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Abstract
This article aims to approach the research related to the environmental Kuznets 
curve from a new and more holistic perspective. Therefore, while testing the valid-
ity of the environmental Kuznets curve, the ecological footprint as the indicator of 
environmental degradation will be used as the dependent variable within the model, 
while the economic complexity index used together with the per capita income and 
the trade-to-GDP ratio will be used as the independent variables. The analysis con-
firms the validity of the environmental Kuznets curve for the top nine industrial-
ized countries in terms of the value-added by industry as a percentage of the GDP 
between 1970 and 2017. In addition, the study shows that economic complexity 
decreases an economy’s ecological footprint. According to the results of the causal-
ity test, there is a causal relationship from all the independent variables to the eco-
logical footprint variable.

Keywords Kuznets curve · Ecological footprint · Economic complexity index · 
Environmental degradation

Introduction

The purpose of the study is to prove the existence of an inverted U-shaped relation-
ship between environmental degradation and per capita income. Global economies 
are faced with an increased demand for goods and services brought about by efforts 
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to generate economic growth as industries and economies have rapidly transformed 
since the industrial revolution (Boleti et al., 2021). New technologies have radically 
changed sectors/industries and have emphasized the importance of the economic struc-
tures of a country in order to develop and modernize their production. At the same 
time, structural transformation has directly impacted the environment. As economies 
have evolved from agricultural-based production to more sophisticated industries 
and services, it has encouraged the rapid growth of fossil fuel consumption (Boleti 
et  al., 2021). In the twentieth century, this process has not just increased but accel-
erated. These accelerated efforts to generate economic growth that come with rising 
demand and increased production naturally increase the need for energy (Gozgor & 
Can, 2017). While industrial production triggers intense energy consumption, many 
problems inevitably arise. One of these problems is that the increase in the amount of 
carbon dioxide causes the greenhouse gas effect and this effect creates some signifi-
cant environmental problems (Lapatinas et al., 2021; Haggar, 2012; Nordhaus, 2019). 
One of the most important and difficult challenges facing humanity is understanding 
the mechanisms that affect the environment while also maintaining high economic 
growth rates (Hervieux & Darne, 2015). Recently, academic circles and policymak-
ers have given more importance to understanding the relationships between economic 
growth and the environment and discussing them with a focus toward sustainability 
(Kang et al., 2019; Saboori & Sulaiman, 2013). Therefore, this article attempts to ana-
lyze the relationship between environmental degradation and economic growth using a 
multidisciplinary approach that examines this chain of relations.

The concept of the environmental Kuznet’s curve (EKC) was developed and popu-
larized by Grossman and Krueger (1991) from a theory originally proposed by   Simon 
Kuznets (1955). The concept hypothetically shows an inverted U-shaped relation-
ship between economic growth and environmental quality. In explaining the rationale 
for the shape of the EKC, Grossman and Krueger (1991) state that economic growth 
affects environmental quality through three important channels: the scale effect, the 
composition effect, and the technique effect. Some studies show that economic growth 
positively affects environmental quality (Kilic & Balan, 2018; Mosconi et al., 2020; 
Shahbaz & Sinha, 2019). At the initial stage of economic development, economies 
create less environmental pollution, since the production structures of an economy 
depend largely on agriculture. In the later stages of economic development, this 
changes due to specialization and the increase in product diversity, and at this stage, 
the curve indicates there is an increase in environmental degradation unless an econ-
omy quickly transitions to a level of high economic complexity. With the increase in 
economic development, some policymakers are looking more closely at cleaner tech-
nology and environmentally friendly structures of production. In this way, the dan-
gers of environmental degradation can be reduced. When countries become fully 
developed, technical advancement tends to make countries more able and willing to 
spend resources on research and innovation for green energy and technologies to fur-
ther improve environmental quality. That is, as economies grow, environmental deg-
radation initially increases but eventually reaches a turning point that continues with 
a downward trend (Pata, 2021). Pata (2021) describes the connection between these 
relationships in the following figure (Fig. 1).
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The first part of the process to be discussed is the dynamics of environmental deg-
radation. A possible source of environmental degradation is anthropogenic carbon 
dioxide  (CO2) emissions (Ritchie & Roser, 2017). It is also well known that there is a 
close relationship between  CO2 and economic activities (Batjes, 2014). Although  CO2 
emissions are used as a specific indicator of environmental degradation, the ecological 
footprint is a measurement of environmental degradation from a much broader per-
spective and will be used as the dependent variable for the model in this article. The 
ecological footprint is accepted in the field as an appropriate indicator of environmen-
tal degradation (Al-Mulali & Öztürk, 2015; Galli et  al., 2012; Mrabet & Alsamara, 
2017). The ecological footprint was originally designed by Mathis Wackernagel and 
William Rees at the University of British Columbia in 1990. Similar to the concept of 
the carbon footprint, it is a broad measurement method that is now frequently used by 
scientists, governments, businesses, and institutions that work to understand the eco-
logical conditions (https:// www. footp rintn etwork. org).

The other part of the process is discussing the economic dynamics. Although 
per capita income is used as an indicator of economic development, it only thinly 
reflects the structural transformations of an economy. For example, commodity-
dependent countries such as Saudi Arabia, the United Arab Emirates, and Qatar or 
some Latin American economies have a relatively high GDP per capita compared 
to other national economies, but it is not necessarily reflective of robust economic 
transformation in their economies. Their economies are heavily dependent on 
one commodity or on producing products with a low level of economic complex-
ity. Therefore, in order to better understand the actual production structure of a 
country, a more effective measurement tool is economic complexity. Economic 
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Fig. 1  The relationship between environmental pollution and economic complexity (from Pata, 2021)
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complexity can be explained by differences in economic performance as well as 
being highly correlated with income (Ferrarini & Scaramozzino, 2013). Eco-
nomic complexity provides a broad perspective on the structure, scale, and tech-
nological changes of an economy (Dogan et al., 2019; Neagu & Teodoru, 2019). 
Naturally, these changes have effects on the environmental quality according to 
their energy consumption choices (Chu, 2021). In other words, economic com-
plexity reflects the productive nature of a country (Hausman & Hidalgo, 2011), 
which leads to a particular pattern of energy consumption and thus an impact 
on its environmental quality. Other researchers such as Can and Gozgor (2017) 
have also used the economic complexity index as an explanatory variable to test 
the validity of the environmental Kuznets curve. Therefore, in this approach, the 
economic complexity index will be used together with per capita income and 
trade-to-GDP ratio as the independent variable of the model. Different results 
were obtained in studies that tested the validity of the EKC with the variable of 
economic growth. In studies that examine the EKC from a holistic perspective 
and analyze data related to economic complexity rather than economic growth, 
the findings obtained do not have uniform results. But it should be noted that this 
literature is quite limited. These studies are detailed below.

The first contribution of this study is to draw attention to the relationship 
between environmental degradation and economic complexity and to examine the 
relationship with a more original and holistic approach. Many countries depend 
on this type of important data and specifically data that integrates economic com-
plexity, not merely economic growth. In addition, the second major contribution 
to the field is to make proposals about the environmental effects that come from 
the empirical findings of this model. These proposals must also be in line with a 
growth model that requires qualified transformation and is consistent with empir-
ical results. The introduction of this study includes a summary of the hypothesis 
that shapes the research and the unique features of this study. In the second part, 
the literature review will be covered under two sub-titles: economic growth and 
environmental degradation, economic complexity, and environmental degrada-
tion. The third section explains the research design and methodology, while the 
fourth section outlines the empirical results. The final part of the study includes 
policy proposals and a concluding discussion.

Literature Review

In the study, the validity of the environmental Kuznets curve for the top nine 
industrialized countries in terms of the value added by industry as a percentage of 
GDP is tested. As a result of this focus, the literature review consists of two sub-
sections. The first set of studies are those that investigate the relationship between 
economic growth and environmental degradation (whether the environmental 
Kuznets curve is valid or not). The second set of studies analyzes the relationship 
between economic complexity and environmental degradation.
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Economic Growth and Environmental Degradation

The literature that analyzes the relationship between economic growth and environ-
mental degradation shows that there are various and conflicting results. Some stud-
ies obtained findings that confirmed that the EKC was valid (Shahbaz et al., 2013; 
Al-Mulali et  al., 2015; Dogan & Seker, 2016; Kilic & Balan, 2018; Aslan et  al., 
2018; Danish & Ulucak, 2021; Ntim-Amo et al., 2022; Zhang &Yan, 2022; Htike 
et al., 2022; Jahanger et al., 2022; Wang et al., 2022; Acevedo-Ramos et al., 2023). 
However, in other studies, findings were obtained that challenged the validity of the 
EKC (Bagliani et al., 2008; Caviglia-Harris et al., 2009; Dietz et al., 2012; Ozcan 
et al., 2018; Bese & Kalayci, 2019; Ozcan et al., 2020; Laverde-Rojaset et al., 2021 
and Zhang, 2021). In additional studies that used a large sample size, divergent 
results were obtained with respect to different countries (Ozcan, 2013; Ozturk et al., 
2016; Mrabet & Alsamara, 2017 and Ozcan et al., 2019).

Shahbaz et al. (2013) investigated the relationship between  CO2 emissions, energy 
intensity, economic growth, and globalization in Turkey using data between 1970 and 
2010. The study concluded that the environmental Kuznets curve is valid for Turkey. 
Al-Mulali et  al. (2015) also investigated the validity of the environmental Kuznets 
curve using the ecological footprint variable in 93 countries. According to the results 
obtained by using a generalized method of moments (GMM) and a fixed effects 
method, the inverted U-shaped relationship between GDP growth and the ecologi-
cal footprint variable was confirmed. This situation suggests that the EKC is valid in 
upper-middle and high-income countries, but not in countries that have low and low-
middle range of income. Dogan and Seker (2016) tested the validity of the environ-
mental Kuznets curve for the European Union using data from 1980 to 2012, with the 
help of panel estimation techniques that are resistant to cross-sectional dependence. 
The study found that non-renewable energy increases  CO2 emissions, while trade and 
renewable energy reduce carbon emissions. It also obtained results that supported the 
validity of the EKC. Kilic and Balan (2018) tested the validity of the EKC in 151 
countries with the panel data method by using data from 1996 to 2010. The findings 
of the study confirm the validity of the EKC hypothesis. In the USA, Aslan et  al. 
(2018) also investigated the validity of the EKC under the framework of the boot-
strap rolling-window approach, using data between 1966 and 2013. This study also 
concluded that the EKC is valid in this case. Danish and Ulucak (2021) analyzed 
the relationship between nuclear energy consumption and  CO2 emissions using data 
between 1971 and 2018. Their analysis used the dynamic auto-regressive distribution 
lag (DARDL) method within the framework of IPAT and the environmental Kuznets 
curve. According to the findings of the study, it was observed that an increase in the 
use of nuclear energy tends to reduce environmental pollution.

In addition, Bagliani et  al. (2008) investigated the validity of the environmental 
Kuznets curve for 141 countries by using the ecological footprint as the dependent 
variable. However, in their study, it was observed that there was no inverted U-shaped 
relationship between environmental pollution and economic growth. Caviglia-Harris 
et al. (2009) analyzed the validity of the EKC using the ecological footprint (EF) vari-
able. In the study, no empirical evidence was found that linked economic develop-
ment and EF. Dietz et al. (2012) used a panel data method to examine the relationship 
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between GDP per capita and a measurement called ecological intensity of human 
well-being (EIWB). The results of the study, which looked at data from 58 coun-
tries, showed that the relationship between EIWB and GDP per capita was actually U 
shaped, which is the inverse of the environmental Kuznets curve. Ozcan et al. (2018) 
used a bootstrap time-varying causality approach to investigate the validity of the EKC 
in the Turkish economy for data between 1961 and 2013. This study found that the 
EKC is not valid in this case. Bese and Kalayci (2019) investigated the same hypoth-
esis with respect to three developing countries (Egypt, Kenya, and Turkey) by using 
data from 1971 to 2014. The study concluded that the EKC is not valid for Egypt, 
Kenya, and Turkey, but the growth hypothesis is valid for Egypt and Kenya. The neu-
trality hypothesis for Turkey was also confirmed in this study. Ozcan et  al. (2020) 
analyzed the relationship between energy consumption, economic growth, and  CO2 
emissions in 35 OECD countries using data from 2000 to 2014. The analysis uses a 
panel vector autoregressive regression (PVAR) approach within a generalized method 
of moments (GMM) framework. The findings of this study show that GDP and energy 
consumption have a positive effect on all environmental quality indicators. Further-
more, Laverde-Rojas et al. (2021) investigated the validity of the EKC with the vec-
tor error correction model (VECM) by using data in Colombia from 1971 to 2014. 
The findings of this study demonstrated that the EKC is not valid in Colombia. Zhang 
(2021) analyzed the existence of the peripheral environmental Kuznets curve in China 
with the autoregressive distributed lag (ARDL) model and boundary testing. The 
study concluded that there is an N-shaped relationship instead of an inverted U-shaped 
curve in the long run.

Ozcan (2013) tested the validity of the environmental Kuznets curve in 12 Mid-
dle Eastern countries using a panel data analysis for data between 1990 and 2008. 
In the study, a U-shaped curve was detected for 5 Middle Eastern countries, and 
an inverted U-shaped curve was detected for 3 Middle Eastern countries, while no 
causal link was found for the other 4 countries. Ozturk et al. (2016) also tested the 
validity of the environmental Kuznets curve in 144 countries using a GMM time 
series and a system GMM panel analysis for data between 1988 and 2008. The study 
revealed that the EKC more accurately characterizes upper-middle and high-income 
countries than other countries. Mrabet and Alsamara (2017) used an autoregressive 
distributed lag (ARDL) model to test the EKC in Qatar for data between 1980 and 
2011 by using variables such as carbon dioxide emissions  (CO2) and the ecologi-
cal footprint (EF). This study found that the inverted U-shaped hypothesis is not 
valid in Qatar with respect to the  CO2 emissions variable, but is valid with respect 
to the EF variable. Similarly, Ozcan et al. (2019) examined the relationship between 
energy consumption, economic growth, and environmental degradation in 33 OECD 
countries using data from 2000 to 2013. According to the curve causality approach, 
the existence of the EKC was found in 23 countries in relation to the environmental 
performance index and found in 25 countries in relation to the ecological footprint. 
More recent studies on this subject are given below.

Ntim-Amo et  al. (2022) conducted an annual time series analysis for data in 
Ghana from 1980 to 2014. The results of the study confirm the validity of the EKC 
in the agricultural sector both in the short and long term. Zhang and Yan (2022) 
examined the EKC using the SDM model in 274 cities from different regions of 
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China between 2007 and 2017. The results show a consistent inverted U-shaped 
relationship between income and  SO2 emissions in all three major regions. Also, 
using  CO2 emissions as an indicator of pollution, the study found that the EKC is 
valid only in the eastern and central cities of China. Htike et al. (2022) confirmed 
the validity of the EKC with respect to three different sectors of 86 developing and 
developed countries. The data was analyzed between 1990 and 2015, and the spe-
cific sectors that confirmed the EKC were the electricity and heating sector, the 
commercial and public services sector, and the other industries connected to energy 
production. However, while emissions in the manufacturing and construction sector, 
housing sector and agriculture, forestry, and fisheries sectors decreased, emissions 
in these sectors increased with the development of the transport sector. Liu et  al. 
(2022) retested the EKC by applying a new regression kink model for G7 countries 
from 1890 to 2015. The results showed no inverse U-shaped curve for the USA, Ger-
many, Italy, Canada, and Japan. Saqib et al. (2022) studied the E7 countries (Brazil, 
China, India, Indonesia, Russia, Mexico, and Turkey) between 1995 and 2019 using 
a cross-sectional enhanced autoregressive distribution lag method (CS-ARDL), 
an augmented mean group estimator (AMG), and the Dumitrescu-Hurlin causal-
ity test. This study confirmed the validity of the EKC in this case. Jahanger et al. 
(2022) researched the impact of economic growth, hydroelectric energy production, 
and urbanization on Malaysia’s  CO2 emissions. The study confirms the existence 
of the EKC between 1965 and 2018 by using a quantile autoregressive distributed 
lag model (QARDL) and the Granger causality analysis. Wang et al. (2022) tested 
the same curve using carbon emissions data that is connected with trade openness, 
human capital, renewable energy, and natural resources rents in 208 countries from 
1990 to 2018. This study confirmed the validity of the EKC using the generalized 
method of moments method and the fully modified ordinary least squares estimator. 
Acevedo-Ramos et al. (2023) examined the validity of the EKC for data related to 
Colombia. The study discussed carbon dioxide emissions, methane emissions, and 
other variables such as the ecological footprint, urbanization, foreign direct invest-
ment, energy usage, and the added value of the agriculture and industry sectors. 
These variables were dynamically analyzed with 12 simulations and the empirical 
findings support the validity of an inverted U-shaped relationship.

Economic Complexity and Environmental Degradation

More broadly, studies on the relationship between economic complexity and environmen-
tal degradation in the literature are showing that economic complexity increases environ-
mental pollution (Neagu & Teodoru, 2019; Yılancı & Pata, 2021; Moleiro Martins et al., 
2021; Rafique et al., 2021; Algan et al., 2021; Abbasi et al., 2021; Shahzad et al., 2021 
and Lee et al., 2022; Hassan et al., 2023; Majeed et al., 2022; Arnaut & Dada, 2022). 
However, other studies show that economic complexity actually reduces environmental 
pollution (Romero & Gramkow, 2020; Mealy & Teytelboym, 2020; Boleti et al., 2021). 
In some of the studies, an inverted U-shaped relationship was found between economic 
complexity and environmental pollution (Can & Gozgor, 2017; Azizi et al., 2019; Chu, 
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2021 and Pata, 2021), while the findings of other studies vary depending on the country 
(Dogan et al., 2019; Adedoyin et al., 2021; Adedoyin et al., 2021; Aluko et al., 2022).

Neagu and Teodoru (2019) analyzed the relationship between economic com-
plexity, greenhouse gas emissions, and energy consumption in the context of Euro-
pean economies. The study applied the fully modified least squares (FMOLS) esti-
mator and the dynamic ordinary least squares (DOLS), method and it concluded that 
an increase in economic complexity and non-renewable energy consumption also 
increases environmental pollution. Yilanci and Pata (2020) analyzed the validity of 
the EKC for China between 1965 and 2016 within the framework of the Narayan 
and Narayan Energy Policy 2010 approach  (Narayan & Narayan, 2010). Accord-
ingly, the relationships between the economic complexity index, energy consump-
tion, economic growth, and the ecological footprint were investigated by using the 
Fourier ARDL procedure and a time-varying causality test. The study concluded 
that economic complexity and energy consumption increase the ecological footprint. 
Moleiro Martins et al. (2021) examined the relationship between  CO2 emissions and 
economic complexity in the top seven countries with the highest level of economic 
complexity by using data from 1993 to 2018. The findings of the study revealed that 
economic complexity and economic growth in these countries increase  CO2 emis-
sions, while globalization and renewable energy consumption reduce  CO2 emis-
sions. Rafique et  al. (2021) tried to estimate with a panel data analysis the deter-
minants of the ecological footprint for the top 10 economies with the highest level 
of economic complexity. The study, which examined data between 1980 and 2014, 
concluded that in the long run, economic complexity, export quality, urbanization, 
and economic growth increase the ecological footprint, while renewable energy pro-
duction reduces the ecological footprint. Algan et al. (2021) examined the relation-
ship between economic complexity and environmental degradation for N11 coun-
tries (Vietnam, Egypt, Nigeria, Pakistan, Indonesia, Philippines, Bangladesh, South 
Korea, Mexico, Iran, and Turkey), using data from 1990 to 2014. According to the 
results of their panel ARDL/PMG analysis, increases in the level of economic com-
plexity and total population in these countries increase carbon emissions and non-
renewable energy use. Abbasi et  al. (2021) analyzed the relationship between the 
economic complexity index (ECI), per capita gross domestic product (GPC), gross 
domestic product (GDP), tourism (TR), energy price indices (EPI), and  CO2 levels 
with a second-generation cointegration and cross-sectionally increased autoregres-
sive distributed lag (CS-ARDL) method for data between 1990 and 2019. The study 
found a positive relationship between ECI, GDP, and  CO2 in the long run and short 
run. Shahzad et al. (2021) analyzed the relationship between economic complexity, 
the ecological footprint, and fossil fuel energy in the USA with the help of the quan-
tile autoregressive distributed lag (QARDL) model, the newly developed quantile 
unit root test, and the quantile Granger causality test using data from 1965 to 2017. 
The results of the analysis show that fossil fuel energy consumption and economic 
complexity greatly increase the ecological footprint in the USA. Lee et al. (2022) 
investigated the validity of the EKC for 99 countries using data from 2006 to 2017. 
Their study found that improvements in tourism increase environmental degrada-
tion, economic complexity reduces environmental quality, and interestingly, they 
found that the increase in the level of national security limits the negative effects 
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of tourism and economic complexity on the environment. Romero and Gramkow 
(2020) examined the relationship between economic complexity and greenhouse gas 
emissions for 67 countries between 1976 and 2012. This study found that economic 
complexity reduces greenhouse gas emissions. In their study, Mealy and Teytelboy 
(2020) examined the ability to export complex green products competitively using 
the sequencing method. It was concluded that top-ranked countries are more likely 
to have high environmental patent rates, stricter environmental policies, and low lev-
els of  CO2 emissions. Boleti et al. (2021) examined the relationship between eco-
nomic complexity and environmental performance for 88 developed and developing 
countries, using data from 2002 to 2012. The study concluded that an increase in 
economic complexity leads to better environmental performance.

Can and Gozgor (2017) tested the determinants of  CO2 emissions in France using 
a unit root test, which included two structural breaks and a dynamic ordinary least 
squares estimation. The study concluded that the environmental Kuznets curve is 
valid in France and that a higher level of economic complexity increases the level 
of  CO2 emissions. Azizi et al. (2019) analyzed the relationship between economic 
complexity and environmental pollution for 99 countries using data from 1992 to 
2017. The study also analyzed this relationship in the context of the EKC, by using 
the dynamic ordinary least squares (DOLS) method. The study found the EKC to be 
valid in this case and that economic complexity decrease environmental pollution. 
Chu (2021) also examined the environmental Kuznets curve in the context of eco-
nomic complexity. The findings indicate the existence of an inverted U-shaped rela-
tionship between  CO2 emissions and economic complexity. Similarly, Pata (2021) 
analyzed the effects of globalization, economic complexity, and renewable and non-
renewable energy consumption on the ecological footprint and  CO2 emissions. The 
study used a combined cointegration test and three different estimation methods 
using data from the USA between 1980 and 2016. The study found that the EKC is 
valid with respect to this data.

Dogan et al. (2019) analyzed the relationship between economic complexity and 
 CO2 emissions for 55 countries and whether it confirms the validity of the EKC. 
Employing a panel quantile regression for data between 1971 and 2014, the study 
found that while economic complexity increased environmental degradation in low- 
and middle-income countries, it was able to control  CO2 emissions and not increase 
environmental degradation in high-income countries. Adedoyin et  al. (2021) ana-
lyzed the relationship between economic complexity and carbon emissions using 
the system GMM method with data from 1995 to 2016. The study observed that 
economic complexity greatly reduced carbon emissions in upper-middle and high-
income groups, while it increased carbon emissions in low-income groups. Integrat-
ing the groups together, the findings confirmed the validity of the EKC. More recent 
studies on this subject are given below.

Aluko et al. (2022) investigated the effect of economic complexity on environmental 
degradation by applying the method of moments quantitative regression for 35 OECD 
countries between 1998 and 2017. The results of the study showed that increasing eco-
nomic complexity at higher income levels reduces environmental degradation. Majeed 
et  al. (2022) used economic panel cointegration tests, cross-section dependency tests, 
error correction model (ECM), fully modified ordinary least squares (FMOLS), and a 
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quantile regression (FE-QR) analysis to explore the relationship between economic com-
plexity and environmental degradation for OECD countries between 1971 and 2018. As 
a result of these analyses, economic complexity was shown to have a positive relation-
ship with carbon emissions in the long run. The FE-QR results in particular suggest that 
the impact of economic complexity on emissions is higher in economies where carbon 
emissions are already low. Thus, this study also confirms the validity of the EKC. Arnaut 
and Dada (2022) analyze quarterly data between 1995 and 2017 by applying unit root 
tests (with and without structural breaks), an autoregressive distributed lag (ARDL) 
bounds test, and a dynamic ordinary least square estimation. The relationship between 
economic complexity and environmental degradation in this study is analyzed by using 
the least square method. The findings show that economic complexity, non-renewable 
energy, and economic growth both increase the ecological footprint in the short and long 
term and therefore negatively affect the environment. However, renewable energy and 
urbanization were found to reduce the ecological footprint over two periods and thus 
improve environmental quality. Hassan (2022) examined the effects of the ecological 
footprint for OECD countries between 1990 and 2019. The study used a certain type of 
analysis to make predictions that are more resistant to inter-country dependencies and 
heterogeneity such as the cross-sectional augmented autoregressive distributed lag, the 
common correlated effects estimator, and augmented mean group estimator. The find-
ings show that high scores in the economic complexity index increase the ecological 
footprints of the OECD countries.

When the literature review is evaluated in general, it is seen that the effects of eco-
nomic growth and economic complexity on environmental pollution do not have consist-
ent or uniform results. In other words, the results of some studies show that the environ-
mental Kuznets curve is valid, while an inverted U-shaped relationship wasn’t found in 
other studies. Furthermore, some of the studies found both positive and negative rela-
tionships between economic complexity and environmental degradation.

Research Design and Methodology

Empirical Model

The empirical model used in this study examines the validity of the EKC for the 
most industrialized nine countries in the world (China, the USA, Japan, Germany, 
the UK, South Korea, France, Italy, and Mexico) who are the global leaders in the 
value-added of industry as a percentage of national GDP. Although we initially 
focused on the top nine countries, Canada had to be excluded due to a lack of avail-
able data. The study of Yilanci and Pata (2020) inspired this research as the authors 
brought new insights to this type of study. Specifically, they introduced ways of 
using the ecological footprint as a dependent variable and the economic complexity 
index as an explanatory variable in order to test the validity of the EKC. As a result, 
the empirical model we constructed is as follows:

(1)
LogEFit = �0t + �1LogGDPit + �2LogGDP

2

it
+ �3LogECIit + �4LogTradeit + �it
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The analysis covers the period from 1970 to 2017. The analysis does not include 
data up to the present day because there is a lack of available data on the ecological 
footprint. Some detailed information and the descriptive statistics of the variables 
that are used in the model are presented in Table 1.

In this model, the ecological footprint variable is used to indicate the level of 
environmental degradation. The EKC is understood to hold when the coefficient of 
GDP per capita is significantly positive ( 𝛽1 > 0 ) and the coefficient of the square of 
GDP per capita is significantly negative ( 𝛽2 < 0 ). These two coefficients together 
indicate the validity of the EKC, which is an inverted U-shaped quadratic relation-
ship between the ecological footprint and per capita income (Ansari et  al., 2020). 
When it comes to the theoretical expectations for the other explanatory variables, we 
expect the �3 coefficient to be negative since the knowledge content of production 
and export is expected to decrease environmental degradation. Furthermore, �4 is 
expected to be positive since trade increases environmental degradation via logistic 
activities. It should also be noted that all variables in the model are used in logarith-
mic form, meaning that the coefficients correspond to long-run elasticities.

Econometric Methodology

To test the EKC and estimate the long-term coefficients, these were the steps that 
were followed: First, the stationarity of the variables was examined by employing 
the first-generation Hadri unit root test and the second-generation cross-section-
ally augmented ADF (CADF) test. Afterward, depending on the results, Kao and 
Pedroni cointegration tests were applied. After detecting the presence of cointe-
grated relationships between the variables, FMOLS and DOLS estimators were used 
to estimate the long-term coefficients. The Dumitrescu-Hurlin causality test was also 
applied to analyze the causal relationship between the dependent variable and the 
independent variables.

Panel Unit Root Tests

The stationarity of the variables in the econometric analysis is crucial for the results 
to be reliable. Analyzing non-stationary variables may cause spurious regression. 
The tests that are employed to examine the unit root are classified as first-generation 
and second-generation unit root tests. The first one assumes there is no cross-section 
dependence (correlation between cross-section units), while the second assumes the 
opposite (Brooks, 2014).

Hadri (2000) developed a unit root test in which the null hypothesis is stationar-
ity. He claimed that the way in which classic hypothesis testing is done ensures that 
the null hypothesis of the unit root is accepted as long as there is no strong evidence 
to the contrary. Hadri developed this test by expanding on a previous test suggested 
by Kwiatkowski et al. (Hadri, 2000). The test statistics of this test (LM statistics) are 
detailed below (2) (Hadri, 2000):
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where Sit =
∑t

j=1
𝜖ij is the partial sum of the residuals and �̂�2

𝜖
=

1

NT

∑N

i=1

∑T

t=1
𝜖2
it
 is a 

consistent estimator of �2
�
 . These test statistics are tested under the null hypothesis of 

stationarity against the alternative hypothesis of the unit root.
As for the second-generation unit root test, we implemented the cross-sectionally aug-

mented Dickey-Fuller (CADF) test. The CADF test can be used in the case of both T > N 
and N > T (Pesaran, 2007). Pesaran (2007) showed based on Monte Carlo simulations 
that the CADF test gives robust results even for small values of N and T (Pesaran, 2007).

Using the assumption that yit is built based on the dynamic linear heterogeneous 
panel data model, Pesaran (2007) followed the model in Eq. (3) (Pesaran, 2007):

In Eq. (3), yi0 has a density function with a finite mean and variance, and the error 
term uit has a structure with a single factor:

In Eq. (4), ft denotes an unobserved common effect, and �it denotes an error term 
specific to the cross-section. When we combine Eqs. (3) and (4), the result is Eq. (5):

where �i = (1 − ∅i)�i , �i = −(1 − ∅i) and Δyit = yit − yi,t−1
H0 shows that all cross-sections have unit roots (H0 ∶ �i = 0) , while  H1 represents 

stationarity (H1 ∶ 𝛽i < 0) . The CADF test reveals test statistics for both the cross-
sections and the overall panel. The test statistics for the overall panel (CIPS) are 
obtained by averaging the test statistics of the cross-sections (Pesaran, 2007):

Panel Cointegration Tests

Based on the results of the cross-section dependency test for the residuals, we 
decided to implement a first-generation cointegration test. Hence, the Kao (1999) 
and Pedroni (2004) cointegration tests are implemented in this study. These tests are 
extended forms of the Engle-Granger cointegration test that involves panel data.

Supposing that yit and xit are incorrectly estimated by the least squares method 
for all i, Kao (1999) used the following least square dummy variable (LSDV) in the 
regression model (Kao, 1999):

(2)LM =

1

N

∑N

i

1

T2

∑T

t=1
S2
it

�̂�2
𝜖

(3)yit =
(

1 − ∅i

)

�i + ∅iyi,t−1 + uit, i = 1,… .,N;t = 1,… .., T

(4)uit = �i ft + �it

(5)Δyit = �i + �iyi,t−1 + �i ft + �it

(6)CIPS = N−1

N
∑

i=1

CADFi

(7)yit = �i + �xit + eit
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In this equation, i = 1… .,N refers to the cross-section units and t = 1,… , T  
refers to the residual-based period. Then, Kao (1999) derives the limiting distribu-
tion of the residual based cointegration tests by applying DF and ADF to the model 
above. The DF test is applied to the residuals using êit = 𝜌êit−1 + vit and �̂� , in which 
the OLS estimation of � is obtained. The null hypothesis is � = 1 , meaning the resid-
uals have unit roots (Kao, 1999). The ADF test is applied to the regression which 
includes the lag values:

where p is chosen to prevent the residuals vit from being serially correlated. Then, 
Kao (1999) defines the ADF statistics which do not depend on the nuisance param-
eters, so that it converges to N(0,1) asymptotically (Kao, 1999):

The Pedroni cointegration test proposes several tests that allow for heterogeneous 
intercepts and trend coefficients across units. Pedroni (2004) follows the regression 
in Eq. (10):

where i = 1… .,N represents members, t = 1,… , T  represents the time period, Xit is 
an m-dimensional column vector for each member i, and �i is an m-dimensional row 
vector for each member i. The variables yit and Xit are assumed to be I(1) for each i 
of the panel, and under the null hypothesis of no cointegration eit , the residuals, will 
also be I(1). �iand�i coefficients allow for the possibility of member-specific fixed 
effects and a deterministic trend, and the �i slope coefficients are also allowed to 
vary across cross-section units. All this means that the cointegration vectors may be 
heterogeneous across the members. Based on this, the null hypothesis is: “H0: all of 
the individuals of the panel are not cointegrated.” The alternative hypothesis is: “H1: 
a significant portion of the individuals are cointegrated” (Pedroni, 2004).

FMOLS and DOLS Estimators

Based on the cross-section dependency test results for the residuals of the model, 
we implemented FMOLS and DOLS estimators after detecting the presence of 
cointegration. Kao and Chiang (2000) provided a comparison for the finite sample 
properties of the OLS (ordinary least squares), fully modified OLS (FMOLS), and 
dynamic OLS (DOLS) estimators in panel data models. The Monte Carlo simulation 
results revealed that the OLS estimator is a biased estimator for finite samples (Kao 
& Chiang, 2000). Chen et al. (1999) followed the regression in Eq. (11):

(8)êit = 𝜌êit−1 +

p
∑

j=1

𝜑jΔêit−j + vit

(9)
ADF =

tADF +
√

6N�̂�v∕2�̂�0u
�

�̂�2

0v

2�̂�2
v

+
3�̂�2

v

10�̂�2

0v

(10)yit = �i + �it + �iXit + eit



7416 Journal of the Knowledge Economy (2024) 15:7402–7427

1 3

The OLS estimator of β is first given in Eq. (12) below (Chen et al., 1999):

After detecting biased results of the OLS estimator, Chen et al. (1999) developed 
a bias-corrected OLS estimator. However, they revealed through the Monte Carlo 
experiments that the corrected estimator has poor performance and does not always 
exhibit less bias (Chen et al., 1999). Afterwards, the FMOLS estimator was devel-
oped by making some corrections for endogeneity and serial correlation problems 
on the OLS estimator in Eq. (12) (Kao & Chiang, 2000):

where Δ̂𝜀u is the kernel estimates of Δ�u.
Kao and Cheng (2000) then used the DOLS estimates of β, 𝛽D , by running the 

regression in Eq. (14) below:

Finally, Kao and Chiang (2000) concluded that the FMOLS estimator is not more 
successful than the OLS estimator in general. The authors also indicate that the 
DOLS estimator performs very well in all cases of homogeneous and heterogeneous 
panels. Hence, the DOLS estimator was shown to be more promising than the OLS 
and FMOLS estimators in order to estimate cointegrated panel regressions (Kao & 
Chiang, 2000).

Dumitrescu‑Hurlin Panel Causality Test

The Dumitrescu-Hurlin panel causality test, which is a type of Granger causality test 
developed for heterogeneous panel data models by Dumitrescu and Hurlin (2012), is 
based on the linear model in Eq. (15):

It assumes that x and y are stationary variables, lag length (k) is specific to the 
cross-section unit, and the panel is balanced. � (k)i  represents the autoregressive 
parameter, and �(k)

i
 represents the slope of regression coefficients that remain stable 

over time. However, they are allowed to vary among the cross-section units. The 

(11)yit = �i + x
�

it
� + uit

(12)𝛽OLS =

[

N
∑

i=1

T
∑

t=1

(xit − xi)(xit − xi)
�

]−1[ N
∑

i=1

T
∑

t=1

(xit − xi)(yit − yi)

]

(13)𝛽FM =

[

N
∑

i=1

T
∑

t=1

(

xit − xi
)(

xit − xi
)�

]−1[ N
∑

i=1

(

T
∑

t=1

(

xit − xi
)

ŷ+
it
− TΔ̂+

𝜀u

)]

(14)yit = 𝛼i + x
�

it
𝛽 +

q
∑

j=−q

cijΔxit+j + v̇it∗

(15)yi,t = �i +

K
∑

k=1

�
(k)

i
�i,t−k +

K
∑

k=1

�
(k)

i
xi,t−k + �i,t
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null hypothesis of this test represents homogeneous non-causality and is indicated as 
follows (Dumitrescu & Hurlin, 2012):

The alternative hypothesis in the Dumitrescu-Hurlin causality test is heterogene-
ous compared to the standard Granger causality test. In other words, the null hypoth-
esis refers to the non-existence of a causal relationship, while the alternative hypoth-
esis refers to the existence of causality from X to Y for some cross-section units. The 
alternative hypothesis is indicated in Eq. (16) (Dumitrescu & Hurlin, 2012):

First, the Wald statistic ( Wi,T ) is estimated, which corresponds to the H0 ∶ �i = 0 
hypothesis for each cross-section unit. Afterwards, WHNC

N,T
= (

1

N
)
∑N

i=1
Wi,T , which 

is the Wald statistic for the overall panel, is obtained by calculating the arithme-
tic average of these Wald statistics (Saracoglu & Songur, 2017). Two test statistics 
are estimated in the Dumitrescu-Hurlin causality test (Zeren and Ari, 2013): ZHNC

N,T
 

standardized test statistic for T ,N → ∞, and Z̃HNC
N  standardized test statistic for the 

fixed T sample. The formulations of these test statistics are given in Eq.  (17) and 
Eq. (18), respectively (Dumitrescu & Hurlin, 2012):

Dumitrescu and Hurlin (2012) suggest using asymptotically-distributed ZHnc
N,T  test 

statistics when T > N, and suggest using semi-asymptotically-distributed Z̃Hnc
N

 test 
statistics when T < N.

Empirical Results

The present study examined the dynamic relationships between GDP per capita, eco-
logical footprint, the economic complexity index, and the trade-to-GDP ratio for the 
top nine leading countries in terms of value-added in industry as a percent of GDP. 
In line with the aim of the study, the validity of the EKC was tested by employing 
cointegration tests. The first step in this case is to test the stationarity of the vari-
ables. However, before applying unit root tests, we applied a cross-section depend-
ency test to each variable. The results of this test are given in Appendix 1. p values 
lower than 0.05 indicate that the null hypothesis of no cross-section dependence is 

H0 ∶ �i = 0∀i = 1,… ,N

(16)H1 ∶ �i = 0∀i = 1,… ,N1

�i ≠ 0∀i = N1 + 1,N1 + 2,… ,N

(17)ZHnc
N,T

=

√

N

2K

(

WHnc
N,T

− K
)

d

T ,N → ∞
→ N(0, 1)

(18)Z̃Hnc
N

=

√

N
�

WHnc
N,T

− E(W̃i,T )
�

�

Var(W̃i,T )
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rejected. The results in Appendix 1 show that all variables except LogEF have cross-
section dependence. In light of these results, we employed the Hadri test for LogEF 
as a first-generation unit root test, and we applied the CADF test for all other vari-
ables as a second-generation test (Table 2).

The results of the Hadri unit root test determined that the LogEF variable has unit 
root at level and it becomes stationary at the first difference. The CADF test also 
indicates the same result for all other variables. It is concluded that the integration 
level of all variables is I(1). Since all variables are I(1), we further examined if there 
is a cointegrated relationship for the model in Eq. (1) (Table 3).

In the Pedroni test, at least five of the within-dimension test statistics are expected 
to be insignificant to reject the null hypothesis of no cointegration. In the Kao test, 
we reject the null hypothesis of cointegration if the p value of the ADF statistics is 
higher than 0.05. Both of the results reveal that there is a cointegrated relationship 
among these variables.

The next step is to estimate the long-run coefficients. However, it is neces-
sary to check if there is a multicollinearity problem between the explanatory vari-
ables. Therefore, we presented the VIF values in Appendix 2. In the literature, it is 
accepted that if the VIF values are less than five, then there is no multicollinearity 
problem (Leitão et al., 2021). Accordingly, Appendix 2 shows that all VIF values 
are lower than five. Therefore, based on these results, the next step was taken to esti-
mate the long-run coefficients.

As mentioned above, the coefficient of per capita GDP is required to be signifi-
cantly positive, and the coefficient of the square of per capita GDP is expected to 
be significantly negative in order for the EKC to be valid in this case. Examining 

Table 2  Unit root test results

*** refers to 1% significance level. The values in parentheses correspond to p values

Hadri unit root test

Variable Hadri Z-stat

LogEF 3.6302
(0.000)

Δ
 LogEF 1.0697

(0.1424)

CIPS unit root test

LogECI −2.045
Δ LogECI −5.875*** Critical values
LogGDP −2.287
Δ LogGDP −5.091*** −2.73 (10%)
Lo  GDP2 −2.239
Δ  LogGDP2 −5.052*** −2.84 (5%)
LogTrade −2.008
Δ LogTrade −5.482*** −3.06 (1%)
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Table 4, the coefficient of per capita GDP is seen to be significantly positive, and 
the coefficient of the square of per capita GDP is significantly negative for both the 
FMOLS and DOLS estimates. Therefore, these results confirm the validity of the 
EKC in these nine countries for the data used between 1970 and 2017. Also, LogECI 
was found to have a significantly negative effect on the LogEF variable which is in 

Table 3  Cointegration test results

*** refers to 1% significance level. The values in parentheses correspond to p values

Pedroni cointegration test

Within-dimension
Statistics p value Weighted statistics p-value

Panel v-statistic −0.523 (0.6997) −0.744 (0.7715)
Panel rho-statistic −7.121*** (0.000) −6.612*** ’(0.000)
Panel PP-statistic −16.351*** (0.000) −15.952*** ’(0.000)
Panel ADF-statistic −14.104*** (0.000) −13.738*** ’(0.000)
Between-dimension
Group rho-statistic −6.268*** (0.000)
Group PP-statistic −26.867*** (0.000)
Group ADF-statistic −15.042*** (0.000)
Kao cointegration test

t-statistics p value
ADF −8.008*** (0.000)
Residual variance 0.28151
HAC variance 0.05108
Cross-section dependency test for residuals
CDLM1 35 (0.5162)
LMadj −1.615 (0.1063)

Table 4  FMOLS and DOLS 
estimations

*** and ** refer to 1% and 5% significance levels, respectively. The 
values in square brackets correspond to standard errors

Dependent variable: LogEF

 Variable FMOLS DOLS

Coef Coef

LogGDP 53.687*** 85.275**
[16.576] [34.438]

LogGDP2 −5.857*** −9.564**
[1.948] [4.105]

LogECI −2.094*** −2.708***
[0.561] [1.064]

LogTrade −0.0667 0.0461
[0.419] [0.784]
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accordance with theoretical expectations. The coefficient of the LogTrade variable is 
not significant in both the FMOLS and DOLS estimates. (Table 5)

Finally, the Dumitrescu-Hurlin panel causality test was used to examine the 
existence of a causal relationship from the independent variables to the dependent 
variable. Moreover, we employed a cross-section dependence test (LMadj) to detect 
whether there is cross-section dependence in the residuals of the equations that cor-
respond to the causal relationships. The residuals of the models that correspond to 
the causal relationships were found to have cross-section dependence, except the 
one model representing causality from LogGDP to LogEF. Accordingly, we applied 
a first-generation causality test for this causal relationship, while we applied sec-
ond-generation causality tests for the others. We also presented ZHnc

N,T  test statistics 
since T > N in this sample. According to the results of the causality tests, there is a 
causal relationship from all independent variables (namely, LogECI, LogGDP, and 
LogTrade) to the LogEF variable.

The results of the model analysis show that as economic growth in these nine 
countries increases the level of environmental destruction increases up to a certain 
stage. This process reverses after reaching a certain level. This result is consistent 
with other related studies (Shahbaz et  al., 2013; Al-Mulali et  al., 2015; Dogan & 
Seker, 2016; Kilic & Balan, 2018; Aslan et al., 2018; Danish & Ulucak, 2021). In 
addition to the empirical results obtained from the model, economic complexity was 
found to have a significant negative effect on the ecological footprint variable in this 
period. That is, as economic complexity increases, the ecological footprint decreases. 
These results are also consistent with theoretical expectations and previous studies 
(Romero & Gramkow, 2020; Mealy & Teytelboym, 2020; Boleti et al., 2021).

Conclusion and Discussion

The main hypothesis of the study is to demonstrate the validity of an inverted 
U-shaped relationship between environmental degradation and per capita income. 
Therefore, this study examined the dynamic relationships between the economic 
complexity index, ecological footprint, GDP per capita, and the trade-to-GDP ratio 
for the top nine industrialized countries between 1970 and 2017. Looking at the 

Table 5  Dumitrescu-Hurlin 
panel causality test results

*** and ** refer to 1% and 5% significance levels, respectively. The 
values in square parentheses correspond to p values

Direction of the causality LMadj W
HNC

N,T
Z
Hnc

N,T

LogECI =  =  > LogEF 3.785*** 30.05 10.0327**
(0.000) (0.027)

LogGDP =  =  > LogEF 1.322 30.052 10.03***
(0.186) (0.000)

LogTrade =  =  > LogEF 3.54*** 25.7214 7.4846**
(0.000) (0.046)
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results of the model, the findings confirm the validity of the EKC for these coun-
tries. In addition, according to the results of the causality tests, there is a causal rela-
tionship from all the independent variables analyzed. There are a number of policy 
recommendations that can be made in line with the empirical results of the article. 
These recommendations are listed below.

Due to economic growth and the increasing demands for consumption, often there is 
a lack of efficiency in resource allocation, and as a result, resources tend to be wasted. 
Furthermore, non-renewable resources available in the environment are limited. It is also 
argued that even if some resources can be renewed, the accelerating economic growth 
will irreversibly affect the environmental destruction process. For these reasons, focus-
ing on economic growth approaches that can minimize damage to the environment 
should be high priorities for every country. In addition, sustainable growth goals will 
also force countries to act competitively. This competition will also bring with it a pro-
duction structure that requires a more efficient distribution of resources. This process can 
create economies that produce more complex, high-tech products which, in turn, pro-
motes innovative technologies and efficiency. Therefore, the first policy proposal is about 
the necessity of transforming the production structure in developing countries in a way 
that promotes economic complexity. A type of production structure that is economically 
complex will create benefits to the economy in a way that increases the income of the 
country and a production chain that is more sensitive to the environment. For this reason, 
national policies for the growth of underdeveloped and developing economies should be 
sensitive to the importance of producing high-tech products as they consider economic 
and structural transformations. Policymakers should evaluate their export and import 
structure and determine helpful strategies that improve and facilitate the development of 
foreign trade with neighboring countries under these principles.

The results of the study show that although there are increasing environmental chal-
lenges in the early stages of economic development, economic complexity contributes 
positively to an economy’s ecological footprint when resources are used with efficient 
technologies. Technological production, which requires specialized knowledge, is pos-
sible with human capital that is well-equipped. The second policy proposal is related 
to the education structure of an economy. Arranging the education system and various 
course programs in such a way that there is a strong investment in specialized training 
and technical know-how increases economic growth within a structure that is economi-
cally complex. More than that, this type of economic growth is shown to reduce damage 
caused to the environment. As an additional policy proposal, we recommend using green 
or environmentally friendly technologies to reduce damage to the environment during 
the economic development process. Structural changes that encourage or require cleaner 
and renewable energy sources help reduce emissions and support a complex economic 
growth model that is also mindful of the environment.

The final policy recommendation draws attention to the need for government support for 
companies and specific sectors that stand out in producing complex products that reduce 
their ecological footprint. Investment resources should be provided to these sectors or com-
panies with incentives such as selective loan options and various tax advantages. These 
incentives will both stimulate environmentally-friendly production and encourage already 
established companies to look toward green alternatives. These recommendations based 
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on the findings of this study preserve sustainable production structures that help countries 
achieve their economic goals and preserve an important level of environmental awareness.

Appendix 1. Cross‑section dependency test results

Test Log EF Log GDP Log GDP 2 Log ECI Log Trade

CDLM1 37.01065 1601.403*** 1589.38*** 571.278*** 1033.399***
(0.4221) (0.000) (0.000) (0.000) (0.000)

CDLM2 −0.941554 183.424*** 182.007*** 62.022*** 116.484***
(0.3464) (0.000) (0.000) (0.000) (0.000)

LMadj −1.037299 183.33*** 181.911*** 61.9267*** 116.39***
(0.2996) (0.000) (0.000) (0.000) (0.000)

*** refers to 1% significance level. The values in parenthesis correspond to p values

Appendix 2. Variance inflation factor

Variable Variance inflation factor (VIF) 1/VIF

LogGDP 4.24 0.2359
LogECI 3.93 0.2543
LogTrade 1.16 0.8632
Mean VIF = 3.11
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