ecological
footprint in the long run. Moreover, the Error Correction Term (ECT) is
significantly negative, confirming a stable long-run equilibrium relationship
between model variables. Similar results are found in the short run;
however, the marginal impact of all variables is stronger in the long run. It
implies that long-term planning is imperative in China for optimal benefits from
renewable energy and green technologies.
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1 Introduction

The deteriorating environment is becoming a global threat to humans’ survival as
more than three-fourths of the world faces these challenges. It is one of the primary
hurdles in maintaining societal growth (Umar et al, 2021). Amid rising ecological
concerns, protecting environmental quality is on the utmost agenda of all countries
(Zhang et al., 2022). The abusive utilization of natural resource rents, deforestation, and
increasing pollution are the key sources of environmental destruction (Zuo et al., 2021).
As reported by C-W. Su et al. (2021), several countries are adopting the environmental
regulations proposed by the United Nations Conference in 1972 through practical policy
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implications. To achieve economic growth, numerous developing
countries like China contribute adversely to the environment
through industrialization and manufacturing processes. It has
been stated by Khan M. A. et al. (2020) that China is sharing 30%
of the global expansion in the economy, reflecting the fastest
growing country in the world. However, due to the expansion of
the economy utilizing the export and manufacturing sector,
China is leaving negative impressions on the environment
(Zhang et al., 2022). Matus$tik and Ko¢i (2021) argued that
China requires two more planets to absorb their waste
material and regenerate their natural resources. China is
plagued by severe ecological distresses that could affect its
economic growth. Thus, it seems to be an essential concern to
analyze the hazardous consequences of determinants such as
renewable energy, green innovation, and natural resources on the
environment in the context of China.

Providing the hazardous impact of economic advancement
on the atmosphere and seeking the answers to the pollution
problems linked with the industrial revolution has become the
basis of green development. The emerging concept of the green
economy presented by the United Nations in 2008 is dynamically
implemented at the national level and has also been appreciated
and improved by UN officials (Zhang et al., 2022). Based on the
framework of 17 objectives, the UN sustainable development
goals for 2030 were also proposed in 2015, having the critical
aspect of eco-friendly regulations. The well-being of the
hindered
underdeveloped regions, as these areas are straining natural

environment  is in China due to the vast
resources. China is eager to devise all possible regulations to
achieve sustainable goals so far by implementing the objectives
for sustainable development into the country’s development
strategy (Khan et al,, 2022). Green innovation and investment,
natural resources, growth, and renewable energy are imperative
to address climate vulnerabilities, while the 14th 5-year plan of
China is continuously enhancing the need to implement the
green economy at the national level (Su et al., 2021). On the
contrary, Z-W. Su et al. (2021) reveal that enhancing green
innovations for sustainable development is crucial for society.
Undoubtedly, society and the environment are correlated;
social and natural health is not separate. Consequently, nature
and economic development may conserve in a parallel direction.
Salah and El-Haggar (2007) stated that misuse of natural
resources causes environmental hazards. For several reasons,
careless utilization of resources by humans poses a threat to
the depletion of natural resources. The manufacturing ability of
natural resources exceeds; as a result, the earth is propelled
towards destruction (Umar et al., 2021). Such an imbalance of
demand and supply between resources and human needs is
cumulating greenhouse emissions and destroying the planet’s
ecosystem (Zhang et al., 2022). Since the adequate availability of
natural resources and their ecological footprints has been a long
debate for many years (Johnsson et al., 2019), such association
complies that ecological footprints are increasing due to
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industrialization, which causes the exploitation of natural
the growth.

Henceforth green innovation and natural resource rent seem

resources leading to country’s economic
to be the key determinant in accessing the environment’s quality
for the developing sector. It is also noted that green technology
innovation is not easy to adopt in developing nations as it is
crucial to favor low-carbon sustainability (Jun et al., 2015; Baloch
etal, 2019). Yet, green technology innovation is helping to utilize
energy and natural resources more efficiently, advancing the
mode of energy conservation and improving the ecological
ambiance of emerging economic systems.

Energy and natural resources are consumed through a weak
operation level and reverse convention method in China (Su,
2021). Therefore, economic development is dependent on energy
and natural resources, resulting in colossal wastage and pollution.
Understanding the importance of economic development with
ecological safety, Chen et al. (2012) emphasized that the existing
economic systems should revisit the association between growth
and usage of natural resources, consider their expected outcomes,
and devise the efficiency of green innovation. Accordingly, the
association between environmental degradation and green
innovation is of paramount concern in achieving the
sustainable development goals of 2030. It improves the use
and allocation of natural resources and helps to increase
resources’ ability to achieve sustainable development goals.
The green economy is a healthy global ecosystem (Wang
et al, 2020). The reasons above are thus justified for the
present study to include economic growth, natural resource
rent, renewable energy consumption, and green innovation to
observe their influence on the ecological footprint of China.

The current study contributes to prevailing literature in
various aspects. It utilizes quarterly data from 1990 to 2020 to
explore the dynamic linkages between renewable energy, green
innovation, resource consumption, and ecological footprints in
China. Recently, Su et al. (2021) have identified the association
between human, social, and economic development and the
that
discussed green development from a social standpoint (Wang

environment’s quality, along with various studies
et al., 2020). However, no noticeable research has been found that
presents these variables in a multivariate framework. Hence, the
current study contributes to the extant literature by exploring the
dynamic assessment of green innovation along with natural
resource rent, economic development, and renewable energy
consumption with the environmental quality in China. It
utilized the novel bootstrap autoregressive distributed lag
(BARDL) model to fulfill the required objectives. BARDL is
more flexible than the traditional ARDL model as it provides
various statistical assumptions relaxation compared to
conventional ARDL.

The rest of the study is systematized as follows. The second
section describes the critical and systematic review of the
literature with the possible gaps, and the third section

explains the methodological framework of the study, followed
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by results and discussion in the fourth section. The study will be
concluded with policy implications and suggested future

recommendations in the last section.

2 Review of the literature

The seminal work of Wackernagel et al. (1999) motivated
the researcher’s attention toward the ecological footprint as
their study analyzed the ecological traces of 52 countries
worldwide. Afterward, Wu et al. (2013) and Ying et al.
(2012) explored the environmental hazards by taking the
ecological footprint as an indicator in two provinces of
China. Similarly, Hubacek et al. (2009) and Peng et al.
(2019) are some of the prominent early contributions to
the literature on ecological footprint under the scenario of
China.

The most recent study by Zhang et al. (2022) focused on
the non-linear association between green investment,
economic growth, natural resources, and green innovation
with the ecological footprint of China by applying the NARDL
estimation method. Observing the increasing pattern of
ecological footprints in China, the motivation of the study
is based on the enhancement of green development to control
the destruction of the environment. Limited data from 2000 to
2018 have been considered for concluding the research. The
results of NARDL revealed that China should opt for policies
favoring green development in the country, as economic
progress with the exploitation of natural resources and
misuse of energy consumption is adversely affecting the
environment. Another study by Afshan and Yaqoob (2022)
employed the Quantile Autoregressive Distributive Lag
(QARDL) model to observe the conditional distribution of
ecological footprint by taking eco-innovation, economic
growth, natural resource rent, and financial development as
covariates. The annual data from 1995 to 2017 have been
considered in the study. As a principal emitter of greenhouse
gas emissions, China observed a comprehensive picture of the
ecological footprint at several quantiles. Results revealed that
natural resource rent poses a positive while financial
China’s
footprints. The U-shaped inverted relationship was also

development negatively impacts ecological
validated through the economic growth variable. Overall,
fruitful
exploring the nexus between independent variables and
of

Furthermore, considering the BRICS nations, Lin and

the modeling strategy provides insights into

conditional  quantiles environmental degradation.
Wang (2020) studied the nexus between natural resource
rent, renewable energy, and urbanization with ecological
footprint through a panel data setting. The empirical
results portrayed the positive impact of renewable energy
consumption, natural resource rent, and urbanization on

the quality of the environment.
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After the efforts of Grossman and Krueger (1991) in testing
the EKC hypothesis, numerous studies have validated it for
various countries. Taking the economic growth and natural
resources as a determinant of ecological footprint, Hassan
et al. (2019) studied the validity of EKC for the emerging
economy of Pakistan. The conventional time series ARDL
model has been deployed to scrutinize the long- and short-
run dynamics between the variables on yearly data from
1970 to 2014. The study’s outcomes affirm the EKC
hypothesis, and bidirectional causality has also been observed.
Moreover, natural resources leave a positive effect on the
Ahmed et al. (2020)
considered the impact of natural resources, technological

environment’s quality. Likewise,
innovations, and growth of 22 emerging economies in the
panel setting. The historical data on an annual basis from
1984 to 2016 were under consideration. The panel data
technique of Cross-section Autoregressive Distributed Lag
model (CS-ARDL) is employed for the desired objective of the
study. Inclusively, the outcome concludes that technological
innovation must be improved as it is impacted positively on
the ecological footprint. Natural resources should be preserved
through effective policy implications in the said regions. Moving
towards the same list of variables, Ahmed et al. (2021) also
included urbanization and globalization for G7 countries and
concluded that urbanization exerts pressure on the environment.
Utilizing the Cross-section Autoregressive Distributed Lag model
(CS-ARDL), the EKC hypothesis has been confirmed for
G7 countries. The outcomes of the study also recommended
that globalization, promoting innovation policies, improving the
urbanization structure, and hence progressing economically,
the of
development. Similarly, Erdogan et al. (2021) assessed the

become significant ~ components sustainable
impact of natural resource rent, globalization, urbanization,
and human capital on the ecological footprint of 23 African
countries and revealed that human capital and globalization
positively impact the environment of the countries under
study. In the same way, Danish & Khan (2019), Khan A. et al.
(2020), and Zafar et al. (2019) are also prominent studies in the
context of natural resources and ecological footprint. Regarding
the green economic system, Saberi et al. (2018) assert that green
innovation positively facilitates the environment while providing
eco-friendly solutions (Cohen et al, 2016) for sustainable
development. According to Song and Yu (2018), green
innovation enhancement in production leads to sustainable
development. Industries adopting green technology contribute
to an efficient ecological economic system compared to
traditional manufacturing methods (Sun et al, 2017). Thus,
several studies like Priadi (2021) and Ji et al. (2021) encourage
the implementation of the green innovation system to protect the
environment from destruction.

The above-discussed literature possesses a few gaps that need
to be filled. First, none of the previous studies have applied any
advanced single-country methodology to observe environmental
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TABLE 1 Variable depiction.

10.3389/fenvs.2022.966656

Variables Notations Measurement unit Source Expected linkage
Ecological footprint EF GHA/capita Global footprint network —

Green innovation GI Eco technologies % of total technologies OECD Negative

Renewable energy RE % of total energy consumption WDI Negative

Economic growth GDP Constant USD2000 WDI Positive

Natural resource rent NR NRR % of GDP OECD Positive

degradation. In contrast, the current research aims to deploy
the novel statistical technique of bootstrap ARDL to access the
dynamic association among the variables. Second, the impact
of green investment was not enhanced more broadly.
However, this study attempts to explain the long- and
short-run effects of the covariates on the quality of the
environment.

3 Materials and methods
3.1 Data description

This study converted annual data into a quarter using a
match-sum approach. This method is adopted to apply the
bootstrap ARDL model and explore the dynamic linkages
between ecological footprint, green innovation, renewable
energy, natural resource rent, and economic growth. The data
frequency ranges from 1990Q1 to 2020Q4. A detailed depiction
of the included variables and sources is presented in Table 1.

3.2 Methodological framework

The current the bootstrap ARDL
(Autoregressive Distributive Lag) estimation technique
devised by McNown et al. (2018). The ARDL model of

Pesaran and Shin (1999) is sensitive to sample size and

study applies

power features, whereas the bootstrap ARDL effectively
overcame the said issues. The novel method of bootstrap
ARDL is an extended version of the conventional one as it
is based on the robust estimation of F- and t-tests. It has also
been observed that the ARDL model needs error correction
terms to be significant along with the coefficients associated
with lagged covariates (Pesaran et al., 2001). The significance
of the error correction term depends on the order of
integration, i.e., variables under study are restricted to be I
(1); while testing the lagged coefficients of independent
variables, the bounds are evaluated, but practically, both
conditions cannot be fulfilled efficiently for every case. Goh
et al. (2017) directed toward the concerns of the ARDL model
and suggested that the bootstrap ARDL method increases the
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efficiency of F- and t-tests from innovative cointegration tests.
Thus the reason behind the deployment of the bootstrap
model is conclusive, i.e., it allows for analysis of the
cointegration among the variables if they are not I (1) or
even if they possess mixed order of integration (McNown
etal, 2018). The following is the baseline model used to apply
the bootstrap ARDL model:

Ye = Zf:l(si Yeot Zzzo% Xia t Zzzosb Up + Zi:lyf D
+ €,

1

where Y, is the predicted variable, whereas X; and U, are the
covariates. Moreover, based on Kims and Perron’s (2009) unit
root testing procedure, the variable Dy, . is the year of the dummy
variable, besides this ¢, 9 are statistical coefficients of lagged
values of independent variables, and y represents the coefficient
of the dummy variable. Additionally, t indicates a time and thei=
....... T,andc=1,
lagged values. Lastly, €, symbolizes the error term with zero mean
and constant variance. Furthermore, the error correction model
is represented as follows:

-1 -1
AY, =aY + Xy +yUr + Y0 g Yt Y TaXe

r—1 s-1
+ ZH Oy Usp + ZC:I DDy +é&.
@

The coefficients of the ECT model can be comprised function
of a=3%06; =Y ¢,,y=2 9. Similarly, the parametersp, 7,
and 0 are the related function to the (1). Also, Eq. 2 has appeared
through the alteration of vector AR in levels to its error
correction appearance. Although given below as Eq. 3, the
unconditional model may be acquired by including the
constant term (¢) in Eq. 2.

C+ & 7 ~ p-1 -1 _
AY: =Cc+a Yt—l + ﬂXt—l + yUt—l + Zi:] pi Yt—i + ZZ;O 7, Xt—a
r-1 ~ s—1 —
+ Zb:() O, Usp + Zc:l DD +&.
(3)

Once the hypothesis is formulated, the cointegration

relationship between the independent variables can be

established. The required three hypothesis statements are as
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TABLE 2 Unit root test results.

Variables ADF (level) ADF(A)

EF -1.886 ~3.695*

RE ~1.025 ~3.520*

NR -1.310 ~2.990*

GI -1.219 —3.674*

GDP ~1.243 ~3.535*

*p<1%.

TABLE 3 BARDL cointegration analysis results.

Estimated models Lag length Break year
Model 2,2,222 2007 Q2
R Q-stat LM (2)
0.768 5315 2.745

10.3389/fenvs.2022.966656

ZA (Level) ZA (A) Break year
(A)
~1.241 —4.212* 2001 (Q4)
-0.895 ~4.022* 2015 (Q3)
~1.110 -3.857* 2011 (Q3)
~1.423 —4.624* 2015 (Q2)
~1.090 ~3.890* 2009 (Q4)
Fpss Tov Trv
4,840 ~5.978%* —5.214%*
JB
0.743

The ideal lag time was found using the Akaike Information Criterion (AIC). The bootstrap method creates asymptotic critical bounds for the F-statistic FPSS, **p< 1%, **p< 5%,

and *p< 10%.

follows: The first F-test (F1) employed on the ECTs parameters
with the null hypothesis (Ho: @ = =y = 0).

The second F-test applied to the coefficients of explanatory
variables along with the hypothesis statement (Ho: & = f8 = 0).

The third F-test is valid on the lagged values of the dependent
variable with a null hypothesis (Ho: a = 0).

The main ground to employ the bootstrap ARDL approach is
that it provides a critical bounds test statistics of all the above-
mentioned tests. At the same time, it brings out some robust
estimates (McNown et al., 2018), which the traditional ARDL
cannot make possible as it only gives an insight into the critical
bound testing for F- and t-tests.

4 Empirical results and discussion

Before embarking on the formal cointegration test, the order
of integration must be investigated. The study applied the ADF
and ZA unit root tests with and without structural breaks in data.
The outcomes of the test are stated in Table 2. It can be viewed
that all variables are I (1), i.e., stationary at first difference. The
outcomes are justified in applying the bootstrap ARDL
methodology as the method is robust in capturing the
structural breaks.

We move to the cointegration analysis now as variables get
stationary at first difference. Employing the cointegration test,
the dynamic association between renewable energy, natural
resource rent, economic growth, and green innovation with
the ecological footprint of China has been examined. Shahbaz
etal. (2020) emphasized the use of bootstrap ARDL compared to
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TABLE 4 Results of BARDL (long run) cointegration analysis.

Dependent variable = EF, Coefficient t value Sig. level
Variables

RE; -0.102 -3.270 b
NR; 0.156 2.453 ha
GI, -0.272 -2.501 **
GDP, 0.620 3.855 oo
Constant 0.140 1.970 *
D2007-q2 0.120 2.530 bl
R’ 0.768

Adj-R? 0.705

Durbin Watson 1.950

B = p< 1%, **p< 5%, and *p< 23%.

ARDL since it offers the test statistics of F-test and ¢-test at all lags
of the variables and lags of the dependent variable, respectively.
Moreover, it also provides the innovative t value at the lags of the
covariates, which is more robust in identifying the cointegration
among the said variables. The lag selection criteria of Akaike
Information Criteria (AIC) have been employed due to its high
efficiency as bootstrap ARDL is sensitive to the lag orders
(Lutkepohl., 2006). Table 3 presents the selected lag length
and the cointegration results. The F- and t-test values are
bootstrapped under the framework of analysis and are also
reported in Table 3. The significant values of the F- and f-test
indicate that the null hypothesis of no cointegration has been
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TABLE 5 BARDL cointegration analysis estimations (short run).

Dependent variable = EF; Coefficient t value Sig. level
Variables

RE, -0.058 -2.540 o

NR, 0.093 2129 o

Gl -0.075 -2.850 e

GDP, 0.380 2454 >
Constant 0.132 2.328 h

D2007-q2 0.087 1.530 -

ECM,, -0.368 -3.527 oo

Xp < 1%, **p < 5%, and, *p < 10%.

rejected at the significance level of 1% and concluded that
renewable energy, natural resource rent, economic growth,
and green innovation are independent. The innovative ¢-test
retrieved at lags of covariates confirmed the cointegration among
the variables. These outcomes appear to be similar to the findings
of Zhang et al. (2022), who found non-linear cointegration
among natural resource rent, green innovation, and economic
growth with the ecological footprint of China. The test also finds
the break date of the suggested model, i.e., 2007Q2. To validate
the robustness of the model, diagnostic measures are also
performed. The Jarque-Bera (JB) test supports the normality
of the model residuals, the Langrange multiplier test (LM)
confirms that the residuals are free from multicollinearity,
while insignificant Q-stat portrays that model errors are
homoscedastic.

The long-run assessment of the variables has been done as
cointegration is confirmed. The outcomes are exhibited in
Table 4. The long-run elasticities show that a 1% increment in
natural resource rent and economic growth increases ecological
footprint by 0.156% and 0.620%. In contrast, a 1% increase in
renewable energy consumption and green innovation decreases
ecological footprints by 0.102% and 0.272%. Furthermore,
renewable energy consumption is found to be negative and
significant, implying a negative association with the ecological
footprint in China. This outcome is consistent with the study by
Lin and Wang (2020) performed for BRICS nations. Similarly,
the marginal effect of green innovation on environmental quality
is negative as the associated coefficient appears negative and
significant. The findings suggest that China should invest in
green technology as the environmental distress is increasing due
to the abusive treatment of natural resources. In the context of
China, this result parallels the study of Zhong et al. (2022) and
Alvarado et al. (2021). However, both natural resource rent and
economic growth are positive and significant. It indicates that
China is not utilizing its natural resources effectively. Nathaniel
et al. (2021) found that misuse of natural resource rent results in
environmental degradation in the BRICS region. In terms of
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TABLE 6 Stability tests.

Stability test F-statistics p value
X? normal 0.537 0.142

X? serial 0.578 0.134

X? ARCH 0.490 0.180

X? hetero 0.620 0317

X? RESET 0.745 0.530
CUSUM Stable

CUSUMsq Stable

economic growth, the findings are consistent with the study of
Ahmed et al. (2020, 2021).

The short-run estimates obtained through bootstrap ARDL
are presented in Table 5. It has been observed from the findings
that a 1% increase in natural resource rent and economic growth
increases ecological footprint by 0.093% and 0.380%; on the
contrary, a 1% increase in renewable energy consumption and
green innovation decreases ecological footprint by 0.058% and
0.075%. The signs of the coefficients appear to be similar to long-
run estimates, though the magnitude of the coefficient is less than
that of the long-run findings. The outcomes reveal that green
innovation and renewable energy are important determinants in
decreasing the ecological footprint in China. Proceeding to more
outcomes, it has been shown that the selected dummy variable is
also significant, suggesting the dynamic impact of the break date
on the ecological footprints of China.

The coefficient of the speed of adjustment associated with the
error correction term is found to be negative and significant. It
can be seen that the coefficient is 0.368 indicating that the
equilibrium adjustment, in the long run, can be adjusted by
36.8% annually. The ECM value also confirms the equilibrium
relationship among the variables. This analysis is novel as the
traditional time series model allows the establishment of the
relationship between the variables after ignoring the previous
year’s effect, which harms the efficiency of the current year’s
estimates. It has also been considered that current ecological
footprints depend upon past lag; thus, the lag effect concerning
time is important to incorporate in the analysis to avoid the
overestimation of the coefficients. The overall diagnostic tests are
applied, and the results are reported in Table 6. The model
residuals do not suffer from heteroscedasticity, autocorrelation,
and multicollinearity problem, while the CUSUM test shows
stable results.

5 Conclusion and policy implications

The study aims to analyze the influence of green innovation,
renewable energy, natural resource rent, and economic growth
on the ecological footprint of China. The quarterly data
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spanning from 1990Q1 to 2020Q4 have been retrieved for the
empirical analysis. Efforts of work have been done to explore
the significant determinants in explaining their effects on the
ecological footprint in the scenario of China. The novel
technique of bootstrap ARDL has been employed to fulfill
the objectives of the study. The order of integration of the
variables under study has been confirmed using unit root test
with and without structural breaks. Both tests confirm that
variables are I (1); thus, the analysis moves toward the quest of
cointegration. Overall, the model confirms the cointegration
among the variables at the break date of 2009Q3. Green
innovation and renewable energy possess negative and
significant effects, while growth and energy positively impact
China’s ecological footprint. The error correction term is
negative and significant, whereas the break dummy is also
significant. Overall, the bootstrap ARDL technique supports
the testing hypothesis of the study.

Understanding the importance of the outcomes revealed by
the study, several implications can be explained in the context of
China. As a developing country, China should reinforce its links
with other emerging economies and promote its investment
direction to renewable energy and green innovation. The
Chinese government may take actions to foster their
industries regulated for green technology instead of carbon-
releasing conventional processes. Moreover, the policies must
be designed to achieve long-term benefits in China with the
desirable improvement of ecological traces within the country.
China should transform its development strategy headed toward
a carbon-free zone. Thus, the result obtained from the dynamic
relationship appears to be valuable for the policymakers to
improve the quality of the environment in China.

Although the comprehensive outcomes are acquired in the
current study, there are still few limitations. First, the study is a
single-country analysis, and environmental degradation is not a
matter of a single country. Thus, taking more countries with the
same variables can be accessed in either panel data setting or
sophisticated econometric modeling methods. Second, the
historical data might be more useful in generating insights
related to ecological footprints. Lastly, more independent
variables concerning economic, financial, and political aspects
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