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Disaggregated energy use and socioeconomic sustainability within OECD countries  1 
 2 

Abstract 3 
 4 
This study investigates the relationship between disaggregated energy use, human development, 5 
trade openness, economic growth, urbanization, and sustainability index in OECD countries from 6 
2014 to 2019. Static, quantile, and dynamic panel data approaches are employed. The findings 7 
reveal that fossil fuels such as petroleum, solid fuels, natural gas, and coal reduce sustainability. 8 
On the contrary, alternative sources such as renewable and nuclear energy contribute positively to 9 
sustainable development. It is interesting to note that alternative energy sources strongly influence 10 
socioeconomic sustainability in the lower and upper quantiles. Also, the human development index 11 
and trade openness improve sustainability, while urbanization seems to be an obstacle in 12 
complying with sustainability goals within OECD countries. Policymakers should revisit their 13 
strategies toward sustainable development by mitigating fossil fuels and urbanization and 14 
promoting socioeconomic development, trade openness, and non-fossil fuels as drivers of 15 
economic progress.    16 
  17 
Keywords: Sustainability index; Fossil fuels; Renewable energy; Nuclear energy; OECD 18 
JEL: Q01; Q40; Q42 19 
 20 
1. Introduction 21 
 22 
The defense of a more peaceful, safe, healthy, and sustainable world can be described as a great 23 
chance to get unequal global development under control through Sustainable Development Goals 24 
(hereafter SDGs). Nevertheless, many problems still need to be solved. First, most of the goals are 25 
far away from their targets. Rapid growth, inequalities, and uncontrolled use of natural resources 26 
will continue to pressure sustainable development. Energy use and sustainability are closely 27 
linked, as energy consumption significantly contributes to environmental degradation and climate 28 
change. The use of fossil fuels, the primary energy source for most countries, produces greenhouse 29 
gases and other pollutants that harm air and water quality contributing to environmental 30 
degradation. Additionally, fossil fuel extraction, production, and transportation often negatively 31 
impact local communities and ecosystems. Therefore, reducing energy consumption and 32 
transitioning to clean and alternative energy sources are crucial for achieving sustainability goals. 33 

Many studies have explored the relationship between energy use and environmental 34 
sustainability, showing that increasing energy efficiency and reducing energy demand are cost-35 
effective ways to reduce greenhouse gas emissions, improve air quality, and support sustainable 36 
development. Although environmental sustainability is not a new topic, with its most accepted 37 
definition existing more than thirty years ago (Brundtland, 1987), achieving sustainable 38 
development has not been an easy way forward. Even nowadays, developed countries are the 39 
highest polluters (Bruckner et al., 2022), especially those exhibiting very low economic 40 
diversification and weak institutional frameworks. Also, most developed economies are OECD 41 
members, characterized by relatively high-income and economic stability. Despite this, these 42 
countries remain far from achieving SDGs.  43 

The present study contributes to the energy-sustainability literature in the following ways. First, 44 
it is well known that numerous studies examine the relationship between economic growth and 45 
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environmental degradation with mixed results (Mardani et al., 2019; Sarkodie and Strezov, 2019). 46 
Nevertheless, only a few have used the sustainability level (Khan et al., 2020) as the core variable 47 
of their analysis. The standard limitation is that most studies in this area have not extensively 48 
incorporated the broader aspect of sustainability. Sustainability is not only related to the 49 
environment. Thus, this research endeavors to fill this gap by exploring socioeconomic 50 
sustainability as the primary outcome variable of interest within OECD countries. It is more 51 
important for societies to consider both social development and environmental factors, such as 52 
quality of education, awareness, and healthcare, since they also significantly impact human well-53 
being.  54 

Second, the present study investigates the impact of disaggregated energy use on the 55 
sustainability index within OECD countries. The disaggregated analysis addresses the issue of 56 
energy use from a new angle by considering the different types of energy used in different sectors 57 
and groups within society. In other words, by separating energy sources, it becomes possible to 58 
identify the proportion of energy that is coming from sustainable, renewable and alternative 59 
sources, such as wind, solar, hydropower, and nuclear, versus energy that is coming from finite, 60 
nonrenewable sources, such as coal, oil, and natural gas. This information is vital for sustainability 61 
as it can support policymakers and energy producers in understanding how much progress is being 62 
made towards a more sustainable energy mix and what actions need to be taken to increase the use 63 
of alternative energy sources. Additionally, knowing the breakdown of fossil and non-fossil energy 64 
allows for monitoring the impact of energy production on the sustainability level. In other words, 65 
this analysis allows for a more detailed and nuanced understanding of the complex relationship 66 
between energy use and socioeconomic sustainability.  67 

Third, this study aims to provide new empirical evidence on the relationship between human 68 
development, economic growth, disaggregated energy use, trade openness, urbanization, and 69 
socioeconomic sustainability, focusing on a range of quantiles in the conditional probability 70 
distribution of the outcome variable. In particular, the current analysis first utilizes econometric 71 
panel techniques, which account for issues such as endogeneity, cross-sectional dependence, 72 
groupwise heteroskedasticity, and serial correlation. Additionally, as we are not unquestionable 73 
whether all types of energy sources have a linear impact on the sustainability index, we employ 74 
non-linear specifications to observe location-based asymmetries between the parameters within 75 
the conditional probability distribution of the sustainability variable. Also, as benchmark models, 76 
we estimate feasible generalized least square approaches in encountering groupwise 77 
heteroskedasticity and serial correlation and pooled OLS with Driscoll-Kraay (1998) standard 78 
errors to address cross-sectional dependence. In addition to static models and for robustness 79 
reasons, we follow the dynamic system generalized method of moments (sys-GMM) specifications 80 
that provide reliable results for short-panel data, as in our case. 81 

Overall, the present research validates the direct impact of disaggregated energy sources, fossil, 82 
and non-fossil fuels, on socioeconomic sustainability via static linear approaches, quantile 83 
techniques, and dynamic specifications. Empirical findings explore the negative but distinct role 84 
of fossil fuels (petroleum, natural gas, and coal) and the positive and outstanding impact of non-85 
fossil fuels (renewable and nuclear energy) on socioeconomic sustainability.  86 

Following this introduction, the following section provides the previous literature review. 87 
Section 3 details the methodological approach and the data used. Section 4 presents the analysis's 88 
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empirical results. Section 5 discusses the findings, and Section 6 concludes with recommended 89 
policies.  90 

 91 
2. Research content 92 

This section consists of four subsections discussing the environment Kuznets curve (EKC) 93 
hypothesis, the energy use-environmental quality hypothesis, the trade openness and environment 94 
relationship, and the urbanization-environmental quality relation.   95 
 96 
2.1 Environment Kuznets curve hypothesis 97 

The Kuznets curve (KC) was derived from Kuznets (1955), who identified the inverted-U-shaped 98 
relationship between income inequality and economic growth. This hypothesis has been widely 99 
applied in many scientific fields, such as health (Costa-Font et al., 2018) and environmental 100 
economics (Koondhar et al., 2021). Grossman and Krueger (1991)are considered the first authors 101 
who validated Kuznets' hypothesis using several environmental indicators in environmental 102 
economics. Later on, Panayotou (1993) introduced the term "environmental" Kuznets curve in 103 
environmental economics literature while examining the relationship between economic growth 104 
and environmental degradation using air pollution as the indicator of degradation. After that, many 105 
empirical studies examined the EKC hypothesis. However, the empirical results are mixed and 106 
inconclusive. Many studies have supported the EKC hypothesis (Ahmed and Long, 2012; Apergis 107 
and Ozturk, 2015; Churchill et al., 2018; Esteve and Tamarit, 2012; Kostakis et al., 2023). Others 108 
have found little evidence of an inverted-U relationship between economic growth and 109 
environmental degradation (Dogan and Inglesi-Lotz, 2020; Gormus and Aydin, 2020; Al Sayed 110 
and Kun Sek, 2013; Mazur et al., 2015; Özokcu and Özdemir, 2017). There are also studies with 111 
mixed results across different countries, methods, periods, and environmental indicators (Apergis, 112 
2016; Destek and Sarkodie, 2019; Gormus and Aydin, 2020; Kostakis et al., 2017; Ng et al., 2020). 113 
EKC studies undertaken explicitly in the OECD countries have failed to provide concessive 114 
findings. Some confirmed the existence of the EKC hypothesis (Bhattacharya et al., 2017); others 115 
did not (Martino and Nguyen-Van, 2016), while others (Isik et al., 2019) report inconclusive 116 
evidence.  117 

Additionally, several studies tried to estimate a modified environmental Kuznets curve 118 
hypothesis investigating a broader concept of development rather than pure economic growth 119 
(Costantini and Martini, 2006). The human development index (HDI) describes the relationship 120 
between higher welfare levels and natural resource consumption and confirms human 121 
development's role in environmental sustainability. More specifically, the HDI is a composite 122 
index that measures a country's overall level of development, taking into account economic growth 123 
and factors such as education and health. This indicator is considered a more comprehensive 124 
measure of development than GDP; some researchers argue that it is a better indicator of a 125 
country's environmental concern and ability to invest in environmental protection (Hossain and 126 
Chen, 2021; Hussain and Dey, 2021; Tenaw and Beyene, 2021). 127 
 128 
2.2 Energy use-environmental quality hypothesis 129 

Another group of studies explores environmental degradation and investigates the relationship 130 
between economic growth and energy use. The central claim of those papers is that the economy 131 
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is linked to energy use since most production activities require energy as an input. Several authors 132 
have used either time series (Akinlo, 2008; Chiou-Wei et al., 2008; Sari and Soytas, 2007), or 133 
panel data (Belke et al., 2011; Kearsley and Riddel, 2010; Lee et al., 2008), or even cross-section 134 
datasets (He et al., 2022; Suri and Chapman, 1998) trying to unfold this relationship. Jobert et al.  135 
(2014) stated that "the main reason for introducing energy consumption into the GDP-CO2 nexus 136 
is that, first, energy consumption is a key determinant of CO2 emissions and has a strong impact 137 
on pollution levels, and, second, there is a direct relationship between energy consumption and 138 
economic development". 139 

This hypothesis has also been studied by disaggregating final energy use into renewable and 140 
fossil fuels (Depren et al., 2022). For instance, Bölük and Mert (2014) employed panel data 141 
analysis in selected EU countries and reported that shifting the energy use mix towards other 142 
renewable technologies can reduce emissions. Inglesi-Lotz and Dogan (2018) also utilized panel 143 
data for several Sub-Saharan countries to confirm that fossil fuels-oriented energy use increases 144 
pollution while renewables positively affect the environment. Balsalobre-Lorente et al. (2018) 145 
assessed the nexus between economic growth and CO2 emissions in five European Union countries 146 
from 1985 to 2016. Their empirical results support the EKC hypothesis and found that renewable 147 
electricity consumption, natural resources, and energy innovation enhance environmental quality. 148 
Hanif (2018) examined the impact of fossil fuels, solid fuels, and renewable energy consumption 149 
on environmental degradation in a panel of 34 selected emerging countries. Their findings support 150 
previous literature in this field, highlighting that fossil and solid fuels significantly contribute to 151 
environmental degradation via increased CO2 emissions. On the contrary, renewable energy 152 
alternatives seem to enhance sustainable development. Pata (2021) looked into the BRICS 153 
economies from 1971-2016 and revealed the importance of renewable energy in combating 154 
environmental degradation. Sharma et al. (2021) supported that higher use of renewable energy 155 
significantly reduces environmental degradation in the case of several Asian countries over the 156 
period 1990-2015. Huang et al. (2022), scrutinizing the nexus between renewable energy and the 157 
ecological footprint of E-7 and G-7 countries from 1995 to 2018, also confirmed the positive 158 
impact of renewable energy on environmental quality.  159 

Another strand of literature has devoted its research to using time series analysis (Isik et al., 160 
2019; M. K. Khan et al., 2020; Lotfalipour et al., 2010; Menyah and Wolde-Rufael, 2010; Shahbaz 161 
et al., 2013) to explore the energy use-environment nexus. Most findings suggest fossil fuels 162 
negatively impact environmental quality, whereas renewables and alternative energy sources can 163 
enhance sustainable development. Similar results have been found using several other techniques 164 
and approaches that underline the role of energy in circular and sustainable development (Arauzo-165 
Carod et al., 2022; Menegaki and Tsagarakis, 2015; Papadaki et al., 2022). 166 

 167 
2.3 Trade openness and environment relationship 168 

The link between trade openness and environmental quality has attracted many researchers (Le et 169 
al., 2016; Sharma, 2011), but the relationship has mixed results. Some authors express that trade 170 
openness hurts the environment (Ahmed et al., 2016; Atici, 2012; Le et al., 2016; Mahmoodi and 171 
Mahmoodi, 2018; Rahman, 2017; Rock, 1996; Shahbaz et al., 2018). On the contrary, other 172 
researchers support that developing trade freedom decreases pollution (Alola et al., 2019; Alpay, 173 
2000; Destek and Sinha, 2020; Dogan and Seker, 2016; Gozgor, 2017). Implicitly on that point, 174 
Mavragani et al. (2016) using the "Open Markets Index", supported that more open economies are 175 
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more likely to have a better environmental performance. Moreover, trade can bring new 176 
information that can benefit environmental quality (Dagestani and Qing, 2022). At the same time, 177 
some other authors conclude that the impact of trade openness on environmental quality may 178 
depend on income level (Dogan et al., 2020), while others indicate that there might be no 179 
significant relationship between international trade openness and environmental quality (Bernard 180 
and Mandal, 2016; Gangopadhyay et al., 2023; Sharma, 2011).  181 
 182 
2.4 Urbanization-environmental quality association 183 

Other studies have incorporated the impact of population density on environmental quality 184 
(Dagestani et al., 2022), but with mixed conclusions, too. Some verify the solid and consistent 185 
polluting impact of urban population size (Ahmad et al., 2021; Ahmed et al., 2020; Al-Mulali et 186 
al., 2015; Kihombo et al., 2022; Hossain, 2011; Zineb, 2016), while others (Munir and Ameer, 187 
2018; Saidi and Mbarek, 2017) support that urbanization can reduce CO2 emissions in the long 188 
run. Martínez-Zarzoso et al. (2007) conclude that the variability of the emissions impact from 189 
urbanization is not proportional and can be conditional on income group, vary from nation to 190 
nation, and even be insignificant in some specific countries. Generally, urbanization can have a 191 
differentiated impact on environmental quality based on three theories; the environmental 192 
transition theory, the ecological modernization theory, and the compact city theory (Sadorsky, 193 
2014). 194 
 195 
3. Research methodology 196 

Energy use has been identified as a crucial catalyst for economic activities (Stern, 2011) in 197 
developing and developed countries, improving livelihood and well-being between societies. 198 
However, the trade-off between the burning of fossil fuels and climate change has led energy use 199 
to be a hot topic in academic and policymaking circles. The present study explores the relationship 200 
between disaggregated energy use and socioeconomic sustainability in OECD countries. The 201 
following subsections describe the data and the econometric methods employed.  202 
 203 
3.1 Data sources 204 

The data used in this study consists of annual observations over six years for variables obtained 205 
from different secondary sources. We consider the global sustainable competitiveness index (gsci), 206 
provided by the Solability Sustainable Intelligence (SSI) over the period 2014-2019 for the OECD 207 
countries, as the outcome variable. The global sustainable competitiveness index is a composite 208 
index calculated from several sustainability sub-indices related to natural capital, resource 209 
intensity, social capital, intellectual capital, and governance. Higher values of this index indicate 210 
a more sustainable economy. The independent variables include the use of coal (coalpc), natural 211 
gas (ngpc), petroleum and other liquids (petrolpc), renewables (renpc), and renewables combined 212 
with nuclear energy (mixpc) measured in quadrillion British thermal units (BTU) per capita 213 
provided by the Energy Information Administration (EIA). The human development index (hdi) 214 
was retrieved from the United Nations (UN) database. GDP growth (gdpgr) is taken in constant 215 
2017US $ by the Penn World Table (PWT), while trade openness as a ratio of GDP (trade) and 216 
urbanization level (urban) as a ratio of total population retrieved from World Bank Indicators 217 
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(WDI). Table 1 presents the variables considered in this study with their description, measurement, 218 
and sources.  219 
Table 1. Dependent and independent variables  220 
Variable Description Source 
gsci Global sustainable competitiveness (Index) SSI  
coalpc Coal consumption per capita (quad BTU) EIA 
petrolpc petroleum and other liquids consumption per capita (quad BTU) EIA 
ngpc Natural gas consumption per capita (quad BTU) EIA 
renpc Renewable energy consumption per capita (quad BTU) EIA 
mixpc Renewables and nuclear energy consumption per capita (quad BTU) EIA 
hdi Human development index (Index) UN 
gdpgr Real GDP growth (Rate) PWT 
trade Trade openness (Share of GDP) WDI 
urban Urbanization population (% of the total population) WDI 

Notes: SSI Solability Sustainable Intelligence. EIA Energy Information Administration. UN United Nations. PWT 221 
Penn World Table. WDI World Bank Indicators.  222 

3.2 Models’ specification 223 

For the model specification, we assume that the empirical panel model is based on the following 224 
linear equation: 225 
 226 
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖,𝑡𝑡 = 𝛽𝛽𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖,𝑡𝑡 + 𝛾𝛾𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖,𝑡𝑡 + 𝜃𝜃𝑥𝑥𝑖𝑖,𝑡𝑡 + 𝜇𝜇𝑖𝑖 + 𝛿𝛿𝑡𝑡 + 𝜀𝜀𝑖𝑖,𝑡𝑡 ,      𝑖𝑖 = 1,2, … . ,𝑁𝑁 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 = 1,2, …𝑇𝑇     (1) 227 
 228 
where the dependent variable 𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑖𝑖,𝑡𝑡 is the natural logarithm of the global sustainable 229 
competitiveness index of country 𝑖𝑖 at period 𝑡𝑡; 𝛽𝛽, 𝛾𝛾 and 𝜃𝜃 are the vectors of associated coefficients; 230 
and unobserved individual effects 𝜇𝜇𝑖𝑖 and time effects 𝛿𝛿𝑡𝑡 enter the model additively while 𝜀𝜀𝑖𝑖,𝑡𝑡 231 
represents the error term.  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖,𝑡𝑡 denotes renewable and nuclear energy use per capita, while 232 
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖,𝑡𝑡 represents natural gas, petroleum, and other liquids and coal per capita. The choice of 233 
control variables included in the 𝑥𝑥 vector of Equation 1 is based on previous empirical works on 234 
the subject.  235 

To control for groupwise heteroskedasticity and serial correlation, feasible generalized least 236 
squares (FGLS) specifications are employed. On top of that, pooled OLS with Driscoll-Kraay 237 
(1998) standard errors under cross-sectional dependence approaches are utilized. More 238 
importantly, quantile regressions with nonadditive fixed effects (QRPD) introduced by Powell  239 
(2016) are appropriate when non-linear and varying effects at different points of the outcome 240 
variable distribution are used. The main advantage of QRPD method, relative to the existing 241 
quantile estimators with additive fixed effects, is that it does not provide estimates of the dependent 242 
variable distribution of 𝑦𝑦𝑖𝑖𝑖𝑖 − 𝑎𝑎𝑖𝑖, which is undesirable, as this can provide biased information about 243 
the effects of the policy variables on the outcome distribution. Furthermore, as in our study, it can 244 
give consistent point estimates for short periods. 245 

For robustness reasons, being aware that static models might be somewhat restrictive and give 246 
biased estimations due to the lag-dependent variable being serially correlated with the error term 247 
(Harris et al., 2008), dynamic models are also applied. Several estimators have been proposed to 248 
cope with this issue (Anderson and Hsiao, 1982; Arellano and Bond, 1991; Blundell and Bond, 249 
1998; Nickell, 1981). In our case, the one-way dynamic error component is specified as follows: 250 

 251 
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𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖,𝑡𝑡 = 𝛼𝛼𝑖𝑖 + 𝛽𝛽1𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑖𝑖,𝑡𝑡−1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖,𝑡𝑡 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖,𝑡𝑡 + 𝛽𝛽′𝑥𝑥𝑖𝑖,𝑡𝑡 + 𝜔𝜔𝑖𝑖 + 𝜇𝜇𝑡𝑡 + 𝑒𝑒𝑖𝑖,𝑡𝑡             (2) 252 
 253 
where 𝛼𝛼𝑖𝑖 is the (unobserved) individual effect, 𝑥𝑥𝑖𝑖,𝑡𝑡 is a vector of time-varying explanatory 254 
variables, 𝜔𝜔𝑖𝑖 is a vector of the time-invariant variable encapsulating unobserved country-specific 255 
effects, 𝜇𝜇𝑡𝑡 is the time-specific effects, while the error term 𝑒𝑒𝑖𝑖,𝑡𝑡 is the idiosyncratic error component. 256 
𝛽𝛽1 represents the speed of adjustment to long-run while 𝛽𝛽2,𝛽𝛽3 𝑎𝑎𝑎𝑎𝑎𝑎 𝛽𝛽′ are the vectors of 257 
independent and control variable parameters to be estimated.  258 

For our case, we carry out the system generalized method of moments (sys-GMM) approach, 259 
which is consistent and asymptotically normal for large 𝑛𝑛 and small 𝑡𝑡 (Chamberlain, 1984), as in 260 
our case. However, to obtain consistent parameter estimates, several econometric concerns that 261 
mainly arise from the nature of the error term need to be addressed. Equation 2 incorporates both 262 
the long-run equilibrium relationship and the short-run dynamics. In addition, we should mention 263 
that the GMM first differences estimator might suffer from weak instrument issues if the 264 
autoregressive coefficient approaches unity (Blundell and Bond, 1998; Han and Phillips, 2010). 265 
Thus, a unit root test has to be applied. To choose the appropriate panel unit root test, we must 266 
assess the hypothesis of cross-sectional independence (Pesaran, 2004) in the data.   267 

In the next step, the global sustainable competitiveness index can be estimated using first 268 
differences and sys-GMM estimators proposed by Arellano and Bond (1991) and Blundell and 269 
Bond (1998), which can be used with relatively small data sets and are preferable to other dynamic 270 
approaches. Regarding the specification of instruments, the Arellano-Bond estimator uses the lags-271 
differences, while the Blundell-Bond GMM approach uses the lags in differences and levels as 272 
possible instruments (xtabond2 command by Roodman (2009) is used in our case). Two types of 273 
GMM exist, namely, one-step and two-step GMM. The two-step GMM provides more reliable and 274 
consistent figures if data are unbalanced and under possible autocorrelation and heteroskedasticity 275 
issues in the data. 276 

Finally, the consistency of the GMM specifications depends on the validity of the instruments 277 
in the estimation process (Sargan, 1958). Furthermore, the errors' first and second-order serial 278 
correlation should be tested. Simultaneously, various restrictions on the number of orthogonality 279 
conditions must be addressed, as the proliferation of instruments may also lead to sample bias. 280 
This bias is possible because the number of instruments is directly related to the length of the panel 281 
(time). To improve efficiency and Sargan test reliability in our models, we should keep the number 282 
of instruments as small as possible by limiting the lag depth or collapsing the set of instruments 283 
(Mehrhoff, 2009). 284 

 285 
4. Empirical results 286 

The following section illustrates some descriptive and preliminary findings before the econometric 287 
analysis. After that, econometric results are presented.  288 
 289 
4.1 Descriptive findings 290 

Table 2 reports the descriptive statistics before taking natural logarithms regarding the variables 291 
considered in this study. As expected, between countries variability is higher than within-country 292 
variability. In particular, the average global sustainable competitiveness index equals 50.5 and 293 
ranges from 43 to 59 units between OECD and 45 to 54 within OECD countries. 294 
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  295 
Table 2. Descriptive Statistics, 2014-2019 296 

Variable Mean Std. Dev. Min Max 
sc overall 50.504 4.230 40.490 61.340 
between  3.842 43.100 58.838 
within  1.860 44.809 54.304 
petrolpc overall 0.065 0.038 0.014 0.217 
between  0.039 0.014 0.211 
within  0.003 0.044 0.088 
coalpc overall 0.019 0.020 0.000 0.076 
between  0.020 0.000 0.073 
within  0.003 0.009 0.031 
ngpc overall 0.033 0.024 0.000 0.125 
between  0.003 0.000 0.119 
within  0.003 0.025 0.045 
renpc overall 0.044 0.089 -0.001 0.534 
between  0.090 -3.33x10-4 0.520 
within  0.003 0.021 0.057 
mixpc overall 0.055 0.090 -9.93x10-4 0.053 
between  0.090 -3.35x10-4 0.520 
within  0.003 0.032 0.069 
hdi overall 0.870 0.055 0.710 0.946 
between  0.055 0.726 0.941 
within  0.007 0.838 0.900 
gdpgr overall 2.749 2.111 -0.490 25.176 
between  1.514 0.749 9.803 
within  1.490 -5.011 18.122 
urban overall 77.903 11.093 53.557 98.04 
between  11.208 53.817 97.940 
within  0.460 75.759 79.894 
trade overall 101.282 62.140 26.294 380.104 
between  62.640 27.541 354.505 
within  4.900 80.206 131.226 

 297 
OECD countries grew on average at a 2.8% real growth rate over 2014-2019, but with high 298 

discrepancies within groups. Regarding the per capita use of different energy types, petroleum and 299 
other liquids and renewable energy present the highest per capita consumption for fossil fuels and 300 
non-fossil fuels, respectively. The urbanization rate is 77.9% on average, indicating a high level 301 
of population density between OECD countries, while the within-country urbanization rate seems 302 
to be lower. Trade openness and human development index are 101.3% and 0.8, respectively, 303 
revealing the high level of openness and human development between and within OECD countries. 304 

Nevertheless, it is essential to decompose the energy types of per capita use (see Figure S1 and 305 
Figure S2 in the supplementary material file). Petroleum and other liquids represent the majority 306 
of energy use in OECD countries. It is worth noting that countries with a high sustainability index 307 
use more renewable and nuclear energy than others. On the contrary, countries with low 308 
socioeconomic sustainability seem to use more fossil fuels. That relationship might provide some 309 
information to policymakers about the vital role of alternative energy (renewables and nuclear) 310 
use on SDGs. Figure S2 details Figure S1 for developing and developed OECD countries. Based 311 
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on the UN World Economic Situation and Prospects report (2021), developing countries refer to 312 
Chile, Colombia, Costa Rica, Israel, the Republic of Korea, Mexico, and Türkiye. Notably, 313 
developed countries achieve higher levels of sustainability and follow the same pattern as 314 
described previously. In contrast, developing countries perform much lower based on the 315 
sustainability index with low renewable and nuclear energy use per capita. Coal and petroleum are 316 
also the most important types of energy use in developing economies. 317 
 318 
4.2 Econometric analysis 319 

We initiate our econometric analysis with the Pesaran (2004) cross-sectional dependence (CSD) 320 
test that is likely to be consistent in small panel datasets. The null hypothesis assumes cross-321 
sectional independence between countries. It implies that any shock in one country does not impact 322 
the rest of the economies. Table 3 provides information about cross-sectional dependence 323 
concerning p-values, means, and absolute ρ values for all considered variables. Following the CD-324 
test and taking care of the p-values and correlation, it can be noticed that all variables of interest 325 
are correlated across countries. 326 
 327 
Table 3. Cross-sectional dependence test 328 
Variables CD-test p-value Mean abs(ρ) 

lnsc 46.50 0.000 0.77 
lnpetrolpc 7.73 0.000 0.51 
lnngpc 7.09 0.000 0.56 
lncoalpc 20.64 0.000 0.58 
lnrenpc 7.60 0.000 0.47 
lnmixpc 5.11 0.000 0.45 
hdi 52.61 0.000 0.81 
gdpgr 6.87 0.000 0.37 
trade 14.92 0.000 0.58 
urban 20.24 0.000 0.64 

Notes: Null hypothesis refers to cross-sectional independence between the groups. 329 
 330 

After unfolding CSD in our data, the panel unit root tests for the dependent variable are 331 
employed. These tests will indicate whether our dynamic specification might suffer from weak 332 
instrument issues (Blundell and Bond, 1998; Han and Phillips, 2010) and if the first difference 333 
GMM or system GMM model can provide more robust results. For this goal, Breitung (2000), 334 
Harris and Tzavalis (1999), Im et al. (2003), and Pesaran (2007)  panel unit root tests are used. All 335 
first-generation unit root tests subtract the cross-sectional averages from the series to mitigate the 336 
cross-sectional dependence, while the Pesaran test refers to a second-generation unit root test that 337 
addresses the CSD issue. Table 4 presents these estimations. 338 
 339 
Table 4. Panel unit root tests for the dependent variable 340 
Variable IPS Breitung Harris-Tzavalis CIPS 
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lnsc -2.11 -0.51 -0.04 1.70 
Δ.lnsc -2.49*** -3.82*** -0.21*** 2.61*** 

Notes: IPS, Breitung, and Harri-Tzavalis unit root tests subtract the cross-sectional averages from the series, mitigating 341 
the impact of cross-sectional dependence in the data (demeaned option). All tests include trend. The null hypothesis 342 
assumes that panel time series are unit root processes. *** denotes a 1% level of significance. 343 
 344 

As can be observed, all panel unit root tests reveal that the dependent variable is a unit root 345 
process in levels and stationary in its first difference. That result indicates that the sys-GMM 346 
estimator might give more robust results, as the first differences GMM approach might suffer from 347 
weak instrument issues. Thereupon, Tables 5 and 6 summarize empirical results for the total 348 
sample. In particular, Table 5 shows the results from the benchmark cross-sectional time series 349 
FGLS specifications (Table S1 of the supplementary file presents the FGLS, including the 350 
renewable energy -instead of the combined use of renewable and nuclear energy use- as a 351 
regressor). Table 6 presents the Pooled OLS with Driscoll and Kraay (1998) standard errors and 352 
the quantile models. (Similarly, Table S2 of the supplementary file presents the Pooled OLS with 353 
Driscoll and Kraay (1998) standard errors and the quantile models, including renewable energy 354 
use as a regressor. Also, Table S3 presents Pooled OLS and QRPD approaches with all energy use 355 
variables in the same model). For the robustness of our results, Table 7 illustrates the empirical 356 
results of the two-step dynamic sys-GMM estimators with robust standard errors corrected for 357 
finite sample biases (one-step sys-GMM results and renewable energy models are also presented 358 
in Tables S4 and S5 of the supplementary file, respectively). 359 
 360 
Table 5. Cross-sectional time-series FGLS regressions 361 
Variables Model 1 Model 2 Model 3 Model 4 
Constant 2.901*** 2.971*** 3.220*** 2.710*** 
 (0.139) (0.116) (0.108) (0.183) 
lnpetrolpc -0.064***   -0.034* 
 (0.013)   (0.018) 
lnngpc  -0.037***  -0.028*** 
  (0.007)  (0.010) 
lncoalpc   -0.009*** -0.012*** 
   (0.002) (0.004) 
lnmixpc 0.030*** 0.014*** 0.018*** 0.014** 
 (0.005) (0.005) (0.005) (0.006) 
hdi 1.004*** 1.038*** 0.894*** 1.166*** 
 (0.108) (0.105) (0.103) (0.131) 
gdpgr 2.37x10-4 6.21x10-6 1.39x10-4 0.001 
 (0.001) (0.001) (0.001) (0.001) 
trade 4.03x10-4*** 2.49x10-4*** 1.60x10-4*** 2.73x10-4*** 
 (6.09x10-5) (4.79x10-5) (5.16x10-5) (8.87x10-5) 
urban 2.81x10-4 -8.29x10-4* -1.02x10-3*** -5.97x10-4 
 (4.97x10-4) (4.60x10-4) (4.28x10-4) (5.26x10-4) 
Observations 222 210 222 210 
Number of countries 37 35 37 35 

Notes: Standard errors are in parentheses. ***, **, and * denote 1%, 5%, and 10% levels of significance, respectively. 362 
 363 
All models reveal that fossil fuels harm, while renewable and nuclear energy sources contribute 364 

to socioeconomic sustainability within OECD countries. Average (across models) long-run 365 
elasticities concerning petroleum and other liquids, natural gas, and coal equal -0.05, -0.03, and -366 
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0.01, respectively (Table 5). That means that in the long run, an 1% increase in each one of these 367 
fossil fuels could decrease the sustainability index by 0.05%, 0.03%, and 0.01%, respectively. 368 
These results also highlight that the most negative impact on sustainability comes from petroleum 369 
use among the OECD countries. On the contrary, empirical results confirm renewable and nuclear 370 
energy use's positive role in sustainable development. In particular, the average long-run estimate 371 
of renewable and nuclear energy (combined) use per capita is around 0.02, implying that an 372 
increase in the combination of renewable and nuclear energy use by 1% will increase the 373 
sustainability index by 0.02% on average. 374 

Concerning the rest of the control variables, the human development index is statistically 375 
significant in all models, underlining its pivotal role in sustainability. The economy's openness 376 
also seems to be a significant and positive contributor to sustainability, as the trade openness 377 
variable is a positive and statistically significant factor in all employed specifications. More open 378 
economies can exchange positive spillover effects, developing several technological and 379 
innovative ideas to improve sustainability. In contrast, a higher-density population seems to affect 380 
sustainability adversely, possibly indicating that urbanization results in environmental and 381 
socioeconomic pressures affecting the quality of life.  382 

   383 
Table 6 displays the long-run elasticities based on the Pooled with Driscoll-Kraay standard 384 

errors and quantile regressions models.  385 
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Table 6. Pooled OLS with DK standard errors and panel quantile regression models (combined renewable and nuclear energy per capita use) 386 
 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10 Model 11 Model 12 

Variables Pooled OLS 
with DK 

Quantile 
25th 

Quantile  
50th 

Quantile 
75th 

Pooled OLS 
with DK 

Quantile 
25th 

Quantile  
50th 

Quantile 
75th 

Pooled OLS 
with DK 

Quantile  
25th 

Quantile  
50th 

Quantile 
75th 

lnpetrolpc -0.073*** -0.026*** -0.075*** -0.023         

 (0.005) (0.007) (0.011) (0.015)         

lnngpc     -0.044*** -0.029*** -0.055*** -0.019     

     (0.006) (0.003) (0.002) (0.036)     

lncoalpc         -0.009*** -0.009*** -0.005*** -0.002 

         (0.002) (0.001) (0.001) (0.009) 

lnmixpc 0.031*** 0.020*** 0.016*** 0.023*** 0.018*** 0.033*** 0.025*** 0.021** 0.024*** 0.027*** 0.015*** 0.027*** 

 (0.002) (0.002) (0.005) (0.003) (0.001) (0.003) (0.001) (0.009) (0.002) (0.001) (0.003) (0.003) 

hdi 1.110*** 1.131*** 1.311*** 1.021*** 1.019*** 0.855*** 0.874*** 0.596 0.824*** 0.847*** 0.962*** 0.563 

 (0.062) (0.083) (0.107) (0.106) (0.051) (0.064) (0.020) (0.662) (0.014) (0.013) (0.044) (0.482) 

gdpgr 0.002 0.002 0.005 0.004* 0.001 9.14x10-5 -5.16x10-4*** 0.002 0.002 -5.21x10-4** 6.05x10-4 0.004* 

 (0.002) (0.001) (0.004) (0.002) (0.001) (0.000) (0.000) (0.002) (0.001) (0.000) (0.001) (0.002) 

trade 3.60x10-4*** 1.11x10-4 7.19x10-4*** 2.15x10-4*** 2.56x10-4*** 3.70x10-4*** 3.12x10-4*** 2.22x10-4 1.48x10-4*** 2.48x10-4*** 1.54x10-4*** 1.76x10-4 

 (2.50x10-5) (1.26x10-4) (8.70x10-5) (7.87x10-5) (2.22x10-5) (2.95x10-5) (2.28x10-5) (1.49x10-4) (1.99x10-5) (1.54x10-5) (3.43x10-5) (3.90x10-4) 

urban 4.61x10-4 8.16x10-4 4.11x10-4 -1.22x10-4 -0.001*** -9.29x10-4*** -5.14x10-4*** -0.002* -0.001*** -0.002*** -0.002*** -4.34x10-4 

 (2.28x10-4) (0.001) (4.08x10-4) (4.36x10-4) (2.17x10-4) (2.24x10-4) (6.69x10-5) (0.001) (2.56x10-4) (9.33x10-5) (8.70x10-5) (0.003) 

Obs. 223 223 223 223 211 211 211 211 223 223 223 223 

No of 
groups 

38 38 38 38 36 36 36 36 38 38 38 38 

Notes: Standard errors are in parentheses. ***, **, and * denote 1%, 5%, and 10% levels of significance, respectively. Pooled OLS is applied with Driscoll-Kraay standard errors. 387 
Panel quantile regression is applied with nonadditive fixed effects (Powell QRPD approach). Intercept is suppressed. 388 

 389 
 390 
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The elasticity of per capita alternative energy (renewables and nuclear) use (Table 6) equals 391 
0.02 (average across polled OLS models), confirming previous empirical findings. These results 392 
indicate that renewable and nuclear energy use positively affects socioeconomic sustainability. 393 
However, non-linear results are evident for different sustainability distributions. In particular, 394 
panel quantile regression models display that the impact of alternative energy use asymmetrically 395 
affects the sustainability index. More specifically, the renewable and nuclear energy use elasticity 396 
seems to be higher at the low and upper sustainability index tails. This outcome mainly highlights 397 
the vital role of renewables in countries with low levels of socioeconomic sustainability. The role 398 
of renewable energy on the sustainability index is presented in the supplementary file (Table S2). 399 
Empirical results confirm alternative energy use's positive but asymmetric effect on 400 
socioeconomic sustainability. Also, it is shown that fossil fuels decrease sustainability, validating 401 
previous findings. Consequently, panel quantile models demonstrate that renewable and nuclear 402 
energy use's effect is significant for countries with low socioeconomic sustainability. 403 

In the case of fossil fuels, empirical findings confirm their harmful impact on the sustainability 404 
index. Based on the level of coefficients, petroleum seems to have the most damaging impact on 405 
socioeconomic sustainability (-0.07 for pooled OLS model and -0.04 average across quantile 406 
estimates) and coal the lowest one (-0.01 for pooled OLS model and -0.001 average across quantile 407 
estimates). Natural gas use also has a negative statistically significant association with the 408 
sustainability index (-0.04 for pooled OLS model and -0.03 average across quantile estimates). All 409 
these results settle the overall undesirable impact of fossil fuels on socioeconomic sustainability. 410 
However, similarly to the previous analysis, the adverse effects of petroleum, natural gas, and coal 411 
seem to be asymmetric to sustainability distribution.  412 

Regarding the rest of the control variables, empirical findings validate that the human 413 
development index and not only the economic growth and trade openness positively affect 414 
sustainability. On the contrary, urbanization seems negatively correlated with the sustainability 415 
level in most of the models.  416 

Furthermore, the robustness of the static model specifications has been tested using dynamic 417 
approaches, as presented in Table 7. All GMM estimates are based on the standard two-step sys-418 
GMM specifications adjusted for finite sample bias. Lagged dependent variable levels are used as 419 
instruments while all models pass autocorrelation diagnostic tests. Moreover, even if some issues 420 
seem to be present, the number of instruments eliminates the possible bias due to the plausible use 421 
of instruments. 422 

 423 
Table 7. Two-step sys-GMM dynamic panel data specifications 424 

Variables Model 1 Model 2 Model 3 Model 4 
L.lnsc 0.351*** 0.379*** 0.447*** 0.328*** 

 (0.105) (0.071) (0.049) (0.063) 
lnpetrolpc -0.038*   -0.020 

 (0.022)   (0.014) 
lnngpc  -0.029***  -0.028*** 

  (0.008)  (0.009) 
lncoalpc   -0.002 -0.033 

   (0.002) (0.003) 
lnmixpc 0.016*** 0.014*** 0.013*** 0.015*** 

 (0.006) (0.004) (0.002) (0.002) 
hdi 0.744*** 0.646*** 0.470*** 0.806*** 

 (0.209) (0.120) (0.0820) (0.137) 
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gdpgr 0.001 0.005 0.005** 0.001 
 (0.002) (0.003) (0.002) (0.001) 

trade 2.19x10-4** 1.40x10-4** 7.70x10-5 1.93x10-4*** 
 (2.02x10-5) (5.16x10-5) (5.00x10-5) (5.09x10-5) 

urban -4.94x10-5 -6.91x10-4* -9.10x10-4*** -4.56x10-4 
 (5.66x10-4) (3.86x10-4) (2.41x10-4) (3.82 x10-4) 

Constant 1.862*** 1.851*** 1.849*** 1.838*** 
 (0.347) (0.218) (0.170) (0.160) 

No of groups 38 36 38 36 
No of instr. 18 18 18 20 
AR(1) pr. 0.08 0.07 0.02 0.06 
AR(1) pr. 0.54 0.62 0.60 0.53 
Sargan pr. 0.17 0.03 0.02 0.19 

Observations 186 176 186 176 
Notes: Standard errors are in parentheses. ***, **, and * denote 1%, 5%, and 10% levels of significance, respectively. 425 

 426 
Sustainability persistence is present as the speed of adjustment is highly significant in all 427 

specifications and equals 0.38 (average across models). The overall long-run elasticity (calculated 428 
by the formula: 𝛽̂𝛽𝑙𝑙𝑙𝑙 = 𝛽̂𝛽𝑖𝑖 (1 − 𝛽̂𝛽𝑙𝑙𝑙𝑙𝑙𝑙 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑)� ) concerning per capita renewable and nuclear energy 429 
use, is around 10% higher than static estimations confirming, but also highlighting, the critical role 430 
of alternative energy use on the sustainability index. This result also indicates that the energy mix 431 
transition towards non-fossil fuel use might be long-run but highly efficient for sustainability. 432 
Nuclear and renewable energy use per capita results also confirm static approaches indicating their 433 
positive effect on sustainability. Also, the dynamic analysis provides some empirical evidence that 434 
fossil fuels negatively affect sustainability. Regarding the rest of the variables, empirical findings 435 
support the positive role of the human development index and trade openness on the 436 
socioeconomic sustainability level. Finally, some models indicate that as urbanization increases, 437 
it negatively affects sustainability among OECD countries.  438 
 439 

5. Discussion 440 

Overall, the empirical findings support that energy transition can be a valuable tool to improve 441 
socioeconomic sustainability within OECD countries. Fossil fuels, including coal, petroleum, and 442 
natural gas, decrease sustainability, confirming several previous empirical studies (Balsalobre-443 
Lorente et al., 2018; Bölük and Mert, 2014; Capellán-Pérez et al., 2018). On the contrary, 444 
alternative energy sources can provide a solution to higher sustainability (Al-Mulali et al., 2015; 445 
Altinoz and Dogan, 2021; S. A. R. Khan et al., 2020; Menyah and Wolde-Rufael, 2010). In 446 
particular, as the economic growth of OECD countries is highly dependent on fossil fuels, energy 447 
transition towards cleaner energy sources can reduce sustainability degradation by reducing oil, 448 
natural gas, and coal use. Even if several economies have not reached a level of non-fossil fuel use 449 
that can significantly contribute to reversing environmental degradation, increasing alternative 450 
energy sources should be promoted as a panacea for higher socioeconomic sustainability. On the 451 
contrary, solid municipal waste, higher resource demand, fossil fuel-powered production, public 452 
infrastructure and transportation, and increased supply of high-end goods are only a few factors 453 
that can increase sustainability pressure.  454 

Current estimates demonstrate that the energy transition policy from fossil fuels to alternative 455 
energy sources can lead to a higher level of sustainability between OECD countries. This transition 456 
seems to be accompanied by environmental improvements and substituting polluting fuels with 457 
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cleaner ones (Capellán-Pérez et al., 2018; Gangopadhyay et al., 2023; Mahdi et al., 2022; Saidi 458 
and Omri, 2020). This result aligns with most previous studies that analyze the link between energy 459 
consumption and environmental degradation (Al-Maamary et al., 2017; Bhattacharya et al., 2017; 460 
Isik et al., 2019). However, this energy transition should be focused on countries with low 461 
socioeconomic sustainability index and high petroleum consumers. In other words, it is found that 462 
the impact of all energy use sources is not the same across different levels of the sustainability 463 
index, pointing out the critical role of energy use in lowering sustainability levels. In the lowest 464 
sustainability level economies, the large share of fossil-fuel energy use raises concerns about 465 
achieving SDGs. These countries should continue to promote and invest in non-fossil fuel energy 466 
use, while the energy transition is a crucial determinant and driver for energy efficiency and 467 
climate change. This finding is consistent with previous studies that validate the asymmetric 468 
relationship between energy consumption and environmental quality (Altinoz and Dogan, 2021). 469 

Regarding nuclear energy, it can be supported that a mix of renewables with nuclear power 470 
plants that do not emit greenhouse gases can make them a key contributor to reducing the impact 471 
of climate change (Dong et al., 2018; Iwata et al., 2010; Lee et al., 2017; Saidi and Omri, 2020). 472 
Nuclear energy is highly energy dense and reliable, meaning that a small amount of fuel can 473 
generate a large amount of energy, allowing for a smaller land footprint than other forms of energy 474 
generation. At the same time, from a more socioeconomic perspective, nuclear energy can create 475 
construction, operation, maintenance, and decommissioning jobs (Alam et al., 2019; Kenley et al., 476 
2009). Of course, we must underline that nuclear energy has challenges, such as managing nuclear 477 
waste and the risks of accidents. 478 

Considering the long-term results of economic development, we find that socioeconomic 479 
development (proxied by the human development index), and not only the economic pillar of 480 
sustainability (proxied by economic growth), has a crucial role in alleviating sustainability 481 
degradation within countries. It indicates that focusing only on the economic pillar cannot enable 482 
economies to mitigate sustainability issues. These findings are compatible with the results of 483 
Costantini and Martini (2006), Farhani et al. (2014), and Tenaw and Beyene (2021). 484 

Furthermore, trade openness in OECD countries seems to contribute to sustainability, as the 485 
estimated models indicate a significant and positive impact of economic trade openness on the 486 
socioeconomic sustainability index. This result implies that more open economies can exchange 487 
spillover effects, increase comparative advantages, develop technological and innovative ideas, 488 
and improve total factor productivity (Saud et al., 2020). Also, countries should adopt policies 489 
accelerating trade penetration following green strategies and achieving carbon neutrality to 490 
mitigate the issues of socioeconomic sustainability degradation.  491 

Regarding urbanization, in OECD countries, most people live in highly populated areas and 492 
seem responsible for lower sustainability levels. Most empirical findings verify its adverse impact 493 
on sustainability via the limited resources available. All statistically significant variables discussed 494 
are presented in Figure 1. 495 

 496 
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 497 
Figure 1. Estimated relationships between the variables of interest 498 

 499 
6. Concluding remarks and policy implications 500 

The present research investigates the relationship between disaggregated energy use and the 501 
socioeconomic sustainability index. Policies that drive higher quality of life can be derived in 502 
developed and developing countries. After disaggregating energy use, this study explores the effect 503 
of fossil and non-fossil fuels on the socioeconomic sustainability index within the OECD countries 504 
over the period 2014-2019. The key drivers for low sustainability performance are empirically 505 
shown to be fossil fuels (petroleum, solid fuels, natural gas, coal) and urbanization. On the 506 
contrary, non-fossil fuels such as renewable and nuclear energy, combined with more open 507 
economies and higher human development, could play a catalytic role in improving sustainability.  508 

The findings of this study can provide several critical policymaking insights and 509 
recommendations that governments can advocate to improve socioeconomic sustainability. First, 510 
empirical results show that human development has crucial and favorable effects on 511 
socioeconomic sustainability within OECD countries. In particular, policymakers should take 512 
various measures to improve human development. For instance, governments can invest in 513 
education and provide access to essential services such as healthcare within rural areas. Also, they 514 
could implement progressive taxation and social welfare programs to reduce poverty and income 515 
inequality. Lastly, policymakers should promote good governance and transparency to create a 516 
stable and predictable business environment out of highly dense cities. 517 

Second, fossil fuels deteriorate sustainability, while renewable and nuclear energy increase 518 
socioeconomic sustainability with a non-linear trend. In particular, the positive impact of non-519 
fossil fuels on sustainability is more significant and potent within countries with low sustainability 520 
than in countries with high levels of sustainability index. Similarly, fossil fuels effects are 521 
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asymmetric concerning the outcome variable distribution. Thus, countries with low sustainability 522 
levels should prioritize transitioning from fossil to non-fossil fuel energy sources. Alternatively, 523 
the substitution of fossil fuels energy inputs with more efficient alternatives must be a vital energy 524 
policy reform for these countries. Such a policy will lead them to catch up with countries with 525 
higher-level sustainability. However, it should be mentioned that the expansion of renewables and 526 
nuclear energy must consider the impact of green investments on cropland areas and waste risks, 527 
which policymakers and governments still need to discuss. 528 

Third, trade openness must continue to be retained and expanded as it seems to generate 529 
positive spillover effects on sustainable socioeconomic development. International policymakers 530 
can implement policies promoting fair trade that will set labor conditions and worker rights 531 
standards in exporting countries and provide support for creating jobs and endorsing economic 532 
growth in disadvantaged communities. Additionally, governments can work together through 533 
international trade agreements to establish several standards for the environmental performance of 534 
products and services by supporting the development of cleaner technologies that can reduce 535 
trade's environmental impact while promoting economic growth. However, this finding must also 536 
be interpreted with caution. As we talk about high-income countries, more trade can be translated 537 
into displacing several environmental and health impacts to the middle- and low-income countries. 538 

In contrast, urbanization seems to be a barrier to socioeconomic sustainability. Governments 539 
and policymakers should give people several financial and structural incentives (through de-540 
urbanization policies) that could lead to a more sustainable way of living among societies or 541 
change from the conventional way cities are organized to new green and circular-driven planning 542 
policies. For instance, policymakers can promote rural development by providing tax incentives 543 
for businesses that operate in rural areas and investing in infrastructure and public services to make 544 
them more attractive places to live and work. Additionally, they can encourage the growth of small 545 
towns and villages by providing financial assistance to develop local economies and implement 546 
policies and programs that help retain younger generations in rural areas through education and 547 
job opportunities. 548 

Nevertheless, we should mention some shortcomings of the present study. First, as this study 549 
focuses solely on the OECD countries and in light of country characteristics, future research could 550 
focus on another pool of countries with different socioeconomic and environmental profiles. Also, 551 
more updated data for reproduction research should be conducted. In particular, extending the 552 
period of the panel data will allow replicated analysis using additional and more robust statistical 553 
evidence. Finally, we should remark that this study is restricted to some variables that influence 554 
sustainability performance, but future research may analyze additional factors related to 555 
socioeconomic sustainability.   556 

 557 
 558 
 559 
 560 

References 561 

Ahmad, M., Jiang, P., Murshed, M., Shehzad, K., Akram, R., Cui, L., Khan, Z., 2021. Modelling the 562 
dynamic linkages between eco-innovation, urbanization, economic growth and ecological footprints 563 
for G7 countries: Does financial globalization matter? Sustain Cities Soc 70. 564 
https://doi.org/10.1016/j.scs.2021.102881 565 



 18 

Ahmed, K., Long, W., 2012. Environmental Kuznets Curve and Pakistan: An Empirical Analysis. 566 
Procedia Economics and Finance 1, 4–13. https://doi.org/10.1016/s2212-5671(12)00003-2 567 

Ahmed, K., Shahbaz, M., Kyophilavong, P., 2016. Revisiting the emissions-energy-trade nexus: evidence 568 
from the newly industrializing countries. Environmental Science and Pollution Research 23, 7676–569 
7691. https://doi.org/10.1007/s11356-015-6018-x 570 

Ahmed, Z., Zafar, M.W., Ali, S., Danish, 2020. Linking urbanization, human capital, and the ecological 571 
footprint in G7 countries: An empirical analysis. Sustain Cities Soc 55. 572 
https://doi.org/10.1016/j.scs.2020.102064 573 

Akinlo, A.E., 2008. Energy consumption and economic growth: Evidence from 11 Sub-Sahara African 574 
countries. Energy Econ 30, 2391–2400. https://doi.org/10.1016/j.eneco.2008.01.008 575 

Alam, F., Sarkar, R., Chowdhury, H., 2019. Nuclear power plants in emerging economies and human 576 
resource development: A review. Energy Procedia 160, 3–10. 577 
https://doi.org/10.1016/J.EGYPRO.2019.02.111 578 

Al-Maamary, H.M.S., Kazem, H.A., Chaichan, M.T., 2017. The impact of oil price fluctuations on 579 
common renewable energies in GCC countries. Renewable and Sustainable Energy Reviews. 580 
https://doi.org/10.1016/j.rser.2016.11.079 581 

Al-Mulali, U., Ozturk, I., Lean, H.H., 2015. The influence of economic growth, urbanization, trade 582 
openness, financial development, and renewable energy on pollution in Europe. Natural Hazards 79, 583 
621–644. https://doi.org/10.1007/s11069-015-1865-9 584 

Al Sayed, A.R., Kun Sek, S., 2013. Environmental Kuznets Curve: Evidences from Developed and 585 
Developing Economies, Applied Mathematical Sciences. 586 

Alola, A.A., Bekun, F.V., Sarkodie, S.A., 2019. Dynamic impact of trade policy, economic growth, 587 
fertility rate, renewable and non-renewable energy consumption on ecological footprint in Europe. 588 
Science of the Total Environment 685, 702–709. https://doi.org/10.1016/j.scitotenv.2019.05.139 589 

Alpay, S., 2000. Does Trade Always Harm the Global Environment? A Case for Positive Interaction, 590 
Source: Oxford Economic Papers. Oxford University Press. 591 

Altinoz, B., Dogan, E., 2021. How renewable energy consumption and natural resource abundance impact 592 
environmental degradation? New findings and policy implications from quantile approach. Energy 593 
Sources, Part B: Economics, Planning and Policy 16, 345–356. 594 
https://doi.org/10.1080/15567249.2021.1885527 595 

Anderson, T.W., Hsiao, C., 1982. Formulation and estimation of dynamic models using panel data. J 596 
Econom 18, 47–82. https://doi.org/10.1016/0304-4076(82)90095-1 597 

Apergis, N., 2016. Environmental Kuznets curves: New evidence on both panel and country-level CO2 598 
emissions. Energy Econ 54, 263–271. https://doi.org/10.1016/j.eneco.2015.12.007 599 

Apergis, N., Ozturk, I., 2015. Testing environmental Kuznets curve hypothesis in Asian countries. Ecol 600 
Indic 52, 16–22. https://doi.org/10.1016/j.ecolind.2014.11.026 601 

Arauzo-Carod, J.M., Kostakis, I., Tsagarakis, K.P., 2022. Policies for supporting the regional circular 602 
economy and sustainability. Annals of Regional Science. https://doi.org/10.1007/s00168-022-603 
01124-y 604 



 19 

Arellano, M., Bond, S., 1991. Some tests of specification for panel data: Monte Carlo evidence and an 605 
application to employment equations. Rev Econ Stud 58, 277–297. 606 
https://doi.org/https://doi.org/10.2307/2297968 607 

Atici, C., 2012. Carbon emissions, trade liberalization, and the Japan-ASEAN interaction: A group-wise 608 
examination. J Jpn Int Econ 26, 167–178. https://doi.org/10.1016/j.jjie.2011.07.006 609 

Balsalobre-Lorente, D., Shahbaz, M., Roubaud, D., Farhani, S., 2018. How economic growth, renewable 610 
electricity and natural resources contribute to CO2 emissions? Energy Policy 113, 356–367. 611 
https://doi.org/10.1016/j.enpol.2017.10.050 612 

Belke, A., Dobnik, F., Dreger, C., 2011. Energy consumption and economic growth: New insights into 613 
the cointegration relationship. Energy Econ 33, 782–789. 614 
https://doi.org/10.1016/j.eneco.2011.02.005 615 

Bernard, J., Mandal, S.K., 2016. The impact of trade openness on environmental quality: an empirical 616 
analysis of emerging and developing economies, in: Environmental Impact III. WIT Press, pp. 195–617 
208. https://doi.org/10.2495/eid160181 618 

Bhattacharya, M., Churchill, S.A., Paramati, S.R., 2017. The dynamic impact of renewable energy and 619 
institutions on economic output and CO2 emissions across regions. Renew Energy 111, 157–167. 620 
https://doi.org/10.1016/j.renene.2017.03.102 621 

Blundell, R., Bond, S., 1998. Initial conditions and moment restrictions in dynamic panel data models, 622 
Journal of Econometrics. 623 

Bölük, G., Mert, M., 2014. Fossil & renewable energy consumption, GHGs (greenhouse gases) and 624 
economic growth: Evidence from a panel of EU (European Union) countries. Energy 74, 439–446. 625 
https://doi.org/10.1016/j.energy.2014.07.008 626 

Breitung, J., 2000. The local power of some unit root tests for panel data. Advances in Econometrics 15, 627 
161–177. 628 

Bruckner, B., Hubacek, K., Shan, Y., Zhong, H., Feng, K., 2022. Impacts of poverty alleviation on 629 
national and global carbon emissions. Nat Sustain 5, 311–320. https://doi.org/10.1038/s41893-021-630 
00842-z 631 

Brundtland, G.H., 1987. Our Common Future: Report of the World Commission on Environment and 632 
Development. Geneva. 633 

Capellán-Pérez, I., Campos-Celador, Á., Terés-Zubiaga, J., 2018. Renewable Energy Cooperatives as an 634 
instrument towards the energy transition in Spain. Energy Policy 123, 215–229. 635 
https://doi.org/10.1016/j.enpol.2018.08.064 636 

Chamberlain, G., 1984. Panel Data, in: Handbook of Econometrics. Elsevier, pp. 1247–1318. 637 

Chiou-Wei, S.Z., Chen, C.F., Zhu, Z., 2008. Economic growth and energy consumption revisited - 638 
Evidence from linear and nonlinear Granger causality. Energy Econ 30, 3063–3076. 639 
https://doi.org/10.1016/j.eneco.2008.02.002 640 

Churchill, S.A., Inekwe, J., Ivanovski, K., Smyth, R., 2018. The Environmental Kuznets Curve in the 641 
OECD: 1870–2014. Energy Econ 75, 389–399. https://doi.org/10.1016/j.eneco.2018.09.004 642 



 20 

Costa-Font, J., Hernandez-Quevedo, C., Sato, A., 2018. A Health 'Kuznets' Curve'? Cross-Sectional and 643 
Longitudinal Evidence on Concentration Indices'. Soc Indic Res 136, 439–452. 644 
https://doi.org/10.1007/s11205-017-1558-8 645 

Costantini, V., Martini, C., 2006. A Modified Environmental Kuznets Curve for Sustainable Development 646 
Assessment Using Panel Data CCMP-Climate Change Modelling and Policy. 647 

Dagestani, A., Qing, L., 2022. The Impact of Environmental Information Disclosure on Chinese Firms' 648 
Environmental and Economic Performance in the 21st Century: A Systematic Review. IEEE 649 
Engineering Management Review. https://doi.org/10.1109/EMR.2022.3210465 650 

Dagestani, A.A., Qing, L., Abou Houran, M., 2022. What Remains Unsolved in Sub-African 651 
Environmental Exposure Information Disclosure: A Review. Journal of Risk and Financial 652 
Management 15. https://doi.org/10.3390/jrfm15100487 653 

Depren, S., Kartal, M.T., Çelikdemir, C.N., Depren, Ö., 2022. Energy consumption and environmental 654 
degradation nexus: A systematic review and meta-analysis of fossil fuel and renewable energy 655 
consumption. Ecol Inform 70, 101747. https://doi.org/10.1016/J.ECOINF.2022.101747 656 

Destek, M.A., Sarkodie, S.A., 2019. Investigation of environmental Kuznets curve for ecological 657 
footprint: The role of energy and financial development. Science of the Total Environment 650, 658 
2483–2489. https://doi.org/10.1016/j.scitotenv.2018.10.017 659 

Destek, M.A., Sinha, A., 2020. Renewable, non-renewable energy consumption, economic growth, trade 660 
openness and ecological footprint: Evidence from organisation for economic Co-operation and 661 
development countries. J Clean Prod 242. https://doi.org/10.1016/j.jclepro.2019.118537 662 

Dogan, B., Madaleno, M., Tiwari, A.K., Hammoudeh, S., 2020. Impacts of export quality on 663 
environmental degradation: does income matter? Environmental Science and Pollution Research 27, 664 
13735–13772. https://doi.org/10.1007/s11356-019-07371-5 665 

Dogan, E., Inglesi-Lotz, R., 2020. The impact of economic structure to the environmental Kuznets curve 666 
(EKC) hypothesis: evidence from European countries. Environmental Science and Pollution 667 
Research 27, 12717–12724. https://doi.org/10.1007/s11356-020-07878-2 668 

Dogan, E., Seker, F., 2016. Determinants of CO2 emissions in the European Union: The role of 669 
renewable and non-renewable energy. Renew Energy 94, 429–439. 670 
https://doi.org/10.1016/j.renene.2016.03.078 671 

Dong, K., Sun, R., Jiang, H., Zeng, X., 2018. CO2 emissions, economic growth, and the environmental 672 
Kuznets curve in China: What roles can nuclear energy and renewable energy play? J Clean Prod 673 
196, 51–63. https://doi.org/10.1016/j.jclepro.2018.05.271 674 

Driscoll, J., Kraay, A., 1998. Consistent covariance matrix estimation with spatially dependent panel data. 675 
Review of Economics and Statistics 80, 549–559. https://doi.org/10.1162/003465398557825 676 

Esteve, V., Tamarit, C., 2012. Threshold cointegration and nonlinear adjustment between CO 2 and 677 
income: The Environmental Kuznets Curve in Spain, 1857-2007. Energy Econ 34, 2148–2156. 678 
https://doi.org/10.1016/j.eneco.2012.03.001 679 

Farhani, S., Mrizak, S., Chaibi, A., Rault, C., 2014. The environmental Kuznets curve and sustainability: 680 
A panel data analysis. Energy Policy 71, 189–198. https://doi.org/10.1016/j.enpol.2014.04.030 681 



 21 

Gangopadhyay, P., Das, N., Alam, G.M.M., Khan, U., Haseeb, M., Hossain, E., 2023. Revisiting the 682 
carbon pollution-inhibiting policies in the USA using the quantile ARDL methodology : What roles 683 
can clean energy and globalization play ? Renew Energy 204, 710–721. 684 
https://doi.org/10.1016/j.renene.2023.01.048 685 

Gormus, S., Aydin, M., 2020. Revisiting the environmental Kuznets curve hypothesis using innovation: 686 
new evidence from the top 10 innovative economies. Environmental Science and Pollution Research 687 
27, 27904–27913. https://doi.org/10.1007/s11356-020-09110-7 688 

Gozgor, G., 2017. Does trade matter for carbon emissions in OECD countries? Evidence from a new trade 689 
openness measure. Environmental Science and Pollution Research 24, 27813–27821. 690 
https://doi.org/10.1007/s11356-017-0361-z 691 

Grossman, G.M., Krueger, A.B., 1991. Environmental impacts of a North American free trade agreement 692 
(No. 3914). Massachusetts Avenue. 693 

Han, C., Phillips, P.C.B., 2010. GMM estimation for dynamic panels with fixed effects and strong 694 
instruments at unity. Econ Theory 26, 119–151. https://doi.org/10.1017/S026646660909063X 695 

Hanif, I., 2018. Impact of economic growth, nonrenewable and renewable energy consumption, and 696 
urbanization on carbon emissions in Sub-Saharan Africa. Environmental Science and Pollution 697 
Research 25, 15057–15067. https://doi.org/10.1007/s11356-018-1753-4 698 

Harris, M.N., M´ty´s, L., Sevestre, P., 2008. Dynamic Models for Short Panels. Advanced Studies in 699 
Theoretical and Applied Econometrics 46, 249–278. https://doi.org/10.1007/978-3-540-75892-1_8 700 

Harris, R.D.F., Tzavalis, E., 1999. Inference for unit roots in dynamic panels where the time dimension is 701 
fixed. J Econom 91, 201–226. https://doi.org/10.1016/S0304-4076(98)00076-1 702 

He, B., Ma, X., Nasir Malik, M., Shinwari, R., Wang, Y., Qing, L., Dagestani, A.A., Ageli, M.M., 2022. 703 
Sustainable economic performance and transition towards cleaner energy to mitigate climate change 704 
risk: evidence from top emerging economies. Economic Research-Ekonomska Istrazivanja . 705 
https://doi.org/10.1080/1331677X.2022.2154240 706 

Hossain, M.A., Chen, S., 2021. Nexus between Human Development Index (HDI) and CO2 emissions in 707 
a developing country: decoupling study evidence from Bangladesh. Environmental Science and 708 
Pollution Research 28, 58742–58754. https://doi.org/10.1007/s11356-021-14822-5 709 

Hossain, S.M., 2011. Panel estimation for CO2 emissions, energy consumption, economic growth, trade 710 
openness and urbanization of newly industrialized countries. Energy Policy 39, 6991–6999. 711 
https://doi.org/10.1016/j.enpol.2011.07.042 712 

Huang, Y., Haseeb, M., Usman, M., Ozturk, I., 2022. Dynamic association between ICT, renewable 713 
energy, economic complexity and ecological footprint: Is there any difference between E-7 714 
(developing) and G-7 (developed) countries? Technol Soc 68. 715 
https://doi.org/10.1016/j.techsoc.2021.101853 716 

Hussain, A., Dey, S., 2021. Revisiting environmental Kuznets curve with HDI: new evidence from cross-717 
country panel data. Journal of Environmental Economics and Policy 10, 324–342. 718 
https://doi.org/10.1080/21606544.2021.1880486 719 



 22 

Im, K.S., Pesaran, M.H., Shin, Y., 2003. Testing for unit roots in heterogeneous panels. J Econom 115, 720 
53–74. https://doi.org/10.1016/S0304-4076(03)00092-7 721 

Inglesi-Lotz, R., Dogan, E., 2018. The role of renewable versus non-renewable energy to the level of CO2 722 
emissions a panel analysis of sub- Saharan Africa's Βig 10 electricity generators. Renew Energy 723 
123, 36–43. https://doi.org/10.1016/j.renene.2018.02.041 724 

Isik, C., Ongan, S., Özdemir, D., 2019. The economic growth/development and environmental 725 
degradation: evidence from the US state-level EKC hypothesis. Environmental Science and 726 
Pollution Research 26, 30772–30781. https://doi.org/10.1007/s11356-019-06276-7 727 

Iwata, H., Okada, K., Samreth, S., 2010. Empirical study on the environmental Kuznets curve for CO2 in 728 
France: The role of nuclear energy. Energy Policy 38, 4057–4063. 729 
https://doi.org/10.1016/j.enpol.2010.03.031 730 

Jobert, T., Karanfil, F., Tykhonenko, A., 2014. Estimating country-specific environmental Kuznets curves 731 
from panel data: a Bayesian shrinkage approach. Appl Econ 46, 1449–1464. 732 
https://doi.org/10.1080/00036846.2013.875111 733 

Kearsley, A., Riddel, M., 2010. A further inquiry into the Pollution Haven Hypothesis and the 734 
Environmental Kuznets Curve. Ecological Economics 69, 905–919. 735 
https://doi.org/10.1016/j.ecolecon.2009.11.014 736 

Kenley, C.R., Klingler, R.D., Plowman, C.M., Soto, R., Turk, R.J., Baker, R.L., Close, S.A., McDonnell, 737 
V.L., Paul, S.W., Rabideau, L.R., Rao, S.S., Reilly, B.P., 2009. Job creation due to nuclear power 738 
resurgence in the United States. Energy Policy 37, 4894–4900. 739 
https://doi.org/10.1016/J.ENPOL.2009.06.045 740 

Khan, M.K., Khan, M.I., Rehan, M., 2020. The relationship between energy consumption, economic 741 
growth and carbon dioxide emissions in Pakistan. Financial Innovation 6. 742 
https://doi.org/10.1186/s40854-019-0162-0 743 

Khan, S.A.R., Yu, Z., Sharif, A., Golpîra, H., 2020. Determinants of economic growth and environmental 744 
sustainability in South Asian Association for Regional Cooperation: evidence from panel ARDL. 745 
Environmental Science and Pollution Research 27, 45675–45687. https://doi.org/10.1007/s11356-746 
020-10410-1 747 

Kihombo, S., Vaseer, A.I., Ahmed, Z., Chen, S., Kirikkaleli, D., Adebayo, T.S., 2022. Is there a tradeoff 748 
between financial globalization, economic growth, and environmental sustainability? An advanced 749 
panel analysis. Environmental Science and Pollution Research 29, 3983–3993. 750 
https://doi.org/10.1007/s11356-021-15878-z 751 

Koondhar, M.A., Shahbaz, M., Kamran, &, Memon, A., Ozturk, I., Kong, R., 2021. A visualization 752 
review analysis of the last two decades for environmental Kuznets curve BEKC^ based on co-753 
citation analysis theory and pathfinder network scaling algorithms. Environmental Science and 754 
Pollution Research 28, 16690–16706. https://doi.org/10.1007/s11356-020-12199-5/Published 755 

Kostakis, I., Armaos, S., Abeliotis, K., Theodoropoulou, E., 2023. Sustainability Analytics and Modeling 756 
The investigation of EKC within CO 2 emissions framework : Empirical evidence from selected 757 
cross-correlated countries. Sustainability Analytics and Modeling 3, 100015. 758 
https://doi.org/10.1016/j.samod.2023.100015 759 



 23 

Kostakis, I., Lolos, S., Sardianou, E., 2017. Foreign direct investment and environmental degradation: 760 
further evidence from Brazil and Singapore. Journal of Environmental Management & Tourism 8, 761 
45. 762 

Kuznet, S., 1955. Economic Growth and Income Inequality. American Economic Review 45, 1–28. 763 

Le, T.H., Chang, Y., Park, D., 2016. Trade openness and environmental quality: International evidence. 764 
Energy Policy 92, 45–55. https://doi.org/10.1016/j.enpol.2016.01.030 765 

Lee, C.C., Chang, C.P., Chen, P.F., 2008. Energy-income causality in OECD countries revisited: The key 766 
role of capital stock. Energy Econ 30, 2359–2373. https://doi.org/10.1016/j.eneco.2008.01.005 767 

Lee, S., Kim, M., Lee, J., 2017. Analyzing the impact of nuclear power on CO2 emissions. Sustainability 768 
(Switzerland) 9, 1–13. https://doi.org/10.3390/su9081428 769 

Lotfalipour, M.R., Falahi, M.A., Ashena, M., 2010. Economic growth, CO2 emissions, and fossil fuels 770 
consumption in Iran. Energy 35, 5115–5120. https://doi.org/10.1016/j.energy.2010.08.004 771 

Mahdi, M.A., Yousefi, S.R., Jasim, L.S., Salavati-Niasari, M., 2022. Green synthesis of 772 
DyBa2Fe3O7.988/DyFeO3 nanocomposites using almond extract with dual eco-friendly 773 
applications: Photocatalytic and antibacterial activities. Int J Hydrogen Energy 47, 14319–14330. 774 
https://doi.org/10.1016/j.ijhydene.2022.02.175 775 

Mahmoodi, M., Mahmoodi, E., 2018. Environmental Quality, Renewable Energy, Trade Openness and 776 
Economic Growth: Evidence from Two Groups of Developing Countries. Asian Journal of Water, 777 
Environment and Pollution 15, 177–185. https://doi.org/10.3233/AJW-180030 778 

Mardani, A., Streimikiene, D., Cavallaro, F., Loganathan, N., Khoshnoudi, M., 2019. Carbon dioxide 779 
(CO2) emissions and economic growth: A systematic review of two decades of research from 1995 780 
to 2017. Science of the Total Environment. https://doi.org/10.1016/j.scitotenv.2018.08.229 781 

Martínez-Zarzoso, I., Bengochea-Morancho, A., Morales-Lage, R., 2007. The impact of population on 782 
CO2 emissions: Evidence from European countries. Environ Resour Econ (Dordr) 38, 497–512. 783 
https://doi.org/10.1007/s10640-007-9096-5 784 

Martino, R., Nguyen-Van, P., 2016. Environmental Kuznets curve and environmental convergence: A 785 
unified empirical framework for CO 2 emissions. Strasbourg. 786 

Mavragani, A., Nikolaou, I.E., Tsagarakis, K.P., 2016. Open economy, institutional quality, and 787 
environmental performance: A macroeconomic approach. Sustainability (Switzerland) 8. 788 
https://doi.org/10.3390/su8070601 789 

Mazur, A., Phutkaradze, Z., Phutkaradze, J., 2015. Economic Growth and Environmental Quality in the 790 
European Union Countries – Is there Evidence for the Environmental Kuznets Curve? International 791 
Journal of Management and Economics 45, 108–126. https://doi.org/10.1515/ijme-2015-0018 792 

Mehrhoff, J., 2009. A solution to the problem of too many instruments in dynamic panel data GMM. 793 
SSRN Electronic Journal 2785360. 794 

Menegaki, A.N., Tsagarakis, K.P., 2015. Rich enough to go renewable, but too early to leave fossil 795 
energy? Renewable and Sustainable Energy Reviews. https://doi.org/10.1016/j.rser.2014.09.038 796 



 24 

Menyah, K., Wolde-Rufael, Y., 2010. CO2 emissions, nuclear energy, renewable energy and economic 797 
growth in the US. Energy Policy 38, 2911–2915. https://doi.org/10.1016/j.enpol.2010.01.024 798 

Munir, K., Ameer, A., 2018. Effect of economic growth, trade openness, urbanization, and technology on 799 
environment of Asian emerging economies. Management of Environmental Quality: An 800 
International Journal 29, 1123–1134. https://doi.org/10.1108/MEQ-05-2018-0087 801 

Ng, C.F., Choong, C.K., Lau, L.S., 2020. Environmental Kuznets curve hypothesis: asymmetry analysis 802 
and robust estimation under cross-section dependence. Environmental Science and Pollution 803 
Research 27, 18685–18698. https://doi.org/10.1007/s11356-020-08351-w 804 

Nickell, S., 1981. Biases in dynamic models with fixed effects. Econometrica 49, 1417–1426. 805 
https://doi.org/http://www.jstor.org/stable/1911408 806 

Özokcu, S., Özdemir, Ö., 2017. Economic growth, energy, and environmental Kuznets curve. Renewable 807 
and Sustainable Energy Reviews. https://doi.org/10.1016/j.rser.2017.01.059 808 

Panayotou, T., 1993. Empirical tests and policy analysis of environmental degradation at different stages 809 
of economic development, WORLD EMPLOYMENT PROGRAMME RESEARCH . International 810 
Labour Office, Geneva. 811 

Papadaki, D., Nikolaou, D.A., Assimakopoulos, M.N., 2022. Circular Environmental Impact of Recycled 812 
Building Materials and Residential Renewable Energy. Sustainability (Switzerland) 14. 813 
https://doi.org/10.3390/su14074039 814 

Pata, U.K., 2021. Linking renewable energy, globalization, agriculture, CO2 emissions and ecological 815 
footprint in BRIC countries: A sustainability perspective. Renew Energy 173, 197–208. 816 
https://doi.org/10.1016/j.renene.2021.03.125 817 

Pesaran, M.H., 2007. A simple panel unit root test in the presence of cross-section dependence. Journal of 818 
Applied Econometrics 22, 265–312. https://doi.org/10.1002/jae.951 819 

Pesaran, M.H., 2004. General diagnostic tests for cross section dependence in panels. Cambridge 820 
Working Papers in Economics. 821 

Powell, D., 2016. Quantile regression with nonadditive fixed effects. Quantile Treatment Effects 1, 1–33. 822 

Rahman, M.M., 2017. Do population density, economic growth, energy use and exports adversely affect 823 
environmental quality in Asian populous countries? Renewable and Sustainable Energy Reviews. 824 
https://doi.org/10.1016/j.rser.2017.04.041 825 

Rock, M.T., 1996. Pollution Intensity of GDP and Trade Policy: Can the World Bank Be Wrong?, World 826 
Development. 827 

Roodman, D., 2009. How to do xtabond2: An introduction to difference and system GMM in Stata, The 828 
Stata Journal. 829 

Sadorsky, P., 2014. The effect of urbanization on CO2 emissions in emerging economies. Energy Econ 830 
41, 147–153. https://doi.org/10.1016/j.eneco.2013.11.007 831 

Saidi, K., Mbarek, M. ben, 2017. The impact of income, trade, urbanization, and financial development 832 
on CO2 emissions in 19 emerging economies. Environmental Science and Pollution Research 24, 833 
12748–12757. https://doi.org/10.1007/s11356-016-6303-3 834 



 25 

Saidi, K., Omri, A., 2020. Reducing CO2 emissions in OECD countries: Do renewable and nuclear 835 
energy matter? Progress in Nuclear Energy 126, 103425. 836 
https://doi.org/10.1016/J.PNUCENE.2020.103425 837 

Sargan, J.D., 1958. The Estimation of Economic Relationships using Instrumental Variables, Source: 838 
Econometrica. 839 

Sari, R., Soytas, U., 2007. The growth of income and energy consumption in six developing countries. 840 
Energy Policy 35, 889–898. https://doi.org/10.1016/j.enpol.2006.01.021 841 

Sarkodie, S.A., Strezov, V., 2019. A review on Environmental Kuznets Curve hypothesis using 842 
bibliometric and meta-analysis. Science of the Total Environment. 843 
https://doi.org/10.1016/j.scitotenv.2018.08.276 844 

Saud, S., Chen, S., Haseeb, A., Sumayya, 2020. The role of financial development and globalization in 845 
the environment: Accounting ecological footprint indicators for selected one-belt-one-road initiative 846 
countries. J Clean Prod 250. https://doi.org/10.1016/j.jclepro.2019.119518 847 

Shahbaz, M., Nasir, M.A., Roubaud, D., 2018. Environmental degradation in France: The effects of FDI, 848 
financial development, and energy innovations. Energy Econ 74, 843–857. 849 
https://doi.org/10.1016/j.eneco.2018.07.020 850 

Shahbaz, M., Solarin, S.A., Mahmood, H., Arouri, M., 2013. Does financial development reduce CO2 851 
emissions in Malaysian economy? A time series analysis. Econ Model 35, 145–152. 852 
https://doi.org/10.1016/j.econmod.2013.06.037 853 

Sharma, R., Sinha, A., Kautish, P., 2021. Does renewable energy consumption reduce ecological 854 
footprint? Evidence from eight developing countries of Asia. J Clean Prod 285. 855 
https://doi.org/10.1016/j.jclepro.2020.124867 856 

Sharma, S.S., 2011. Determinants of carbon dioxide emissions: Empirical evidence from 69 countries. 857 
Appl Energy 88, 376–382. https://doi.org/10.1016/j.apenergy.2010.07.022 858 

Stern, D.I., 2011. The role of energy in economic growth. Ann N Y Acad Sci 1219, 26–51. 859 
https://doi.org/10.1111/j.1749-6632.2010.05921.x 860 

Suri, V., Chapman, D., 1998. Economic growth, trade and energy: implications for the environmental 861 
Kuznets curve, Ecological Economics. 862 

Tenaw, D., Beyene, A.D., 2021. Environmental sustainability and economic development in sub-Saharan 863 
Africa: A modified EKC hypothesis. Renewable and Sustainable Energy Reviews 143, 110897. 864 
https://doi.org/10.1016/j.rser.2021.110897 865 

UN World Economic Situation and Prospects report. 2021., Retrieved from 866 
https://desapublications.un.org/file/523/download?_ga=2.236421893.506434994.1657979193-867 
1288068240.1657979193 868 

Zineb, S., 2016. International Trade and CO2 Emissions: A Dynamic Panel Data Analysis by the 869 
STIRPAT Model. Journal of Economics and Sustainable Development 7, 94–104. 870 

  871 

https://desapublications.un.org/file/523/download?_ga=2.236421893.506434994.1657979193-1288068240.1657979193
https://desapublications.un.org/file/523/download?_ga=2.236421893.506434994.1657979193-1288068240.1657979193

	Dimitrios Paparas Disaggregated energy FRONT SHEET
	D Paparas Disaggregated energy use AAM
	Abstract
	1. Introduction
	2.1 Environment Kuznets curve hypothesis
	2.2 Energy use-environmental quality hypothesis
	2.3 Trade openness and environment relationship
	2.4 Urbanization-environmental quality association
	3.1 Data sources
	3.2 Models’ specification
	4. Empirical results
	4.1 Descriptive findings
	4.2 Econometric analysis
	5. Discussion
	6. Concluding remarks and policy implications


