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A B S T R A C T   

This paper introduces a novel measure of the energy transition, i.e., the green quality of energy mix (GREENQ) 
across the Organisation for Economic Co-operation and Development (OECD) countries. Then, the paper ex
amines the impact of the GREENQ on CO2 emissions in the panel dataset of 36 OECD countries from 1970 to 
2021. The explanatory variables include per capita income, institutional quality and technology. Long-run panel 
data estimations indicate that per capita income, institutional quality and technology increase CO2 emissions. 
The novel evidence is that the GREENQ is negatively related to the level of CO2 emissions. These findings are 
robust to employ different panel data estimation techniques. Potential policy implications are also discussed.   

1. Introduction 

Climate change is a significant threat to human life and the economic 
order in the world. The main reason for climate change is global 
warming. The global average temperature is estimated to be around 
3–5 ◦C higher by 2100 compared to the early 2010s (Burke et al., 2015). 
The primary source of global warming is burning fossil fuels such as 
coal, crude oil (petroleum), and natural gas, leading to higher carbon 
dioxide (CO2) emissions (Nordhaus, 2019). Therefore, businesses, peo
ple and policymakers must spend money and time to significantly curb 
CO2 emissions. Otherwise, ongoing accumulations of CO2 emissions 
around the globe will result in global warming with an outcome of 
climate change. Understanding the determinants of CO2 emissions is 
vital for businesses, people and policymakers to decrease their levels. 

What drives CO2 emissions around the globe? Possible answers to 
this question are complex, and the answer changes from one country to 
another. Investigating the level of CO2 emissions across the countries is 
essential because each country has different cultural, economic, political 
and social dynamics regarding environmental degradation and envi
ronmental policies (Ajmi et al., 2015; Apergis et al., 2018; Disli et al., 

2016; Friedl and Getzner, 2003; Gozgor, 2017; Khan et al., 2021; 
Sadorsky, 2009). Therefore, panel data studies focusing on cross-country 
dynamics can be a good candidate to explain the determinants of CO2 
emissions across countries (Zhang et al., 2017). 

One factor in determining CO2 emissions is economic development, 
generally measured by per capita income in the empirical literature. 
Typically, the countries with higher per capita incomes are considered 
economically developed. The World Bank (2023a) also defines these 
countries as high-income countries with $13,205 or more per capita 
Gross National Income (GNI) in the fiscal year of 2023. According to the 
Environmental Kuznets Curve (EKC), proposed by Grossman and 
Krueger (1991 and 1995), there is a significant relationship between 
CO2 emissions and per capita income. In the early stages of economic 
development, CO2 emissions increase in a developing economy as the 
economy grows. However, once the country reaches a certain level1 of 
income per capita, economic development decreases CO2 emissions 
(Copeland and Taylor, 2004; Dinda, 2004). In short, the EKC hypothesis 
suggests an inverted U-shaped impact of per capita income on per capita 
CO2 emissions, but the evidence is mixed (Dogan et al., 2020; Sarkodie 
and Strezov, 2019). Following the EKC hypothesis and previous papers, 
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we control per capita gross domestic product (GDP) to capture the role 
of economic development in CO2 emissions. 

Another factor to drive CO2 emissions is institutional quality. Insti
tutional quality decreases corruption and promotes the efficient man
agement of public resources (Hussain and Dogan, 2021; Khan and Rana, 
2021). This decreases the costs of investments in new facilities with 
green production (Hassan et al., 2020). Besides, efficient management 
procedures of institutions and solid rule of law practices can also in
crease firms’ sensitivity to follow the rules related to CO2 emission 
limitations (Muhammad and Long, 2021). Hence, solid institutions can 
help to decrease environmental degradation and promote environ
mental sustainability (Lau et al., 2014). In this paper, we use the index of 
POLITY2 proposed by Marshall and Gurr (2020) to measure institutional 
quality across OECD countries. 

The technology level is another important parameter to affect CO2 
emissions. New technologies can increase energy efficiency by reducing 
fossil fuel-related consumption (Churchill et al., 2019; Sun et al., 2019). 
Technology also increases production efficiency, thus promoting envi
ronmental quality (Chen and Lee, 2020; Khan et al., 2022; Obobisa et al., 
2022). Therefore, in this paper, we consider the role of technology by 
using the de facto informational globalisation (GLB) index of Gygli et al. 
(2019). 

The final aspect that drives CO2 emissions is energy consumption 
based on the energy mix. A country typically consumes different energy 
sources, such as coal, crude oil (petroleum), hydroelectricity, natural 
gas, nuclear, and renewable energy. According to the previous papers, 
fossil fuel consumption, such as coal, crude oil (petroleum), and natural 
gas, increases CO2 emissions in an open economy (Abas et al., 2015; 
Smith et al., 2021). On the other hand, the consumption of hydroelec
tricity, renewable energy, and nuclear energy sources are labelled as 
clean or green energy with (almost) zero CO2 emissions (Ji and Zhang, 
2019; Oh et al., 2010). 

Previous papers examining energy consumption’s impact on CO2 
emissions have been straightforward, using energy consumption data 
from specific sources and several regression techniques. Given this 
juncture, this paper’s main objective is to re-examine the determinants 
of CO2 emissions. For this purpose, we focus on the panel data of 36 
OECD countries annually from 1970 to 2021. We specifically focus on 
the role of the energy consumption mix on CO2 emissions in the OECD 
economies. 

Unlike previous papers, this paper introduces a novel measure of the 
green quality of energy mix (GREENQ). Our measure, the GREENQ, is 
based on calculating CO2 emissions from electricity generation using 
different energy sources. Using annual data, we create the GREENQ 
measure in 36 OECD countries from 1970 to 2021. The United States (U. 
S.) Energy Information Administration (EIA) publishes CO2 emissions 
estimates related to electricity generation in the country (U.S. EIA, 
2021). Using the U.S. EIA (2021) data, we calculate how much CO2 
emissions are produced per kilowatt-hour of electricity generation in the 
U.S. with different energy sources. Then, we use these calculations to 
measure the green quality of the energy mix and to analyse how much 
CO2 emissions are produced from a country’s energy consumption mix. 

The novelty of this paper is that it introduces a new measure of the 
green quality of energy mix (GREENQ) across 36 OECD countries from 
1970 to 2021. Then, we analyse the impact of the GREENQ on CO2 
emissions by utilising various panel data estimation techniques. The 
empirical models also include the per capita income, institutional 
quality and technology indicators following previous empirical papers. 
According to the results from panel data estimation techniques, per 
capita income, institutional quality and technology all increase CO2 
emissions in the OECD countries. However, GREENQ is negatively 
related to the level of CO2 emissions. Therefore, we show that the 
transition of the energy consumption mix from fossil fuels (coal, natural 
gas and petroleum) to clean energy sources (hydroelectricity, nuclear 
and renewable energy) significantly suppresses CO2 emissions in the 
OECD countries. We suggest that energy transition is a valuable policy 

tool to tackle the negative consequences of climate change in the OECD 
economies. 

The rest of the paper is organised as follows. Section 2 reviews the 
previous literature on the drivers of CO2 emissions, especially in the 
OECD countries. Section 3 introduces the Green Quality of energy mix 
measure and explains the data, theoretical model and econometric 
methodology. Section 4 discusses the empirical findings. Section 5 
concludes. 

2. Literature review 

Environmental degradation is usually measured by CO2 emissions or 
CO2 efficiency in the empirical literature. Therefore, various papers 
have examined the determinants of CO2 emissions in developing and 
developed economies. Some of these papers used the energy transition 
as the leading driving factor of environmental degradation. 

The impact of the energy transition on CO2 emissions can be 
attributed to two main effects, namely the “substitution effect” and the 
“technology base effect”. The substitution effect suggests that the in
crease of renewable energy sources replaces fossil-energy sources, which 
increases energy efficiency and thus decreases CO2 emissions (Zhang 
et al., 2018). Regarding the validity of the substitution effect, Shafiei and 
Salim (2014) demonstrated that non-renewable energy leads to an in
crease in CO2 emissions and renewable energy consumption reduces 
CO2 emissions in the panel dataset of 29 OECD countries from 1980 to 
2011. Bilgili et al. (2016) found that renewable energy consumption was 
negatively associated with the level of CO2 emissions in the panel 
dataset of 17 OECD countries from 1977 to 2010. Dogan and Seker 
(2016) also observed that renewable energy deployment decreased CO2 
emissions in the panel dataset of 23 developed and developing countries 
from 1985 to 2011. Dong et al. (2020) examined the impact of renew
able energy consumption on CO2 emissions in a panel of 120 countries 
from 1995 to 2015. The study found a negative impact of renewable 
energy on CO2 emissions, valid in low- and middle-income countries and 
high-income economies. 

On the other hand, the “technology base effect” suggests that 
renewable energy increases environmental degradation (measured by 
the level of CO2 emissions in general). This impact is because renewable 
energy instalments require significant initial capital investments, high- 
skilled workers (human capital) and complicated technology, which 
need environmental space and technical support (Kim and Park, 2016; 
Olabi and Abdelkareem, 2022; Yao et al., 2019). Mainly, electricity 
generation via renewable energy sources sometimes requires fossil en
ergy sources as a backup to meet the peak demand. Due to a lack of 
energy storage technology, renewable energy supply may be intermit
tent (Bellocchi et al., 2018). This issue can limit the effectiveness of the 
substitution effect, where renewable energy is expected to replace fossil 
fuels and reduce CO2 emissions. The technology base effect can be more 
effective than the substitution effect in some countries (Bai et al., 2020). 
For instance, Yurtkuran (2021) observed that renewable energy pro
duction increases CO2 emissions in Turkey from 1970 to 2017, implying 
that the technology base effect is more prominent in Turkey for the 
period concerned. 

Meanwhile, several papers have found mixed or heterogeneous ef
fects of renewable energy on CO2 emissions via the technology channel. 
For instance, Cheng et al. (2021) used the panel dataset of 35 OECD 
countries from 1996 to 2015. They found that technological innovation 
decreases CO2 emissions, but the impact is heterogeneous across 
different panel quantile regressions. Ullah et al. (2021) obtained similar 
heterogeneous effects of renewable energy on CO2 emissions from 1990 
to 2018 in Pakistan. Dong et al. (2022) also found the heterogeneous 
effects of renewable energy demand on carbon emission efficiency in the 
panel dataset of 32 developed economies from 2000 to 2018. According 
to Tzeremes et al. (2023), there is (reverse) causality from CO2 emissions 
to energy transition in Brazil, China and India, Russia and South Africa 
from 2000 to 2017. 
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As we can see from the literature review, there can be positive, 
adverse, insignificant or heterogeneous effects of the energy transition 
on environmental degradation. Unlike previous studies, this paper in
troduces a measure of the energy transition called the GREENQ. Then, 
we analyse the impact of the GREENQ on CO2 emissions in the panel 
dataset of 36 OECD countries from 1970 to 2021. We observe that the 
GREENQ reduces CO2 emissions. We suggest that energy transition is a 
valuable policy tool to tackle the negative consequences of climate 
change in the case of the OECD economies. 

3. Data, model, and methodology 

3.1. Measuring green quality (GREENQ) of energy mix 

We introduce the GREENQ, based on CO2 emissions estimates related 
to electricity generation in the United States. For this purpose, we use 
the U.S. EIA (2021) data and calculate how much CO2 emissions are 
produced per kilowatt-hour of electricity generation in the United States 
with different energy sources. These data show that per kilowatt-hour of 
electricity generation with coal, petroleum, and natural gas produce 
1.0121, 0.9513, and 0.4107 units of CO2 emissions, respectively. Other 
energy sources may have other problems in electricity generation, but 
they generate zero CO2 emissions (U.S. EIA, 2021). The data show that 
coal consumption produces 2.46-fold (1.0121/0.4107) more CO2 emis
sions than natural gas consumption.2 Meanwhile, coal consumption 
produces 1.06-fold (1.0121/0.9513) more CO2 emissions than petro
leum consumption.3 

Thus, we analyse how much CO2 emissions are produced from a 
country’s energy consumption mix. Then, we use these coefficients to 
calculate the green quality of the energy mix (GREENQ) by introducing 
the following formula in Eq. (1): 

GREENQ =
1

x1i,t
Xi,t

*1.0121 +
x2i,t
Xi,t

*0.9513 +
x3i,t
Xi,t

*0.4107
(1) 

In Eq. (1), Xi, t is the total primary energy consumption; x1i, t, x2i, t, 
and x3i, t are the energy consumption from different energy sources (i.e., 
coal, petroleum, and natural gas, respectively). i represents the country, 
and t indicates the time in the panel dataset. 

3.2. Data 

This paper uses the unbalanced panel data in 36 OECD countries 
from 1970 to 2021.4 The sample selection is based on data availability of 
the OECD countries and the years. The frequency of the data is annual.5 

The dependent variable is the CO2 emissions per capita (metric tons) 
in the natural logarithmic form (LNCO2PC), and the related data are 
downloaded from British Petroleum (BP) (2022). 

We also use three control variables. The income effect is captured by 
the GDP per capita (current $ prices) in the natural logarithmic form 
(LNGDPC), and the data are downloaded from the World Bank (2023b). 
Institutional quality is measured by the index of POLITY2, published by 
Marshall and Gurr (2020). POLITY2 is an index from − 10 to +10, which 
shows the autocracy and democracy levels of a country. A higher level of 
POLITY2 shows a higher institutional quality. In addition, we use the 

index of de facto information globalisation in the natural logarithmic 
(LNGLB) form to measure technology.6 LNGLB is an index from 0 to 100, 
and a higher level of the related index indicates higher technology. The 
related data were obtained from Gygli et al. (2019). 

Finally, as the primary variable of interest, we consider the index of 
green quality of energy mix (GREENQ). The data come from our calcu
lation based on the energy consumption series in British Petroleum (BP), 
2022. A higher level of GREENQ represents greener energy 
consumption. 

3.3. Theoretical model 

Sustainable economic development calls for using green energy 
sources to fuel the economy. The prime independent variable we have 
taken in modelling CO2 emissions is the green quality of energy mix 
(GREENQ) to trace the effectiveness of the greening quotient of the 
energy used in economic activities. Renewable energy mixes contain 
fewer or no hydrocarbons. In natural scientific theory, hydrocarbons are 
the source of atmospheric pollution. Therefore, a rise in the green 
quality energy mix is supposed to emit less polluting gases like CO2 
emissions. In this line, our study hypothesises that using a green-quality 
energy mix to a greater degree will benefit environmental quality 
management by reducing CO2 emissions. 

The other variable we have included in the model is the log per capita 
GDP (LNGDPC). LNGDPC represents the economic growth achieved 
through the exploitation of natural resources. Since the introduction of 
the industrial revolution, historically, excessive and blind use of natural 
resources has caused severe damage to the environment. This issue is 
because economic expansion requires the growth of economic activities 
(production and consumption of goods and services) involving envi
ronmental costs in terms of pollution and toxic emissions. Therefore, 
economic growth is expected to increase CO2 emissions. This proposi
tion is consistent with and derived from Esso and Keho’s (2016) and Li 
et al. (2019) findings. 

The variable POLITY2 in our model captures the institutional quality 
of a particular country. Higher institutional quality is characterised by 
formulating well-designed and necessary policies and adequately 
implementing them. Countries with higher institutional quality are ex
pected to strictly implement environmental and energy policies, 
considering environmental vulnerability. This will encourage ecologi
cally viable economic activities and reduce environmental pollution. 
Therefore, maintaining high institutional quality is expected to reduce 
CO2 emissions, as Ibrahim and Law (2016) show. 

The model assesses the impact of technological environmental 
degradation in the domestic country via the de facto informational 
globalisation (LNGLB) variable. Globalisation fosters competition 
among international firms and countries. To survive in a highly 
competitive global market, firms often resort to productions with a 
comparative advantage rather than an environmental advantage, 
keeping aside the environmental costs of the productions. This, in turn, 
increases environmental pollution, including CO2 emissions (Le and 
Ozturk, 2020). 

From the above discussion, the following theoretical model can be 
built. 

LNCO2PC = f
(

GREENQ
( − )

,
LNGDPC
( + )

,
POLITY2
( − )

,
LNGLB
( − )

)

(2) 

The econometric form of Eq. (2) is presented below. 

LNCO2PCit = αit + β1GREENQi,t + β2LNGDPCi,t + β3POLITY2i,t

+ β4LNGLBi,t + εi,t
(3) 

2 In other words, coal consumption produces 146% more CO2 emissions than 
natural gas consumption. 

3 Simply put, coal consumption produces 6% more CO2 emissions than pe
troleum consumption.  

4 Among the OECD countries in early 2023, Costa Rica and Iceland are 
excluded as there are no data for these countries.  

5 Since we use unbalanced panel data in the estimation, missing values in the 
variables are assumed to be the same as the last year’s value. 

6 This index includes high technology exports, international patents, and used 
internet bandwidth. For details, refer to Gygli et al. (2019). 
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LNCO2PC, GREENQ, LNGDPC, POLITY2, and LNGLB, are the CO2 
emissions, green quality energy mix index, per capita income, institu
tional quality, and technology. In Eq. (3), i represents the cross-section 
(country) subscript, and t is the time (year) subscript. α is the inter
cept term and β1, β2, β3, and β4 are the individual coefficients of the 
independent variables. εit is the error term, assuming the constant in
fluence of other determinants embodied in the error term on the 
dependent variable. 

3.4. Econometric methodology 

This study empirically tests the hypothesis built in the previous 
section in Eq. (3). The econometric operation starts with the cross- 
section dependence tests of the model. The three tests employed are 
Breusch and Pagan’s (1980) Lagrange Multiplier (LM), Pesaran’s (2004 
and 2021) Scaled LM and Pesaran’s (2004 and 2021) Cross-sectional 
Dependence (CD) tests. These tests help direct the use of appropriate 
econometric techniques in subsequent empirical analyses. In the pres
ence of cross-sectional dependence in the model, we use the Cross- 
sectionally Augmented Dickey-Fuller (CADF) panel unit root test pro
posed by Pesaran (2007). The CADF test considers the t-test for statio
narity in heterogeneous panels, considering both cross-sectional and 
time dimensions in line with Im et al.’s (2003) panel unit root test. The 
null hypothesis of the CADF test is the non-stationarity of the variable. 
The test statistic for the CADF unit root test can be written as follows: 

Δyi,t = αi + βiyi,t− 1 + δiyt− 1 +
∑ρ

j=0
θijΔyt− j +

∑ρ

j=1
μijΔyi,t− j + εit (4)  

yt is mean at time t of all considered countries. After obtaining the 
integrating property of the variables, it is required to test whether the 
model’s variables are cointegrated. For this purpose, we use cointegra
tion tests developed by Kao (1999), Pedroni (1999), and Westerlund 
(2008). 

To obtain the long-run coefficients, we use the panel Generalised 
Methods of Moments (GMM) type system dynamic panel data estimation 
proposed by Arellano and Bover (1995) and Blundell and Bond (1998). 
This model is also known as the Arellano-Bover/Blundell-Bond system 
estimator. It is an extension of Arellano and Bond’s (1991) GMM tech
nique that captures significant autoregressive parameters and a rela
tively large ratio of the variance of the panel-level effects to the variance 
of idiosyncratic error terms. In addition, this model can include pre
determined or endogenous regressors and moving-average serial corre
lation in the residuals. Therefore, we also employ the Feasible 
Generalised Least Squares (FGLS) method developed by Hansen (2007). 
We also utilise the Panel Corrected Standard Errors (PCSE) technique, 
proposed by Bailey and Katz (2011) and Reed and Webb (2010). The 
FGLS and the PCSE methods give reliable results in cross-section de
pendency in the model. Hence, these models provide robustness to the 
results obtained from the system GMM panel data estimations. 

4. Empirical findings 

4.1. Preliminary tests 

Table 1 provides the summary statistics for the variables used to 
estimate the model specified in Eqs. (2) and (3). The mean and the 
median of the variables are positive, i.e. greater than zero for all the 
variables. However, for all variables except the green quality of the 
energy mix, including environmental degradation, the medians are more 
significant than their means. All other variables are negatively skewed 
except the green quality of the energy mix. In other words, only for the 
green quality of the energy mix future expected values would be greater 
than the calculated mean. Therefore, it can be concluded that the 
environmental quality can improve in the 36 OECD countries considered 
in this study. The skewness for institutional quality measured by 

POLITY2 is the highest and negative, indicating that institutional quality 
in these countries is expected to decrease more than environmental 
degradation, globalisation, and economic development. 

The kurtosis values for all the variables are more than three. In other 
words, the variables follow the leptokurtic series, which is lower than 
normal distributions. Table 1 further shows a considerable difference 
between the minimum and the maximum values for all the variables, as 
indicated by the standard deviations. This suggests variations among the 
observations of each variable, making them suitable for regression 
analysis without introducing any issues related to outliers. 

Table 2 presents the correlation matrix of the variables. All the in
dependent variables are significantly correlated with the dependent 
variable. The green quality of the energy mix is negatively correlated 
with environmental degradation, meaning the two variables move in 
opposite directions. All other explanatory variables positively correlate 
with environmental degradation, with statistically significant correla
tion coefficients. 

The primary requirement for conducting core econometric opera
tions is testing for cross-sectional dependency. Table 3 presents the re
sults of the cross-sectional dependence tests conducted on the model. All 
three tests have the same null hypothesis of cross-sectional indepen
dence, indicating the model’s absence of cross-sectional dependence. 
However, all three tests reject the null hypothesis at a 1% significance 
level and conclude that the environmental degradation model has the 
issue of cross-sectional dependency. Cross-sectional dependence is a 
common issue in panel data analysis. This result suggests that there may 
be some unobserved factors common to all 36 OECD countries included 
in our study that are not considered in our analysis. The common factors 
related to our study are the innovation in the energy field, the global 
recession in 2008, geopolitical tensions, the trade war and the Covid-19 
pandemic. 

After confirming the presence of cross-sectional dependence, it is 
imperative to use the second generation unit root test, the CADF test for 
unit root. The CADF unit root test results are presented in Table 4. The t- 
test statistics for the CADF unit root test are presented for variables with 
“constant” and “constant and trend”. The results also give the statistics 
at both levels and the first difference. For every combination of differ
ence and trend, the test’s null hypothesis is unit root or non-stationarity. 
Based on the test statistics and their corresponding significance levels, it 
can be concluded that all variables, except for economic growth, are 
integrated in order of one, i.e., I(1). This implies that environmental 

Table 1 
Summary statistics.  

Statistic LNCO2PC GREENQ LNGDPC POLITY2 LNGLB 

Mean 2.010 1.595 9.537 8.727 4.201 
Median 2.058 1.414 9.708 10.00 4.262 
Maximum 3.784 4.482 11.818 10.00 4.585 
Minimum 0.119 1.015 5.632 − 9.000 3.405 
Std. dev. 0.643 0.559 1.110 3.427 0.250 
Skewness − 0.569 2.324 − 0.643 − 3.667 − 0.815 
Kurtosis 3.408 9.577 3.056 16.128 3.183 
Observations 1650 1650 1650 1650 1650 

Data source 
The BP 
(2022) 

The BP 
(2022) 

The World 
Bank 
(2023b) 

Marshall 
and Gurr 
(2020) 

Gygli 
et al. 
(2019)  

Table 2 
Correlation matrix.  

Indicator LNCO2PC GREENQ LNGDPC POLITY2 LNGLB 

LNCO2 1     
GREENQ − 0.141*** 1    
LNGPDC 0.539*** 0.345*** 1   
POLITY2 0.471*** 0.177*** 0.504*** 1  
LNGOB 0.425*** 0.292*** 0.662*** 0.312*** 1 

Note: *** p < 0.01. 
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degradation, green quality of energy mix, institutional quality, and 
globalisation are stationary at their first differences. 

After obtaining the mixed order of integration among the variables, 
three sets of cointegration are employed to confirm the long-run asso
ciations among the variables. The cointegration test results are pre
sented in Table 5. All three tests have the same null hypothesis of no 
cointegration among the variables. 

Table 5 shows that the null hypothesis of no cointegration is rejected 
for all three tests, confirming the cointegration in the model. This result 
provides evidence of a significant long-run relationship between envi
ronmental degradation and the variables of green quality of the energy 
mix, economic development, institutional quality, and technology. 

4.2. Baseline results for green quality of energy mix 

The presence of the long-run associations of environmental degra
dation with green quality of energy mix, economic development, insti
tutional quality, and technology calls for obtaining long-run coefficients 
of these associations. We have done so by estimating the environmental 
degradation model with the GMM-type system dynamic panel data 
method. The results of the estimation are presented in Table 6. 

The results show a negative impact of green quality of energy mix on 
environmental degradation, indicating that an increase in green quality 
energy mix reduces environmental degradation. This finding is consis
tent with our hypothesis made in Eqs. (2) and (3). 

The finding is, as expected, in line with the discussions in the pre
vious section. With the growing need for climate action from all possible 
corners, the energy sector has a vital role in mitigating the effects of 
climate change and preserving the natural environment. Our results 
show that a greener energy mix positively affects the environment by 
reducing carbon dioxide emissions. Primarily, the results can be attrib
uted to the fact that green energies are less pollution-intensive due to 
their low hydrocarbon contents. Energy fuels the economy, and 
although all OECD countries have enjoyed a certain level of economic 
development, they need to sustain this progress to ensure a high quality 
of life for their citizens. They need to use a judicious mix of energy with 
minimal environmental costs without hampering the necessary eco
nomic operations involved in production and consumption. Green en
ergy serves the dual interests of environmental protection and 
sustainable economic development. 

4.3. Baseline results for control variables and implications 

The results obtained in our study support the hypothesis that 

economic development is detrimental to the natural environment. The 
negative impact of economic development on the quality of the natural 
environment is manifold. Most economic activities involve negative 
externalities. Economic activities also often require excessive use of 
natural resources. Exploiting natural resources beyond the environ
ment’s assimilative capacity causes an imbalance in the ecosystem. This 
imbalance, in turn, threatens the very existence of life. Excessive 
resource extraction to meet the economic demand of the growing pop
ulation is resulting in substantial environmental costs. Apart from the 
initial extraction of resources, the economic expansion also results in 
pollution during the successive production and consumption phases of 
goods and services, further damaging the environment. Unchecked de
mand for comforts and consumerism has historically been facilitated by 
blind economic growth since the first industrial revolution. This un
regulated use of resources and pollution-intensive production methods 
damage the natural environment through carbon dioxide emissions 
driven by economic growth. 

According to the results reported in Table 6, institutional quality 
increases carbon dioxide emissions. This finding contradicts our hy
pothesis that higher institutional quality will help protect the natural 
environment through properly implementing environmental policies. 
Such findings can be attributed to the lack or insufficient attention from 
the policymakers in the OECD countries given to promulgating and 
implementing policies concerning protecting the natural environment. 

Table 3 
Cross-sectional dependence tests.  

LNCO2PC = (GREENQ, LNGDPC, POLITY2, LNGLB) 

Test Statistic 

Breusch-Pagan LM 16,836.1*** 
Pesaran Scaled LM 456.55*** 
Pesaran CD Test 115.91*** 

Note: *** p < 0.01. 

Table 4 
CADF panel unit toot tests.  

Variable Constant Constant and trend Integrating property 

Level First difference Level First difference 

LNCO2PC 0.641 − 18.941*** − 1.373 − 17.562*** I(1) 
GREENQ − 0.108 − 17.597*** 0.100 − 17.364*** I(1) 
LNGDPC − 3.199*** – − 1.354* – I(0) 
POLITY2 2.166** − 14.241*** − 0.768 − 13.960*** I(1) 
LNGLB 3.368 − 15.650*** − 0.803 − 12.967*** I(1) 

Notes: *** p < 0.01, ** p < 0.05 and and *p < 0.1. The panel unit root test of Im et al. (2003) is used only for the POLITY2 variable due to some missing observations. 

Table 5 
Panel cointegration tests.  

Kao (1999) 

Modified Dickey-Fuller t − 1.325* 
Dickey-Fuller t − 2.048** 
Augmented Dickey-Fuller t − 0.154 
Unadjusted Modified Dickey-Fuller t − 2.157** 
Unadjusted Dickey-Fuller t − 2.528***  

Pedroni (1999) 
Modified Phillips-Perron t − 0.957 
Phillips-Perron t − 3.559*** 
Augmented Dickey-Fuller t − 2.779***  

Westerlund (2008) 
Variance Ratio − 3.068*** 

Note: *** p < 0.01, ** p < 0.05, and * p < 0.1. 

Table 6 
Panel data estimations for long-run relationship.  

Methodology System GMM 
(SGMM) 

Feasible Generalised 
Least Squares (FGLS) 

Panel-corrected 
Standard Error 
(PCSE) 

GREENQ − 0.072*** − 0.407*** − 0.442*** 
LNGDPC 0.003 0.121*** 0.241*** 
POLITY2 0.014** 0.060*** 0.051*** 
LNGLB 0.041*** 0.0234*** 0.454*** 

Notes: The dependent variable is LNCO2PC. *** p < 0.01 and ** p < 0.05. 
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Although these countries have higher institutional quality, the benefits 
of this have not been fully translated to ecologically viable policies, such 
as setting emissions standards for greenhouse gases. 

In addition to institutional quality, our findings suggest that the rise 
in technology is also positively associated with carbon dioxide emis
sions. This positive effect of technology is inconsistent with our hy
pothesis that technological advancements would lead to more 
environmentally friendly practices. Additionally, globalisation’s rise 
leads to excessive competition among firms operating in multiple 
countries. Governments in these countries are also in a race to accom
modate the tough competition and introduce policies to boost their in
ternational ease of business. However, these are inviting production 
which is not environmentally sustainable, resulting in pollution- 
intensive practices by businesses. As a result, rapid globalisation has 
been a major contributor to the degradation of the environment via 
carbon dioxide emissions. 

4.4. Robustness checks 

Table 6 also presents the results obtained from the estimations of the 
environmental degradation model by using the FGLS and the PCSE 
techniques. The results obtained from the FGLS and the PCSE techniques 
are consistent with those reported by the GMM-type system dynamic 
panel data method. Therefore, our results are robust to different esti
mation techniques. The results show that a 1% rise in the green quality 
of the energy mix reduces carbon dioxide by 0.41% in the 36 OECD 
countries. On the other hand, the growth of the economy in terms of real 
GDP per capita by 1% increases the carbon dioxide emissions by 0.12%. 
Similarly, a 1% higher institutional quality results in a 0.06% increase in 
environmental degradation. Lastly, a 1% increase in technology is 
responsible for a 0.023% increase in environmental degradation. 

Our findings have crucial and timely policy implications for gov
ernments and policymakers in the OECD countries. This study calls for 
promoting green energy to achieve sustainable environmental quality, 
as using green energy in the energy mix reduces pollution. Governments 
and policymakers in the OECD countries should encourage, subsidise, 
and facilitate green energy production, transmission, and consumption. 
We also suggest reducing the carbon intensity of economic growth in the 
OECD countries. This can be achieved by promoting technological 
innovation to increase the efficiency of the natural resources used, thus 
reducing the environmental burden and the number of resources used to 
achieve long-term economic growth. New production facilities should 
be set up with their environmental viability in mind. 

Designated institutions responsible for overseeing environmental 
challenges related to climate change and global warming must be 
empowered and given the necessary resources to carry out their re
sponsibilities effectively. Further, the authorised stakeholders in the 
OECD countries must ensure transparency and accountability in the 
framing and implementing of environmental and energy policies. In 
addition, the internationalisation of the domestic market should also 
keep the environmental consequences on the table, and the feasibility of 
environmental quality should be a parameter for cross-border business 
and investment, alongside the comparative advantage in trade. 

5. Conclusion 

This study introduced a new index of green quality of energy mix in 
the environmental degradation model in the panel dataset of 36 OECD 
countries from 1970 to 2021. Furthermore, the effects of economic 
development, institutional quality, and technology on environmental 
degradation are studied in a panel data framework. Using the tests for 
cross-sectional dependency in the environmental degradation model, we 
test the integrating property of the variables and the presence of long- 
run associations among the variables with second-generation econo
metric tools. To obtain the directions and magnitudes of the relation
ships of environmental degradation with the explanatory variables, we 

use the system GMM, the FGLS, and the PCSE panel data techniques. 
The crucial finding of the study is the beneficial impact of green 

quality of energy mix on the quality of the natural environment in the 
OECD economies. Our finding supports using renewable and green en
ergy to sustain economic development while minimising environmental 
costs. However, economic development is found to be detrimental to 
environmental quality management, and developed countries cannot 
yet decouple economic growth and environmental pollution. They must 
reconcile the two to find ways to ensure sustainable economic growth 
that does not come at the cost of the environment. Adding to this, 
institutional quality is found to increase carbon dioxide emissions, 
contrary to expectations. Lastly, as per our results, technology also 
pressures the natural environment by increasing atmospheric pollution. 

Overall, this paper introduced a novel measure of the green quality of 
the energy mix in the OECD countries and showed the negative impact of 
this measure on CO2 emissions. However, our findings are limited to the 
OECD countries. We have opened a new avenue to empirical literature 
where further research is needed to explore the impact of this newly 
developed green quality of energy mix index measure on other regions 
and economies. Future studies can focus on large and growingdevelop
ing economies such as Brazil, Russia, South Africa, China and India 
within panel and time series frameworks. Future research can also use 
different econometric techniques to analyse the impact of our green 
quality of energy mix indicator on other variables of interest. 

CRediT authorship contribution statement 

Chi Keung Lau: Writing – original draft, Data curation. Giray 
Gozgor: Writing – original draft, Conceptualization. Mantu Kumar 
Mahalik: Supervision, Writing - original draft. Gupteswar Patel: 
Formal analysis, Investigation. Jing Li: Writing – original draft, 
Supervision. 

Acknowledgements 

The first author acknowledged that the project was funded by the 
“Foreign Cultural and Educational Experts Project of the Ministry of 
Science and Technology of China” (Project Number: DL2022180001L). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.eneco.2023.106702. 

References 

Abas, N., Kalair, A., Khan, N., 2015. Review of fossil fuels and future energy 
technologies. Futures 69, 31–49. 

Ajmi, A.N., Hammoudeh, S., Nguyen, D.K., Sato, J.R., 2015. On the relationships 
between CO2 emissions, energy consumption and income: the importance of time 
variation. Energy Econ. 49, 629–638. 

Apergis, N., Can, M., Gozgor, G., Lau, C.K.M., 2018. Effects of export concentration on 
CO2 emissions in developed countries: an empirical analysis. Environ. Sci. Pollut. 
Res. 25 (14), 14106–14116. 

Arellano, M., Bond, S., 1991. Some tests of specification for panel data: Monte Carlo 
evidence and an application to employment equations. Rev. Econ. Stud. 58 (2), 
277–297. 

Arellano, M., Bover, O., 1995. Another look at instrumental variable estimation of error 
component models. J. Econ. 68 (1), 29–51. 

Bai, C., Feng, C., Yan, H., Yi, X., Chen, Z., Wei, W., 2020. Will income inequality 
influence the abatement effect of renewable energy technological innovation on 
carbon dioxide emissions? J. Environ. Manag. 264, 110482. 

Bailey, D., Katz, J.N., 2011. Implementing panel corrected standard errors in R: the pcse 
package. J. Stat. Softw. 42 (CS1), 1–11. 

Bellocchi, S., Gambini, M., Manno, M., Stilo, T., Vellini, M., 2018. Positive interactions 
between electric vehicles and renewable energy sources in CO2-reduced energy 
scenarios: the Italian case. Energy 161, 172–182. 

Bilgili, F., Koçak, E., Bulut, U., 2016. The dynamic impact of renewable energy 
consumption on CO2 emissions: a revisited environmental Kuznets curve approach. 
Renew. Sust. Energ. Rev. 54, 838–845. 

Blundell, R., Bond, S., 1998. Initial conditions and moment restrictions in dynamic panel 
data models. J. Econ. 87 (1), 115–143. 

C.K. Lau et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.eneco.2023.106702
https://doi.org/10.1016/j.eneco.2023.106702
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0005
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0005
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0010
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0010
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0010
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0015
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0015
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0015
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0020
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0020
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0020
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0025
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0025
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0030
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0030
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0030
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0035
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0035
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0040
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0040
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0040
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0045
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0045
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0045
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0050
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0050


Energy Economics 122 (2023) 106702

7

Breusch, T.S., Pagan, A.R., 1980. The Lagrange multiplier test and its applications to 
model specification in econometrics. Rev. Econ. Stud. 47 (1), 239–253. 

British Petroleum (BP), 2022. BP Statistical Review of World Energy. British Petroleum, 
London.  

Burke, M., Hsiang, S.M., Miguel, E., 2015. Global non-linear effect of temperature on 
economic production. Nature 527 (7577), 235–239. 

Chen, Y., Lee, C.C., 2020. Does technological innovation reduce CO2 emissions? Cross- 
country evidence. J. Clean. Prod. 263, 121550. 

Cheng, C., Ren, X., Dong, K., Dong, X., Wang, Z., 2021. How does technological 
innovation mitigate CO2 emissions in OECD countries? Heterogeneous analysis using 
panel quantile regression. J. Environ. Manag. 280, 111818. 

Churchill, S.A., Inekwe, J., Smyth, R., Zhang, X., 2019. R&D intensity and carbon 
emissions in the G7: 1870–2014. Energy Econ. 80, 30–37. 

Copeland, B.R., Taylor, M.S., 2004. Trade, growth, and the environment. J. Econ. Lit. 42 
(1), 7–71. 

Dinda, S., 2004. Environmental Kuznets curve hypothesis: a survey. Ecol. Econ. 49 (4), 
431–455. 

Disli, M., Ng, A., Askari, H., 2016. Culture, income, and CO2 emission. Renew. Sust. 
Energ. Rev. 62, 418–428. 

Dogan, E., Seker, F., 2016. The influence of real output, renewable and non-renewable 
energy, trade and financial development on carbon emissions in the top renewable 
energy countries. Renew. Sust. Energ. Rev. 60, 1074–1085. 

Dogan, E., Ulucak, R., Kocak, E., Isik, C., 2020. The use of ecological footprint in 
estimating the environmental Kuznets curve hypothesis for BRICST by considering 
cross-section dependence and heterogeneity. Sci. Total Environ. 723, 138063. 

Dong, K., Dong, X., Jiang, Q., 2020. How renewable energy consumption lower global 
CO2 emissions? Evidence from countries with different income levels. World Econ. 
43 (6), 1665–1698. 

Dong, F., Li, Y., Gao, Y., Zhu, J., Qin, C., Zhang, X., 2022. Energy transition and carbon 
neutrality: exploring the non-linear impact of renewable energy development on 
carbon emission efficiency in developed countries. Resour. Conserv. Recycl. 177, 
106002. 

Esso, L.J., Keho, Y., 2016. Energy consumption, economic growth and carbon emissions: 
Cointegration and causality evidence from selected African countries. Energy 114, 
492–497. 

Friedl, B., Getzner, M., 2003. Determinants of CO2 emissions in a small open economy. 
Ecol. Econ. 45 (1), 133–148. 

Gozgor, G., 2017. Does trade matter for carbon emissions in OECD countries? Evidence 
from a new trade openness measure. Environ. Sci. Pollut. Res. 24 (36), 
27813–27821. 

Grossman, G.M., Krueger, A.B., 1991. Environmental impacts of a north American free 
trade agreement. In: National Bureau of Economic Research (NBER) Working Paper, 
3914. NBER, Cambridge, MA.  

Grossman, G.M., Krueger, A.B., 1995. Economic growth and the environment. Q. J. Econ. 
110 (2), 353–377. 

Gygli, S., Haelg, F., Potrafke, N., Sturm, J.E., 2019. The KOF globalisation 
index–revisited. Rev. Int. Organ. 14 (3), 543–574. 

Hansen, C.B., 2007. Generalized least squares inference in panel and multilevel models 
with serial correlation and fixed effects. J. Econ. 140 (2), 670–694. 

Hassan, S.T., Khan, S.U.D., Xia, E., Fatima, H., 2020. Role of institutions in correcting 
environmental pollution: an empirical investigation. Sustain. Cities Soc. 53, 101901. 

Hussain, M., Dogan, E., 2021. The role of institutional quality and environment-related 
technologies in environmental degradation for BRICS. J. Clean. Prod. 304, 127059. 

Ibrahim, M.H., Law, S.H., 2016. Institutional quality and CO2 emission–trade relations: 
evidence from sub-Saharan Africa. S. Afr. J. Econ. 84 (2), 323–340. 

Im, K.S., Pesaran, M.H., Shin, Y., 2003. Testing for unit roots in heterogeneous panels. 
J. Econ. 115 (1), 53–74. 

Ji, Q., Zhang, D., 2019. How much does financial development contribute to renewable 
energy growth and upgrading of energy structure in China? Energy Policy 128, 
114–124. 

Kao, C., 1999. Spurious regression and residual-based tests for cointegration in panel 
data. J. Econ. 90 (1), 1–44. 

Khan, M., Rana, A.T., 2021. Institutional quality and CO2 emission–output relations: the 
case of Asian countries. J. Environ. Manag. 279, 111569. 

Khan, Z., Ali, S., Dong, K., Li, R.Y.M., 2021. How does fiscal decentralization affect CO2 
emissions? The roles of institutions and human capital. Energy Econ. 94, 105060. 

Khan, M.K., Babar, S.F., Oryani, B., Dagar, V., Rehman, A., Zakari, A., Khan, M.O., 2022. 
Role of financial development, environmental-related technologies, research and 

development, energy intensity, natural resource depletion, and temperature in 
sustainable environment in Canada. Environ. Sci. Pollut. Res. 29 (1), 622–638. 

Kim, J., Park, K., 2016. Financial development and deployment of renewable energy 
technologies. Energy Econ. 59, 238–250. 

Lau, L.S., Choong, C.K., Eng, Y.K., 2014. Carbon dioxide emission, institutional quality, 
and economic growth: empirical evidence in Malaysia. Renew. Energy 68, 276–281. 

Le, H.P., Ozturk, I., 2020. The impacts of globalisation, financial development, 
government expenditures, and institutional quality on CO2 emissions in the presence 
of environmental Kuznets curve. Environ. Sci. Pollut. Res. 27 (18), 22680–22697. 

Li, L., Hong, X., Peng, K., 2019. A spatial panel analysis of carbon emissions, economic 
growth and high-technology industry in China. Struct. Chang. Econ. Dyn. 49, 83–92. 

Marshall, M.G., Gurr, T.R., 2020. POLITY5: Political Regime Characteristics and 
Transitions, 1800–2018. Center for Systemic Peace, Vienna, VA.  

Muhammad, S., Long, X., 2021. Rule of law and CO2 emissions: a comparative analysis 
across 65 belt and road initiative (BRI) countries. J. Clean. Prod. 279, 123539. 

Nordhaus, W., 2019. Climate change: the ultimate challenge for economics. Am. Econ. 
Rev. 109 (6), 1991–2014. 

Obobisa, E.S., Chen, H., Mensah, I.A., 2022. The impact of green technological 
innovation and institutional quality on CO2 emissions in African countries. Technol. 
Forecast. Soc. Chang. 180, 121670. 

Oh, T.H., Pang, S.Y., Chua, S.C., 2010. Energy policy and alternative energy in Malaysia: 
issues and challenges for sustainable growth. Renew. Sust. Energ. Rev. 14 (4), 
1241–1252. 

Olabi, A.G., Abdelkareem, M.A., 2022. Renewable energy and climate change. Renew. 
Sust. Energ. Rev. 158, 112111. 

Pedroni, P., 1999. Critical values for cointegration tests in heterogeneous panels with 
multiple regressors. Oxf. Bull. Econ. Stat. 61 (S1), 653–670. 

Pesaran, M.H., 2004. General diagnostic tests for cross section dependence in panels. In: 
CESifo Working Paper Series no. 1229. 

Pesaran, M.H., 2007. A simple panel unit root test in the presence of cross-section 
dependence. J. Appl. Econ. 22 (2), 265–312. 

Pesaran, M.H., 2021. General diagnostic tests for cross-sectional dependence in panels. 
Empir. Econ. 60 (1), 13–50. 

Reed, W.R., Webb, R., 2010. The PCSE estimator is good–just not as good as you think. 
J. Time Ser. Econom. 2 (1), 8. 

Sadorsky, P., 2009. Renewable energy consumption, CO2 emissions and oil prices in the 
G7 countries. Energy Econ. 31 (3), 456–462. 

Sarkodie, S.A., Strezov, V., 2019. A review on environmental Kuznets curve hypothesis 
using bibliometric and meta-analysis. Sci. Total Environ. 649, 128–145. 

Shafiei, S., Salim, R.A., 2014. Non-renewable and renewable energy consumption and 
CO2 emissions in OECD countries: a comparative analysis. Energy Policy 66, 
547–556. 

Smith, L.V., Tarui, N., Yamagata, T., 2021. Assessing the impact of COVID-19 on global 
fossil fuel consumption and CO2 emissions. Energy Econ. 97, 105170. 

Sun, H., Edziah, B.K., Sun, C., Kporsu, A.K., 2019. Institutional quality, green innovation 
and energy efficiency. Energy Policy 135, 111002. 

Tzeremes, P., Dogan, E., Alavijeh, N.K., 2023. Analyzing the nexus between energy 
transition, environment and ICT: a step towards COP26 targets. J. Environ. Manag. 
326, 116598. 

Ullah, S., Ozturk, I., Majeed, M.T., Ahmad, W., 2021. Do technological innovations have 
symmetric or asymmetric effects on environmental quality? Evidence from Pakistan. 
J. Clean. Prod. 316, 128239. 

Westerlund, J., 2008. Panel cointegration tests of the fisher effect. J. Appl. Econ. 23 (2), 
193–233. 

World Bank, 2023a. World Bank Country and Lending Groups. World Bank, Washington, 
DC.  

World Bank, 2023b. World Development Indicators. World Bank, Washington, DC.  
Yao, Y., Ivanovski, K., Inekwe, J., Smyth, R., 2019. Human capital and energy 

consumption: evidence from OECD countries. Energy Econ. 84, 104534. 
Zhang, N., Yu, K., Chen, Z., 2017. How does urbanization affect carbon dioxide 

emissions? A cross-country panel data analysis. Energy Policy 107, 678–687. 
Yurtkuran, S., 2021. The effect of agriculture, renewable energy production, and 

globalization on CO2 emissions in Turkey: A bootstrap ARDL approach. Renew. 
Energy 171, 1236–1245. 

Zhang, Q., Wang, G., Li, Y., Li, H., McLellan, B., Chen, S., 2018. Substitution effect of 
renewable portfolio standards and renewable energy certificate trading for feed-in 
tariff. Appl. Energy 227, 426–435. 

C.K. Lau et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0055
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0055
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0060
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0060
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0065
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0065
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0070
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0070
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0075
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0075
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0075
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0080
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0080
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0085
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0085
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0090
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0090
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0095
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0095
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0100
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0100
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0100
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0105
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0105
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0105
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0110
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0110
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0110
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0115
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0115
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0115
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0115
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0120
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0120
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0120
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0125
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0125
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0130
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0130
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0130
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0135
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0135
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0135
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0140
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0140
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0145
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0145
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0150
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0150
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0155
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0155
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0160
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0160
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0165
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0165
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0170
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0170
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0175
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0175
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0175
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0180
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0180
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0185
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0185
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0190
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0190
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0195
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0195
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0195
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0195
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0200
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0200
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0205
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0205
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0210
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0210
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0210
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0215
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0215
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0220
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0220
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0225
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0225
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0230
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0230
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0235
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0235
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0235
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0240
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0240
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0240
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0245
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0245
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0250
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0250
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0255
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0255
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0260
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0260
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0265
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0265
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0270
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0270
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0275
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0275
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0280
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0280
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0285
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0285
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0285
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0290
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0290
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0295
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0295
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0300
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0300
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0300
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0305
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0305
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0305
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0310
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0310
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0315
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0315
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0320
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0325
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0325
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0330
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0330
http://refhub.elsevier.com/S0140-9883(23)00200-1/optCB2ytUldTI
http://refhub.elsevier.com/S0140-9883(23)00200-1/optCB2ytUldTI
http://refhub.elsevier.com/S0140-9883(23)00200-1/optCB2ytUldTI
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0335
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0335
http://refhub.elsevier.com/S0140-9883(23)00200-1/rf0335

	Introducing a new measure of energy transition: Green quality of energy mix and its impact on CO2 emissions
	1 Introduction
	2 Literature review
	3 Data, model, and methodology
	3.1 Measuring green quality (GREENQ) of energy mix
	3.2 Data
	3.3 Theoretical model
	3.4 Econometric methodology

	4 Empirical findings
	4.1 Preliminary tests
	4.2 Baseline results for green quality of energy mix
	4.3 Baseline results for control variables and implications
	4.4 Robustness checks

	5 Conclusion
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A Supplementary data
	References


