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Abstract
The world is in a clash between the perspectives of economic expansion and sustainable environment. The high pace of 
technological progress opens space for fostering economic growth but at the same time, it creates a big dilemma for humans 
in protecting the environmental quality. The environmentally specific technologies are expected to help human beings to 
achieve dual objectives of economic prosperity and environmental sustainability. Despite its importance, attention to the 
role of environmental-related technologies in reducing environmental degradation is limited. This paper, therefore, intends 
to discover the impact of environmental-related technologies on the ecological footprint for 20 OECD from 1990 to 2015. 
The results endorse a long-run relationship between ecological footprint and green technologies, renewable energy, interna-
tional trade, energy intensity, and real income. Environmental-related technologies and renewable energy consumption are 
found to be impetuous to sustainable development. The study provides relevant implications for policymakers to support the 
development and adoption of green technologies.
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Introduction

Human history indicates that all industrial revolutions, from 
the first to the fourth, are related to the adoption of creative 
and destructive technologies for efficient production and 
then, for more responsible consumption. The ongoing Fourth 
Industrial Revolution, characterized by advanced manufac-
turing and distributing models, has been changing the world 
dramatically (Cheng et al. 2021; Ikram et al. 2021). In the 
environmental aspect, such technological advancements 
are expected to transform the traditional methods of natural 
resource exploitation and emissions management to more 
efficient and cleaner ones (An et al. 2021; Dhanwani et al. 
2021; Khan et al. 2021; Zhang and Li 2020). Therefore, 
the world has made a strong effort to promote the achieve-
ments of the Fourth Industrial Revolution to realize higher 

economic growth while still sustaining environmental qual-
ity (Bilgili et al. 2021).

At the same time, environmental degradation has been 
one of the biggest challenges for humans. Nature is being 
changed and destroyed at an unprecedented in history, 
threatening human well-being. On the one hand, many 
side effects of the industrial revolution have been proved 
unpreventable and irreversible. On the other hand, the 
integration of the industrial revolution into environmental 
management and protection is potential for promoting de-
carbonization, bio-diversity conservation, food and water 
security, to name a few (Shao et al. 2021). On an empirical 
aspect, while several studies indicate the detrimental effects 
of innovation on environmental quality (Danish et al. 2018; 
Kocak and Ulucak 2019; Park et al. 2018), most claim that 
innovation minimizes the harmful environmental impacts of 
human activities. However, the majority of studies attempt 
to explore this relationship by relying on the overall innova-
tion (Chu and Hoang 2021; Khattak et al. 2020). To have 
a precise conclusion, the innovation used in such research 
should be environmentally specific. According to Hussain 
et al. (2020), environmental sustainability could be realized 
with environmental-related technologies. There are some 
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channels through which environmental technologies can 
minimize the pollution generated from production and con-
sumption (Ahmed 2020). For example, advanced technolo-
gies can increase the efficiency of existing energy sources 
(significantly reduce the amount of energy needed for pro-
ducing a unit of good) or they can promote the development 
and adoption of new cleaner energy sources (solar, wind, 
hydro, and tidal). In addition, some environmental-related 
technologies can deal effectively with wastes discharged by 
human activities.

However, the technological advance may act as a double-
edged sword where the progress in technology increases 
environmental degradation through the rebound effect 
(Bentzen 2004; Bessec and Fouquau 2008). While energy 
efficiency improvement is achieved at the micro-level, it 
may lead to more energy consumption at the macro level 
(Yang and Li 2017). If the rebound effect exists, the con-
centration of environmental-related technologies should 
be shifted from energy efficiency to reducing ecosystem 
damage such as capture, storage, disposal of polluted air or 
wastes. In addition, the discovery and exploitation of cleaner 
and more available energies reduce energy prices, encour-
aging both production and consumption activities. Conse-
quently, they lead to greater pollution and faster depletion 
of natural resources (Ali et al. 2021). Wang and Wei (2020) 
indicate that the high levels of technological progress when 
combined with the heterogeneous characteristics of OECD 
countries make the effect of many environmental policies 
inter-wined and complex. Thus, an important question to be 
answered is whether higher environmental-related technolo-
gies (or green technologies for short) lead to environmental 
sustainability or not.

Recently, the ecological footprint has been introduced as 
a more inclusive benchmark of environmental externalities. 
In essence, it quantifies the amount of biologically produc-
tive land and water area needed to supply the resources that 
a community consumes and to dissolve the waste generated. 
Since the calculation and publication of data on ecological 
footprint by the Global Footprint Network, there have been 
numerous studies employing this indicator to proxy for envi-
ronmental quality (Altintas and Kassouri 2020; Chu and Le 
2021; Danish and Wang 2019; Danish et al. 2020).

Based on the premises above, this study’s primary motive 
is to analyze the potential impact of green technologies on 
ecological footprint while considering the role of energy 
intensity, renewable energy, trade openness, and real income. 
The reviewed literature indicates that the role of green 
technologies in the protecting environment, especially in 
OCED countries, is still limited. The scope of this research 
is bounded within 20 OECD countries. We decide to focus 
on OECD countries due to several reasons. First, OECD 
countries have being exposed to environmental hazards. For 
example, nearly two-thirds of people are facing dangerous 

levels of air pollution, according to OECD (2020). In addi-
tion, renewable energies still account for a minor proportion 
of the total primary energy supply although the share is still 
higher than the rest of the world. The data show that the 
average carbon footprint per capita has been on a declining 
trend since 2010 (OECD 2020). The second reason relies on 
the fact that advanced countries, like OECD members, are 
witnessing the increasing role of knowledge as a key factor 
of production (Chu 2021; Wang and Wei 2020). Because of 
huge investment in research and development, the produc-
tion and diffusion of technologies have become prominent 
in OECD countries. The third reason is the data availability 
of green technologies from the OECD statistics database.

The contribution of this paper to the current literature 
is three folds. We first examine the long-term connection 
between ecological footprint and its determining factors, 
including environmental-related technologies, trade open-
ness, energy intensity, renewable energy, and real income. 
The reviewed literature indicates that while there have been 
many studies on the environmental effects of technologies 
in OECD context, the number of studies exploring the role 
of environmental-related technologies in the ecological foot-
print is limited and should be further investigated. Moreover, 
previous literature often uses carbon emissions for measur-
ing environmental degradation while the ecological footprint 
is considered a more comprehensive measure (Danish and 
Wang 2019; Destek and Sarkodie 2019; Chu and Le 2021; 
Ulucak and Bilgili 2018). Accordingly, this paper connects 
a series of sustainable development goals (SDG) such as 
SDG 7 (affordable and clean energy) and SDG 9 (industry, 
innovation, and infrastructure) to other aspects of the eco-
logical system such as SDG 6 (clean water and sanitation), 
SDG 13 (climate change), SDG 14 (life below water), and 
SDG 15 (life on land).

Second, the latest econometric techniques such as second-
generation econometric approaches (Pesaran (2015)’s unit 
root, Westerlund (2005)’s co-integration) and cross-sectional 
augmented autoregressive distributive lag (Chudik and Pesa-
ran 2015) are adopted to discover the aforementioned nexus. 
These techniques deal rigorously with the potential existence 
of cross-sectional dependence and heterogeneity in panel 
data. It is because the socio-economic activities of OECD 
countries are integrated due to increasing cross-border trade, 
investment, and environmental commitments.

Third, the beneficial impact of environmental-related 
technologies on footprint over the long-run is firmly identi-
fied by empirical results. However, such a desirable effect of 
green technologies on ecological footprint is not found in the 
short-run. The empirical results also posit that rather than 
addressing the issues related to environment, technology, 
and economic growth separately, a co-integrated approach 
that cover these interrelated factors is necessary to achieve 
a sustainable environment. Based on these findings, some 
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policy implications are suggested to facilitate the develop-
ment and deployment of green technologies to achieve sus-
tainable development goals.

The paper’s structure is divided into five parts. The next 
section provides a review of the literature. The “Methodol-
ogy” section describes the data, model specification, and 
methodological issues. The “Results and discussion” sec-
tion reports and discusses empirical results. The last section 
wraps up the paper and suggests recommendations.

Literature review

The topic of potential determinants of environmental qual-
ity, especially ecological footprint among other indicators, 
and the role of environmental-related technologies have been 
extensively examined in the literature. The existing litera-
ture, while is inconsistent in the empirical findings, could 
be classified into three broad categories.

The first collection focuses on the association between 
environmental-related technologies and the popular environ-
mental quality indicators such as carbon and greenhouse gas 
emissions (hereafter GHG). Ahmed (2020) studies the nexus 
between environmental policy stringency, green technolo-
gies, and carbon emissions in 20 OECD nations from 1999 
to 2015. The empirical results indicate that both environ-
mental regulation and innovation reduce CO2 in the long-
run. Similarly, Mensah et al. (2019) find that eco-patents and 
trademarks alleviate carbon emissions in OECD economies 
from 1990 to 2015. Alvarez-Herranz et al. (2017) and Balsa-
lobre et al., (2015) explore the impact of research and devel-
opment on energy on GHG emissions for OECD economies 
over. The results suggest the beneficial environmental effect 
of energy innovation and technical innovation can correct 
the harmful effect of energy intensity. In a smaller context, 
the study by Wang et al. (2020) analyzes the impact of eco-
innovation and export diversification on CO2 emissions in 
G7 countries from 1990 to 2017. The empirical results show 
that while ecological innovation reduces CO2 emissions, 
export diversification magnifies CO2 emissions. Neverthe-
less, the drawback effect of export diversification gets weak-
ened with the increase in the level of innovation. Other stud-
ies indicate insignificant or harmful effects of technological 
innovations on environmental sustainability. Wang and Wei 
(2020) find evidence that OECD countries are at a level of 
excessive technological progress, which causes a rebound 
effect on carbon emissions. A similar result is discovered by 
Ahmad et al. (2020a, b) who criticize innovation as the main 
culprit of carbon emissions in 24 OECD countries. Sohag 
et al. (2019) analyze the role of scale, composite, and tech-
nology effects in OECD countries and find that technological 
progress has a marginal role in limiting carbon emissions 
through energy efficiency.

With regard to emerging countries, Danish and Ulucak 
(2020) examine the long-run relationship between green 
innovations, renewable, non-renewable energy, and green 
growth in the context of BRIC countries. The empirical esti-
mations based on panel data from 1992 to 2016 confirm the 
crucial roles of environmental technologies and renewable 
energy in promoting green growth. Hussain et al. (2020) 
evaluate the contribution of environmental-related technolo-
gies on controlling CO2 and GHG emissions in E7 countries. 
The findings significantly confirm the supportive roles of 
environmental-related technologies and renewable energy 
sources in achieving sustainable targets. Shao et al. (2021) 
address the literature gap on the influence of green technol-
ogy innovations, renewable energy on carbon levels in Next-
11 countries. By employing a dataset from 1980 to 2018, 
authors find that, in the long-run, both green technologies 
and renewable energies significantly lessen CO2 emissions. 
However, such beneficial effect of green technology inno-
vations does not occur in the short-run. In the context of 
a single country, Shahbaz et al. (2020) examine the nexus 
between public–private partnership investment in the energy 
sector and CO2 emissions in China taking into consideration 
the role of technological innovations. The empirical results 
indicate that while public–private partnership investment 
substantially degrades environmental quality, the advance-
ment in technologies helps to lower the environmental 
externalities. In contrast, Su and Moaniba (2017) investi-
gate how innovation reacts to climate change in 70 countries 
from 1976 to 2014. Empirical results show that a country’s 
innovation and climate change technology depends on CO2 
and other GHG emissions. The government interventions 
on factors that determining environmental quality such as 
energy, telecom, transport, and environmental-related pro-
jects do not necessarily lead to the development of climate 
technologies.

Second, the recent literature has shifted attention from 
traditional measures of environmental quality to a much 
broader measure, namely ecological footprint. Destek et al. 
(2018) examine the presence of the Environmental Kuznets 
Curve (hereafter EKC) hypothesis for 15 European coun-
tries. The empirical findings based on two econometric 
methods of Fully Modified Ordinary Least Squares and 
Dynamic Ordinary Least Squares are quite different. Spe-
cifically, the estimation results from the former approach 
propose a U-shaped relationship between income and eco-
logical footprint in some countries but those from the lat-
ter one suggest that is the case of others. Altintas and Kas-
souri (2020) check the validity of the EKC hypothesis for a 
group of 14 European nations over the period from 1990 to 
2014. The two authors provide a new perception regarding 
the relevance of ecological footprint as a useful indicator 
of environmental quality. Specifically, the empirical results 
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endorse the existence of the EKC hypothesis together with 
the beneficial environmental effect of renewable energy.

There are several studies with the aim of exploring the 
causes of ecological footprint in emerging economies. Dan-
ish et al. (2020) investigate the factors influencing ecological 
footprint in BRICS economics. All three factors, including 
renewable energy, natural resources rent, and urbanization, 
are found to have a beneficial impact on the environment. 
The EKC hypothesis is also empirically documented. Simi-
larly, Destek and Sarkodie (2019) test the validity of the 
EKC hypothesis in the context of 11 newly industrialized 
countries. The panel data from 1977 to 2013 confirms an 
inverted U-shaped association between economic expansion 
and ecological footprint. Similarly, Chardeffine and Mrabet 
(2017) find that real income displays an inverted U-shaped 
connection with ecological footprint in eight oil-exporting 
countries in the Middle East and North African countries. 
Interestingly, seven non-oil exporting countries observe a 
U-shaped relationship between real income and ecological 
footprint. Danish and Wang (2019) investigate the effect of 
energy consumption, urbanization, and economic growth 
on the ecological footprint of the Next-11 countries. While 
higher level of urbanization leads to environmental degrada-
tion in most countries, the moderation between income and 
urbanization significantly reduces environmental degrada-
tion. Danish et al. (2019) examine the relationship between 
economic growth, bio-capacity, and ecological footprint in 
Pakistan. The data reveal that both factors significantly con-
tribute to environmental deprivation in terms of ecological 
footprint. In a larger sample, Ulucak and Bilgili (2018) ana-
lyze the EKC hypothesis for different groups of high-, mid-
dle-, and low-income economies. The ecological footprint is 
found to increase at the initial level of income and decrease 
through economic development.

The third group combines two strands of literature by 
exploring the environmental impact of green technology on 
ecological footprint. However, to our best knowledge, the 
role of environmental-related technology, as an effective tool 
in controlling ecological footprint has not been well studied, 
particularly in OECD countries. Hussain and Dogan (2021) 
use a panel dataset of BRICS countries from 1992 to 2016 
to estimate the long- and short-run effects of environmental-
related technologies and institutional quality on the ecologi-
cal footprint. The findings suggest that, on the one hand, 
the governments in BRICS countries improve institutions 
to moderate environmental impacts. On the other hand, they 
should encourage the investment in environmental-related 
technologies, which may facilitate the reduction in ecologi-
cal footprint. Ahmad et al. (2020a, b) employ a panel dataset 
from 1984 to 2016 for a group of 22 emerging countries to 
examine the dynamic link between ecological footprint, nat-
ural resources rent, technological innovation, and economic 
activities. The findings imply that technological innovation 

is an efficient way to abate the environmental damage. In 
another interesting research, Destek and Manga (2021) 
aim at determining the impact of technological innovation 
on both carbon emissions and ecological footprint for big 
emerging markets. While technological innovation is found 
to curb CO2 emissions, it proves ineffective in controlling 
ecological footprint.

The above summary of the recent literature suggests that 
the studies on the role of green technologies in controlling 
ecological footprint are relatively scant. Furthermore, such 
a limited number of studies disregard advanced economies 
such as OECD countries. To fill this literature gap, this on-
hand study focuses on the nexus between environmental-
related technologies in 20 OECD countries.

Methodology

Data

The sample comprises a panel data covering 20 OECD coun-
tries. It makes use of data spanning over the period from 
1990 to 2015. The choices of countries and time coverage 
are subjected to the availability of data (see Appendix 1). 
The dataset includes the variables of ecological footprint, 
environmental-related technologies, trade openness, energy 
intensity, renewable energy consumption, and real income.

This study employs ecological footprint as a measure of 
environmental degradation, which is different from previous 
studies which mostly focus on carbon emissions (Ahmed, 
2020; Alvarez-Herranz et al. 2017; Danish and Ulucak 2020; 
Hussain et al. 2020; Shao et al. 2021; Wang et al. 2020). The 
ecological footprint of consumption is defined as the area 
used to produce the materials consumed and the area need 
to absorb the emissions (Rees 1992). The ecological foot-
print increases with the surge in production and consump-
tion activities, which unavoidably utilize a high amount of 
ecological resources, especially traditional fuels. The data 
are expressed in global hectares per capita and borrowed 
from Global Footprint Network.

To measure eco-innovation, we use patents in environ-
mental-related technologies that are filed under the Patent 
Co-operation Treaty. An advantage of using this definition 
over the use of overall patents lies in the fact that the former 
directly help achieve a wide range of environmental control 
objectives. The data on environmental-related technologies 
are collected from the OECD Statistics database.

Trade openness quantifies the economic integration of a 
country into the global economy. It is measured as the sum 
of export and import as a percentage of gross domestic prod-
ucts. Energy intensity indicates the efficiency of energy used 
to produce a unit of product. Renewable energy is the pro-
portion of total final consumed energies that are generated 

23782 Environmental Science and Pollution Research (2022) 29:23779–23793



1 3

by renewable sources such as biomass, hydropower, geo-
thermal, wind, and solar. The data on trade openness, energy 
intensity, renewable energy consumption, and gross domes-
tic products per capita are taken from the World Bank’s 
database. The measurement and sources of all variables are 
presented in Table 1.

Model and method

This study seeks to explore the nexus between environ-
mental-related technologies and ecological footprint while 
taking into account the effects of economic integration, 
energy usage efficiency, and renewable energy. Dietz and 
Rosa (1994, 1997) and Rosa and Dietz (1998) propose the 
Stochastic Impacts by Regression on Population, Affluence, 
and Technology model) (STIRPAT) for understanding the 
complex relationship between the human system and the 
ecosystem upon which they depend. Based on the STIRPAT 
model, we design a model in which ecological footprint rep-
resents ecosystem degradation, income, and international 
trade refer to affluence, while energy intensity, renewable 
energy, and environmental-related technologies account for 
technology. The population factor is incorporated into the 
model by using per capita measurement of variables such 
as ecological footprint and gross domestic products. The 
model for the relationship between interested variables is 
proposed as follow:

where EFC is ecological footprint per capita, ERT is envi-
ronmental-related technologies, OPE is trade openness, ENE 
is energy intensity, REN is renewable energy, GDP is gross 
domestic product per capita.

The model (1) is transformed into an economic form as 
below:

where ε remains the error terms. Subscript i (i = 1,…, 
N) denotes the country in the sample with N being equal to 
20. Subscript t (t = 1990,…, 2015) denotes the time period.

(1)EFC = f (ERT ,OPE,ENE,REN,GDP)

(2)

EFCi,t = �0 + �1ERTi,t + �2OPEi,t

+ �3ENEi,t + �4RENi,t + �5GDPi,t + �i,t

The coefficient of interest is �1 . It sign and significance 
indicate whether a larger number of environmental-related 
technologies substantially reduces environmental degrada-
tion in OECD countries or not. All variables are transformed 
into natural logarithm to make them consistent with the 
theoretical framework. The interpretation of the estimated 
coefficient is in terms of the percentage change.

Due to the high level of socio-economic integration 
among OECD economies, the possibility of cross-sectional 
dependence among variables should be expected. Hence, 
the study starts by testing cross-sectional dependence. The 
Pesaran (2015)’s test for cross-sectional dependency under 
the null hypothesis that errors are weakly cross-sectionally 
dependent is employed. It is also essential to verify the cross-
sectional heterogeneity issue since each OECD member has 
its own characteristics. The on-hand study relies on Pesaran 
and Yamagata (2008) test to evaluate the null hypothesis of 
homogeneous slopes. Given the presence of cross-sectional 
dependence and heterogeneity, the cross-sectionally aug-
mented Im, Pesaran and Shin unit root test is employed to 
check the stationary of variables (Pesaran, 2021). To con-
clude whether the long-run connection between variables 
is established, the Pedroni (1991, 2001)’s and Westerlund 
(2005)’s tests are utilized. The latter approach is more suit-
able because it circumvents the presence of cross-sectional 
dependence.

If the co-integration is statistically confirmed, this study 
relies on three economic methods of fixed effect with 
Driscoll-Kay standard errors (hereafter fixed effect with 
D-KSE), Feasible Generalized Least Squares (hereafter 
FGLS), Panel Corrected Standard Error (hereafter PCSE) 
to estimate the long-run elasticities between environmental-
related technologies and ecological footprint. Moreover, due 
to the heterogeneity among individual OECD countries, it 
is suitable to apply the pooled mean group (hereafter PMG) 
estimation for our panel data. The PMG estimation can 
be applied in the case of co-integration between I(0) and 
I(1) variables. It relies on an ARDL model, which can be 
expressed in the following equation:

Table 1   Variable description

Variables Symbol Measurement Sources

Ecological footprint EFC global hectares per capita Global Footprint Network
Environmental-related technologies ERT number of patents related to environment OECD Statistics
Trade openness OPE Sum of exports and imports to GDP World Development Indicators
Energy intensity ENE kg of oil equivalent per capita World Development Indicators
Renewable energy consumption REN % of total final energy consumption World Development Indicators
Gross domestic per capita GDP constant 2010 US$ World Development Indicators
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where λ is a scalar of coefficients of the lagged value of 
the ecological footprint. X is a vector of independent vari-
ables with the corresponding vector of coefficients, δ. β is 
the specific individual country. μ is the error term.

It is likely to be problematic to use the traditional panel 
ARDL in the context of high interdependency among 
countries, especially those that are found within a particu-
lar region or have a high level of socio-economic integra-
tion (Dimnwobi et al. 2021; Kim et al. 2016; Sharma et al. 
2021). Thus, we step further by using the cross-sectional 
augmented distributed lag approach (hereafter CS-ARDL) 
proposed by Chudik and Pesaran (2015). In this approach, 
the cross-sectional means of dependent and explanatory var-
iables are added into the model to control for cross-sectional 
dependency. The Eq. (3) can be transformed to the style of 
error correction model as follows:

where the cross-sectional averages of ecological footprint 
and all independent variables are expressed in the form of 
EFC and X . ΔEFCt−j and ΔXt−j are the averages of the dif-
ferences of the lagged dependent variable and other regres-
sors, respectively. θ is the error-correction term, or the speed 
of correction from the short-term divergence to the long-
term steady state. It is expected that the error-correction 
term is negative and statistically significant if the variables 
of interest show a long-run equilibrium relationship.

The CS-ARDL is favored over the PMG, mean group, 
common correlated mean group, and augmented mean group 
as it can deal rigorously with both heterogeneity and cross-
sectional dependence issues. It is also able to produce both 
long- and short-term coefficients, which enrich our discus-
sions on the relationship between interested variables. A 
variety of studies has employed this approach to exploring 

(3)EFCi,t =

p
∑

j=1

�i,jEFCi,t−j +

q
∑

j=0

�
�

ij
Xi,t−j + �i + �i,t

(4)

ΔEFCi,t = �i
(

EFCi,t−1 − � �Xi,t−1

)

+
∑p−1

j=1
�∗
i,t
ΔEFCi,t−j

+
∑q−1

j=0
�
�∗

i,tXi,t−j +
∑p

j=1
�jEFCt−j

+
∑q

j=0
�jXt−j +

∑p−1

j=1
�jΔEFCt−j +

∑q−1

j=0
�jΔXt−j + �i + �i,t

the determinants of environmental quality (Ahmad et al. 
2020a, b; Atsu and Adams 2021; Dimnwobi et al. 2021; 
Hussain and Dogan 2021; Sharma et al. 2021).

Results and discussion

For a basic understanding of the variables, the descriptive 
statistics, cross-sectional dependence, slope homogeneity, 
stationary, and co-integration tests are reported in Tables 2, 
3, 4 and 5. Table 2 shows that ecological footprint consump-
tion per capita has a mean value of 1.765 and a standard 
deviation of 0.255. Although the United States ranks first 
in terms of ecological footprint, its level has been on the 
decrease. A similar pattern also occurs in France, Germany, 
Italy, Spain, Switzerland, and the UK (see Appendix 2). 
With regard to environmental-related technologies, most 
countries witness sustainable increases in the number of 
patents filed under the Patent Co-operation Treaty. Coun-
tries that have the highest number of environmental-related 
patents are Germany, Japan, and the USA (see Appendix 
3). The last column in Table 2 shows that the null hypoth-
esis of cross-sectional independence or weak cross-sectional 
dependence is rejected at 1% significance level. It means 
that all variables are inter-related. Table 3 reports the Pesa-
ran and Yamagata (2008)’s slope homogeneity test result, 
which significantly rejects the null hypothesis of homogene-
ous slope coefficients.

The existence of cross-sectional dependence and slope 
homogeneity suggest the application of cross-sectionally 
augmented Im, Pesaran, and Shin unit root test. Table 4 
reports the unit root test in two cases, with and without a 

Table 2   Descriptive statistics 
and cross-sectional dependence 
test

*** , **, * denotes rejection of null hypothesis of cross-sectional independence at the 1%, 5%, and 10% sig-
nificance level, respectively

Variables No. obs Mean Std. Dev Min Max CD-test

EFC 509 1.765 0.255 0.846 2.350 26.999***

ERT 509 5.257 1.912 -1.109 9.244 33.395***

OPE 509 4.165 0.503 2.773 5.371 81.540***

ENE 509 8.250 0.427 6.884 9.043 69.969***

REN 509 2.285 1.079 -0.497 4.117 30.137***

GDP 509 10.544 0.452 8.838 11.425 41.658***

Table 3   Slope homogeneity test

*** , **, * denotes rejection of null hypothesis of slope homogenous at 
the 1%, 5%, and 10% significance level, respectively

Statistical value

Δ tilde 10.854***

Δ tilde adjusted 12.748***
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time trend. According to the results, most variables are sta-
tionary at level, except for trade openness and gross domes-
tic products. Nevertheless, after taking the first difference, 
all variables turn to be stationary at the conventional signifi-
cance level. This finding supports the use of CS-ARDL in 
the subsequent analysis.

We step further to check the co-integration or the long-
term relationship between variables. As indicated in Tables 5 
and 6, both Pedroni (1991, 2001)’s and Westerlund (2005)’s 
tests significantly reject the null hypothesis of no co-integra-
tion. It implies that a long-run relationship between ecologi-
cal footprint, environmental-related technologies, and other 
control variables exists.

The core findings involve the long- and short-run relation-
ship between ecological footprint and green technologies. 
Table 7 proceeds with the fixed effect with D-KSE, FGLS, 
and PCSE in columns (1) to (3). The long-run coefficient 
of environmental-related technologies variable is nega-
tive at 1% significance level. Specifically, 1% increase in 
environmental-related technologies in terms of patents (per 

capita) significantly yields a 0.025%, 0.036%, or 0.045% 
reduction in ecological footprint (per capita). With regard 
to the CS-ARDL approach, the findings are summarized 
in Table 7 columns (4) and (5). The magnitude of long-
run coefficient is 0.015% and statistically significant at 5% 
level. This negative long-run relationship is consistent with 
the finding of Hussain and Dogan (2021) and Ahmad et al. 
(2020a, b) on the beneficial impact of environmental-related 
technologies on ecological footprint. It is also supported by 
the empirical works on the nexus between green technolo-
gies and carbon emissions (Ahmed 2020; Alvarez-Harranz 
et al. 2017; Danish and Ulucak 2020; Wang, et al. 2020). 
However, it is found that the short-run connection between 
ecological footprint and environmental-related technologies 
is not statistically established although the sign of the coef-
ficient is negative. This outcome is similar to the conclusion 
of Shao et al. (2021) who find that technologies only affect 
carbon emissions in the long-run. Briefly, an accumulation 
in the number of patents related to the environment will 
help OECD countries to achieve sustainable environmental 

Table 4   Unit root test

*** , **, * denotes rejection of null hypothesis of nonstationary at the 1%, 5%, and 10% significance level, 
respectively

No trend Trend

Lags 0 1 2 0 1 2

Level
EFC -3.967*** -1.132 0.535 -5.211*** -1.430* 0.183
ERT -6.820*** -6.113*** -3.527*** -4.370*** -3.685*** -0.046
OPE -0.178 -4.305*** -1.547* 3.351 -1.066 0.979
ENE -1.925** -2.058** 0.372 -3.784*** -3.602*** -0.846
REN -2.637*** -0.370 1.459 -6.599*** -3.759*** -3.122***

GDP 1.237 -0.574 -0.385 0.126 0.302 1.139
First difference
EFC -16.855*** -9.477*** -5.209*** -15.497*** -6.846*** -2.501***

ERT -15.996*** -12.860*** -6.139*** -14.068*** -10.718*** -4.087***

OPE -7.469*** -4.779*** -2.401*** -6.420*** -3.253*** 0.413
ENE -15.671*** -11.329*** -5.762*** -14.325*** -9.309*** -3.704***

REN -18.228*** -10.525*** -5.868*** -16.641*** -8.447*** -3.138***

GDP -6.799*** -3.782*** -1.454* -4.018*** -1.676** 0.484

Table 5   Co-integration test. 
Pedroni test

*** , **, * denotes rejection of 
null hypothesis of no co-inte-
gration at the 1%, 5%, and 10% 
significance level, respectively

Statistic Panel Group

v -1.524
rho 0.506 2.057**

t -8.171*** -8.841***

adf -1.264 -0.527

Table 6   Co-integration test. Westerlund test

*** , **, * denotes rejection of null hypothesis of no co-integration at 
the 1%, 5%, and 10% significance level, respectively

Statistic Value Z-value P-value

Gt -3.627 -6.619 0.000
Ga -11.953 -0.398 0.345
Pt -18.010 -8.915 0.000
Pa -14.050 -4.495 0.000
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goals over the long-term. Therefore, not only do enterprises 
and research institutes invest in research and development 
activities related to green technologies but the governments 
should implement policies that encourage such activities as 
well as the adoption of such innovations in practice.

The coefficient for the error correction term is both 
negative (-0.872) and significant at 99% confidence level. 
It implies that there is 87.2% adjustment from a short-run 
divergence to the long-run equilibrium between interested 
variables. This speed of correction is much higher than those 
in the case of 20 OECD countries (Ahmed 2020) and of 
BRICS countries (Hussain and Dogan 2021) but similar to 
those in the case of G7 countries (Wang et al. 2020) and 22 
emerging countries (Ahmad et al. 2020a, b). Such differ-
ences rely on the different measures of environmental quality 
(carbon emissions in Admed (2020) and different samples 
(BRICS countries in Hussain and Dogan (2021)).

With regard to other control variables, higher trade 
openness and renewable energy lessen the environmental 
externalities while higher energy intensity and income per 
capita degrade the quality of environment. A 1% rise in trade 
openness leads to 0.04 to 0.05% corresponding reduction in 
ecological footprint in the long-run. Similarly, a 1% higher 
proportion of renewable energy consumption mitigates eco-
logical footprint by 0.02 to 0.05%. These two findings are 
similar to those of Danish and Ulucak (2020)), Hussain et al 
(2020), and Shao et al. (2021). However, in the short-run, 
higher economic integration causes harmful environmen-
tal impact. To mitigate the environmental degradation, all 
stakeholders in OECD countries such as the governments, 

enterprises, households are advised to shift their reliance 
from non-renewable to renewable energy sources. Moreover, 
the impact of trade on environmental quality must be scruti-
nized to avoid the case that OECD countries export pollution 
to their trading partners.

Energy efficiency exerts a statistical impact on environ-
mental pollution. A 1% increase energy intensity causes 0.6 
to 0.8% surges in ecological footprint. The literature is con-
sistent with this outcome (Chu 2021; Danish et al. 2020; 
Pham et al. 2020). It is worth mentioning that higher income 
per capita is identified as a key element of the footprint both 
in the short- and long-run. Ahmed (2020) and Hussain et al. 
(2021) find a similar pattern.

The study checks the sensitivity of the main findings by 
substituting environmental related technologies by its two 
sub-indicators, including patents related to environmental 
management and climate change mitigation. The same meth-
ods are applied for two substituting variables and are posted 
in Table 8. While the signs and magnitude of independent 
variables’ coefficients are similar to those of the main find-
ings, there are two remarkable points. First, environmen-
tal-related technologies, measured by both sub-indicators, 
significantly increase ecological footprint in the short-run. 
Specifically, in a standalone basis, a 1% rise in each sub-
indicator leads to a growth by 0.014 to 0.016% in ecologi-
cal footprint. It signifies the rebound effect of technological 
advance as discovered by Wang and Wei (2020). Only by 
combining two types of technology, the beneficial effects of 
environmental-related technologies are achieved. Second, 
the speed of adjustment to permit convergence among the 
variables in the long-run is significantly lower in the case of 
two sub-indicators of patents (about 56%) than in the case of 
total patents. This finding is intuitive because the synergy of 
two types of technological advances will bring more benefits 
for the ecosystem.

To be assured of our main results in terms of estima-
tion method, we employ a system-generalized method 
of moments (hereafter system-GMM). This estimation 
approach is chosen because it deals rigorously with hetero-
geneity and autocorrelation. The results reported in Table 9 
reveal that the environmental-related technologies lead to a 
reduction in ecological footprint.

With regard to model specification, this study challenges 
Eq. (2) by adding the square of gross domestic products 
per capita to take into consideration the EKC. The EKC 
hypothesis suggests the existence of an inverted U-shaped 
connection between per capita income and per capita pollu-
tion. The output (not shown here to save space) indicate that 
the nexus between environmental technologies and ecologi-
cal footprint is robust even when we control for the EKC. 
In sum, the outcomes of three robustness tests validate the 
statistically negative impact of green technologies on the 
ecological footprint in the long-run.

Table 7   Main results

*** , **, * denotes statistically significant at the 1%, 5%, and 10%, 
respectively. Robust standard errors in parentheses

(1) (2) (3) (4) (5)

D-KSE FGLS PCSE CS-ARDL
Long-run Short-run

ERT -0.045*** -0.025*** -0.036*** -0.015** -0.018
(0.007) (0.004) (0.003) (0.007) (0.024)

OPE -0.045** 0.014 -0.053*** -0.044* 0.147***

(0.021) (0.019) (0.011) (0.025) (0.036)
ENE 0.642*** 0.426*** 0.476*** 0.815*** -0.142

(0.046) (0.026) (0.010) (0.082) (0.102)
REN -0.018** -0.053*** -0.050*** -0.044** -0.034

(0.007) (0.006) (0.004) (0.018) (0.058)
GDP 0.154*** 0.157*** 0.157*** 0.308*** 0.345**

(0.038) (0.027) (0.011) (0.084) (0.166)
ECT -0.872***

(0.072)
Constant -4.693*** -3.235*** -3.300*** -1.042

(0.538) (0.135) (0.0
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Conclusion and policy implications

This study relates two important issues, one is the wake of 
Industrial revolution 4.0 and the second is the increasing 
high pressures of human activities on environmental quality. 
The main question to be answered is whether cutting-edge 
environmental technologies are effective in protecting and 
sustaining the environment. Based on such premises, this on-
hand study employs recently developed data to empirically 
examine both long- and short-run relationships between 
environmental related technologies and ecological foot-
print for 20 OECD countries. Specifically, it provides new 
understandings about the dynamic impacts of environmen-
tal-related technologies, energy intensity, renewable energy, 
and trade openness on ecological footprint from 1990 to 
2015. The Peasaran (2015)’s cross-sectional dependence, 
Pesaran and Yamagata (2008)’s slope heterogeneity, Pesaran 
(2021)’s stationary, and Westerlund (2005)’s co-integration 
tests are employed to check the long-run connection between 
studied variables. Finally, a series of estimation techniques 
such as fixed effects with D-KSE, FGLS, PCSE, CS-ARDL, 
and system-GMM are conducted to provide robust empiri-
cal results.

The primary tests first confirm that all cross-sectional 
variables are co-integrated. Second, all estimation tech-
niques reveal that ecological footprint is significantly related 
to environmental-related technologies over the long-run. 

Table 8   Environmental management and climate change mitigation patents estimation

*** , **, * denotes statistically significant at the 1%, 5%, and 10%, respectively. Robust standard errors in parentheses

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Environmental management Climate change mitigation
D-KSE FGLS PCSE CS-ARDL D-KSE FGLS PCSE CS-ARDL

Long-run Short-run Long-run Short-run
ERT -0.034*** -0.023*** -0.039*** -0.035** 0.014** -0.039*** -0.021*** -0.033*** -0.031** 0.016**

(0.008) (0.004) (0.003) (0.014) (0.007) (0.006) (0.005) (0.003) (0.013) (0.008)
OPE -0.059** 0.016 -0.060*** -0.040 0.022 -0.044** 0.019 -0.048*** -0.043 0.043

(0.026) (0.019) (0.011) (0.047) (0.044) (0.021) (0.019) (0.010) (0.048) (0.041)
ENE 0.645*** 0.443*** 0.490*** 0.624*** 0.103 0.631*** 0.419*** 0.471*** 0.610*** 0.106

(0.056) (0.025) (0.009) (0.088) (0.072) (0.048) (0.026) (0.010) (0.087) (0.072)
REN -0.026*** -0.053*** -0.053*** 0.006 -0.006 -0.016** -0.052*** -0.048*** 0.010 -0.005

(0.009) (0.006) (0.004) (0.017) (0.030) (0.007) (0.007) (0.004) (0.018) (0.030)
GDP 0.100*** 0.133*** 0.158*** 0.200*** 0.635*** 0.152*** 0.153*** 0.155*** 0.199*** 0.621***

(0.036) (0.028) (0.011) (0.072) (0.104) (0.041) (0.028) (0.012) (0.071) (0.107)
ECT -0.560*** -0.423 -0.559***

(0.039) (0.972) (0.039)
Constant -4.144*** -3.152*** -3.383*** 0.451 -4.631*** -3.184*** -3.282*** -0.423

(0.570) (0.161) (0.063) (1.079) (0.561) (0.144) (0.064) (0.972)

Table 9   System GMM estimation

*** , **, * denotes statistically significant at the 1%, 5%, and 10%, 
respectively. Robust standard errors in parentheses

(1) (2) (3)

Environmental 
related technolo-
gies

Environmental 
management

Climate 
change 
mitigation

Lag.EFC 0.363*** 0.362*** 0.395***
(0.123) (0.125) (0.134)

ERT -0.028* -0.025* -0.027**
(0.017) (0.014) (0.013)

OPE -0.034 -0.034 -0.025
(0.037) (0.038) (0.039)

ENE 0.304*** 0.323*** 0.288***
(0.096) (0.095) (0.095)

REN -0.032** -0.032** -0.025
(0.015) (0.015) (0.017)

GDP 0.130 0.099 0.128
(0.141) (0.102) (0.139)

Constant -2.397** -2.255*** -2.362**
(1.062) (0.760) (0.990)
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However, the result of CS-ARDL indicates that the envi-
ronmental influence of green technologies is not significant 
in the short-run. In addition, it takes more than one year 
for a short-term deviation to converge to the long-run equi-
librium. This finding is intuitive because the adoption of 
green technologies is a long-term process that demands huge 
investment and associates with high uncertainties related 
to many legal and socio-economic factors such as environ-
mental regulations and consumption habitats (Shabalov et al. 
2021; Wada et al., 2021). Thus, the environmental evaluation 
of green technologies should be conducted and evaluated 
on a long-term perspective, which considers all the possi-
ble externalities. Renewable energy and international trade 
help control the ecosystem degradation in OECD countries 
(Anwar et al. 2021; Chen and Lei 2018; Cheng et al. 2021; 
Chu and Hoang 2021; Qi et al. 2019). Similarly, the efficient 
use of energy should mitigate environmental degradation 
(Xie et al. 2021; Salman et al. 2019).

Based on empirical results, this study proposes several 
relevant policies related to technological innovation and 
environmental quality. First, there is an urgent need for 
research focusing on ecological footprint as a benchmark of 
environmental quality besides a huge existing literature on 
the determining factors such as carbon and GHG emissions 
(Danish and Wang 2019; Destek and Sarkodie 2019; Sharif 
et al. 2020). This new strand of literature will contribute to 
the achievement of several sustainable development goals 
related to good health and well-being (SDG 3), water and 
sanitation (SDG 6), life below water (SDG 14), and life on 
land (SDG 15).

Second, both governments and enterprises in OCED 
countries should be able to take advantage of innovations 
from the Industrial revolution 4.0 on the development of 
environmental-related technologies. To facilitate such a pro-
cess, the policymakers are advised to introduce standards for 
green technologies together with the stricter environmental 
regulations (Aichele and Felbermayr 2013; de Angelis et al. 
2019; Danish et al. 2020; Korhonen et al. 2015; Wang et al. 
2019; Zhang 2016). Environmental regulation can affect 
environmental sustainability through the idea that stringent 
policies make activities that negatively affect the environ-
ment more costly to change the behaviors of economic 
agents. The government can also design policies to inspire 
the invention and adoption of environmentally friendly tech-
nologies, which effectively limit environmental deprivation. 
Moreover, they must consider sponsoring the research and 
development of green technologies through both public and 
public–private programs or introduce tax cuts on these activ-
ities (Bekun et al. 2021). The establishment of a market for 

such patents to be traded is also essential for the diffusion 
of green technologies.

Third, at the end of the day, the success of green tech-
nologies in sustaining environmental quality depends on the 
enterprises that adopt them in producing goods and services. 
The investment cost of adopting clean technologies should 
be shared between all stakeholders, the governments, enter-
prises, and consumers through an appropriate mechanism. 
It is also the objective of SDG 17 which requires the global 
partnership for accelerating sustainable solutions to all the 
world’s biggest challenges. The governments and interna-
tional donors should actively engage with private sectors to 
help catalyze their business investment and to ensure their 
responsibility, sustainability, and inclusivity of business 
activities.

Last, given the fact that both environmental-related tech-
nologies and renewable energy are powerful in dealing with 
environmental degradation, environmental-related technol-
ogies should be treated as a valuable instrument to boost 
the share of renewable energy production and consumption 
(Adedoyin et al. 2021; Sharif et al. 2020). Raising the carbon 
price on traditional energy sources and using the revenue to 
sponsor renewable energy projects should in made in paral-
lel to optimize the coordination of the two strategies (Khan 
et al. 2021).

There are several potential ways to extend this study in 
the future. Future work directed toward a larger sample of 
high-income countries or smaller samples such as G7 or E7 
countries would contribute to a more consolidated under-
standing of the technology-environmental quality nexus. It 
would be also excited to explore the connection between 
green technologies and ecological footprint while taking 
into account the role of institutional quality (Li 2019; Ouy-
ang et al. 2019), economic policy uncertainty (Akadiri et al. 
2020), or green finance (Shahbaz et al. 2016), for example 
Table 10, Figs. 1 and 2.

Appendix 1

Table 10   List of countries

Austria Germany Portugal United Kingdom

Belgium Greece Spain United States
Canada Ireland Sweden Italy
Denmark Netherlands Switzerland Japan
France Norway Turkey Finland
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Appendix 2

Fig. 1   The ecological footprint of 20 OECD countries. Note: the dark line represents the global hectares per capita in logarithm form
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