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Abstract
We evaluate the N-shaped environmental Kuznets curve (EKC) using panel quantile regression analysis. We investigate the
relationship between CO2 emissions and GDP per capita for 74 countries over the period of 1994–2012. We include additional
explanatory variables, such as renewable energy consumption, technological development, trade, and institutional quality. We
find evidence for the N-shaped EKC in all income groups, except for the upper-middle-income countries. Heterogeneous
characteristics are, however, observed over the N-shaped EKC. Finally, we find a negative relationship between renewable
energy consumption and CO2 emissions, which highlights the importance of promoting greener energy in order to combat global
warming.
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Introduction

Global warming has become one of the most serious world
problems today (Duan et al. 2016). During the Paris Climate
Conference in 2015, officially known as the 21st Conference
of the Parties (COP21), several goals for keeping the rise in
global temperature well below 2° were set up (United Nations
2017). In order to combat climate change issues alongside
economic prosperity and to reach the COP21 goals, it is im-
portant to understand the effect of economic growth on the

environment. Environmental degradation can have devastat-
ing consequences for humanity, such as health impacts,
floods, droughts, damage to ecosystems, and adversely affect-
ed economic growth (IPCC 2014). At the same time, human
activity is the main driving force behind climate change
(Steffen et al. 2011).

In the environmental economics literature, the relationship
between environmental degradation and economic growth is
well known as the environmental Kuznets curve (EKC). The
EKC suggests that environmental degradation initially rises
with per capita income. However, with economic growth
comes an increased demand for environmental quality, lead-
ing to a decreasing environmental deterioration (Hussen
2005). If there is an inverted U-shaped EKC, environmental
improvements would eventually occur as economies grow.
Consequently, humanity could, without significant deviations,
go back to business as usual and still achieve environmental
sustainability (Stern 2004). However, studies have observed
that the relationship might be N-shaped (e.g., Bhattarai et al.
2009; Álvarez-Herranz and Balsalobre Lorente 2016), which
suggests that environmental degradation will start to rise again
beyond a certain income level. Yet, to our knowledge, no
previous study has examined the N-shaped relationship be-
tween CO2 emissions and GDP per capita using panel quantile
analysis while including additional explanatory variables,
such as renewable energy consumption, technological devel-
opment, trade, and institutional quality.
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The aim of this study is to evaluate the N-shaped EKC. To
this end, we analyze how different countries’ environmental
degradation is affected by their economic development.
Further, we compare three different groups of countries:
lower-middle-income countries, upper-middle-income coun-
tries, and high-income countries. There are several economic
reasons for categorizing countries into different income
groups. For example, it is important to study middle-income
countries separately, since these countries are home to 73% of
the world’s poorest people and five billion out of the world’s
seven billion people live there. Further, middle-income coun-
tries are the major drivers of the global growth (World Bank
2017a). Middle-income countries are a diverse group of coun-
tries ranging from small nations to major engines in global
growth. We therefore break down middle-income economies
in two groups, divided by their income, to control for their
diverse nature and the different challenges they might face.
Since middle-income countries are not as developed as high-
income countries, they do not extend as far on the EKC. In
order to analyze a wider range of the EKC, we therefore in-
clude high-income countries as a benchmark.

Since environmental degradation is not only affected by
economic development, we also include variables to control
for the effects of renewable energy consumption, technologi-
cal development, trade, and institutional quality on environ-
mental degradation. We aim to answer the following research
questions: What does the relationship between environmental
degradation and economic development look like for lower-
middle-income countries, upper-middle-income countries,
and high-income countries? How can environmental degrada-
tion be explained by renewable energy use, technological de-
velopment, trade, and institutional quality?

We utilized panel quantile analysis in order to address our
research questions. We chose to mainly focus on the quantile
panel regressions as it provides a more comprehensive picture
of the relationship between the variables in comparison with
pooled OLS and fixed effects models. Annual data were ob-
tained from the World Development Indicators (WDI) and
from the FreedomHouse database, covering 74 countries over
the period of 1994–2012. This was the longest and most up-
to-date time series available without reducing our sample, due
to missing data. We estimated regression models both for the
total sample and the three income groups separately.

This paper contributes to the existing literature by improv-
ing our knowledge of the possible N-shaped relationship be-
tween income and environmental degradation. The existing
literature has mainly focused on different regions, on OECD
countries, or on larger samples of countries. Although a small
number of studies have focused on different income groups,
none of them have to our knowledge used panel quantile re-
gressions. Therefore, there is a gap in the existing EKC liter-
ature, which we intend to fill by combining the use of quantile
regressions with income classifications.

Literature review

According to the EKC, first proposed by Grossman and
Krueger (1991), the relationship between economic growth
and environmental degradation has the shape of an inverted
U. The N-shaped EKC suggests that the original EKC hypoth-
esis will not hold in the long run. Instead, beyond a certain
income level, increased income might once again lead to a
positive relationship between economic growth and environ-
mental degradation (de Bruyn et al. 1998). Torras and Boyce
(1998) suggest that the N-shaped relationship occurs when the
scale effect overcomes the composition and technical effects.
This might be the consequence of reduced possibilities to
further improve distribution of industries or because of
diminishing returns on technological changes (Torras and
Boyce 1998; Álvarez-Herranz and Balsalobre Lorente 2015,
2016).

There are several reviews that covers the existing literature
on the EKC (Dinda 2004; Stern 2004; Culas 2012; Kaika and
Zervas 2013). The inverted U-shaped relationship between
income and environmental degradation has been confirmed
by several researchers. For example, when using a fixed ef-
fects model (FEM), Leitão (2010) finds it for 94 countries
with different development levels and Culas (2012) finds it
for 23 African countries. Culas (2012) also finds the inverted
U-shaped EKC for 9 Latin American countries when using a
random effects model (REM). This shape has also been found
for 29 OECD countries when using a stochastic impacts by
regression on population, affluence, and technology model
(Shafiei and Salim 2014) and for 24 European countries when
using a pooled mean group approach (Ahmed et al. 2016).
Further, Al-Mulali et al. (2016) find the inverted U-shaped
relationship for Europe, East Asia and the Pacific, South
Asia, and the Americas when using dynamic OLS. It is also
found for various countries, when using quantile regressions
with fixed effects (You et al. 2015). When using quantile
regressions, the inverted U-shaped EKC is found for
ASEAN-5 (Duan et al. 2016) and for 19 APEC countries.1

However, some of the studies finding an inverted U-shaped
EKC have not included the cubic form of income. These stud-
ies are thereby ignoring the possibility of an N-shaped EKC
(e.g., Culas 2012; Duan et al. 2016; Zhang et al. 2016). Lee
et al. (2009) demonstrate this by finding an inverted U-shaped
EKC when using a quadratic model and an N-shaped EKC
when using a cubic model.

Even though the N-shaped EKC is considered to be a new
phenomenon, it was found as early as in the 1990s. Grossman
and Krueger (1995) and Panayotou (1997) find an N-shaped
relationship between economic development and sulfur

1 ASEAN-5 includes Indonesia, Malaysia, the Philippines, Singapore, and
Thailand (Duan et al. 2016) and APEC stands for Asia-Pacific Economic
Cooperation (Zhang et al. 2016).
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dioxide (SO2). In both cases, few observations existed after
the second turning point, as it was in the extreme end of the
data set, and the N-shape was therefore dismissed. Moomaw
and Unruh (1997) find the N-shaped EKC when using FEM
and cross-sectional OLS. However, the authors also used a
structural transition model which indicated that the shift to
declining CO2 emissions most likely was a result of the
1973 oil crisis. The N-shaped EKC is also found for Austria
when using pooled OLS (Friedl and Getzner 2003) and for 28
OECD countries when using generalized least squares
(Álvarez et al. 2015). When using FEM, the N-shaped rela-
tionship is found for 15 Latin American countries (Bhattarai
et al. 2009), 28 OECD countries (Álvarez-Herranz and
Balsalobre Lorente 2015), and 17 OECD countries (Álvarez-
Herranz and Balsalobre Lorente 2016).

The inverted U-shaped EKC and the N-shaped EKC has
also been found by the same researchers but for different re-
gions or environmental degradation measures. For example,
when using REM Grossman and Krueger (1995) find the N-
shaped EKC for SO2, but the inverted U-shaped relationship
for other environmental indicators. Further, López-Menéndez
et al. (2014) find the inverted U-shaped EKC for EU27 coun-
tries where at least 20% of the country’s electricity is generat-
ed from renewable energy sources. However, an N-shaped
relationship is found for the EU27 countries where less than
20% of the country’s electricity is generated from renewable
energy sources.

In recent years, the impact of renewable energy on envi-
ronmental degradation has been widely studied. Various stud-
ies indicate that greenhouse gas (GHG) emissions can be re-
duced as fossil fuels are replaced with renewable energy
(López-Menéndez et al. 2014; Shafiei and Salim 2014;
Álvarez-Herranz and Balsalobre Lorente 2015, 2016; Al-
Mulali et al. 2016). Thereby, renewable energy consumption
should have a negative impact on environmental degradation.

Recently, Shahbaz et al. (2017) showed that utilization of
energy efficiency is important for sustainable economic devel-
opment in the long run, for 25 developed economies during
the period of 1970–2014. Attiaoui et al. (2017) found a unidi-
rectional causality from renewable energy consumption to
output for 22 African countries during the period of 1990–
2011. Lu (2017) finds that a long run equilibrium exists
among renewable energy consumption, carbon emission,
and GDP using panel data for 24 Asian countries during the
period of 1990–2012. Paramati et al. (2017) analysis on Next
11 countries suggests that renewable energy production and
various economic activities are required for sustainable eco-
nomic development.

We consider the several control variables in our empirical
investigation. In line with the previous literature, we identify
particularly three important variables: technology and innova-
tion, trade or openness, and institutional quality. All, strongly
connected with environmental policies. For instance, several

studies use research and development and patent to measure
countries’ technology and innovation (Álvarez et al. 2015;
Álvarez-Herranz and Balsalobre Lorente 2015, 2016;
Ahmed et al. 2016). They found that technological innovation
has a negative effect on environmental degradation. Further,
the empirical evidence on the relationship between trade and
environmental degradation is inconclusive.2 Moreover, some
studies have suggested that institutional variables such as cor-
ruption and level of democracy might be important determi-
nants of environmental policies (Zhang et al. 2016; Leitão
2010; Panayotou 1997; Torras and Boyce 1998).

Data and preliminary analysis

We include three groups of countries in the sample: high-
income countries, upper-middle-income countries, and
lower-middle-income countries. These classifications are de-
fined in accordance with the World Bank (2017b). We choose
not to include low-income economies in the study, because
these countries’ contribution to the global share of GDP as
well as to CO2 emissions is minimal. It would also be prob-
lematic to find balanced data for the low-income countries. In
contrast, middle-income countries have had a rising impor-
tance for the global economy with an increasing industrial
output and, hence, rising emissions. Since middle-income
economies are expected to grow even more, it is important
to investigate how this will affect the global environment.
By using high-income economies as a benchmark, we can
compare these groups of countries to get a better understand-
ing of what we need to do in order to achieve sustainable
development.

This study is based on annual data for CO2 emissions per
capita, real GDP per capita, renewable energy, technological
development, trade, and institutional quality. Data for
institutional quality are obtained from the Freedom House
(2017a) database and remaining series are downloaded from
the WDI, obtained from the World Bank (2017c). The dataset
covers an unbalanced panel of 74 countries or a balanced
panel of 55 countries over the time period 1994 to 2012.
Since we use lags of 1 year for technological development,
the corresponding time period for this variable is 1993 to
2011. We include all lower-middle-income countries, upper-
middle-income countries, and high-income countries with
available data for the selected variables over the time period.
The included countries are shown in Table 11 (see Appendix
1).

We use CO2 emissions (CO2) as a proxy for environmental
degradation, as is common in this field of research (Álvarez

2 See, e.g., Lee et al. (2009), Al-Mulali and Ozturk (2015), You et al. (2015),
Al-Mulali et al. (2016), Friedl and Getzner (2003), Duan et al. (2016), Nguyen
et al. (2017), and Sohag et al. (2017).
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et al. 2015; Álvarez-Herranz and Balsalobre Lorente 2016).
Further, CO2 emissions represent more than 80% of the total
global GHG emissions (World Bank 2014). The variable does
not measure CO2 emissions from imported goods and do not
subtract emissions from exported goods. Thus, using this var-
iable leads to a production-based approach of the EKC. The
CO2 series is measured inmetric tons per capita which enables
us to adjust for the effect of population growth on the pollution
level. To measure the effect of economic growth on environ-
mental degradation, we use real GDP per capita (GDP).
Substitution to greener energy sources might decrease envi-
ronmental degradation. As a measure for this substitution ef-
fect, we use renewable energy consumption as the share of
total energy consumption (REN). To measure the technologi-
cal development of a country, we use patent applications
(R&D) as a proxy. We combine two different series, one for
patents applied by residents and one for those applied by non-
residents. We use an aggregate measure of patents in order to
capture the total effect of a country’s technological develop-
ment on the environment. Another possible variable for mea-
suring technological development would be research and de-
velopment expenditure as a share of GDP. According to Popp
(2012), the collection of data for expenditures in research and
development can differ between countries and this data is
therefore noisy. The available data is also limited for this var-
iable and patent applications is a commonly used proxy for
technology (Ahmed et al. 2016). To measure the effects of
trade on environmental degradation, we use trade as share of
GDP (TRD) as a proxy. The variable is constructed as the sum
of exports and imports of goods and services measured as the
share of GDP. All data are extracted from the World
Development Indicator, WDI (World Bank 2017c). As a
proxy for the institutional quality in a country, we use the
Freedom House (2017a) political rights index and the civil
liberties index (INS).3

Descriptive statistics

Table 1 presents the descriptive statistics of the dependent and
the explanatory variables for the total sample of 74 countries
over a period of 19 years. In order to minimize the issue of
heteroscedasticity and to improve the comparability with pre-
vious studies, all variables except for INS are expressed in
natural logarithms, since INS is an index ranging from 1 to
13. Also, when using the natural logarithm on INS, it gets

further away from a normal distribution with skewness close
to − 2 and a high value for the kurtosis.

As we can see in Table 1, we have some excessive skew-
ness to the left for REN and CO2, however a range of ± 2 from
a normal distribution with skewness of 0 can be seen as ac-
ceptable. Further, we see some excessive kurtosis of 7.07 for
REN in comparison to a normal distribution with a kurtosis of
3. However, the other variables do not express any excessive
deviations from a normal distribution.

The correlations between all variables are shown in
Table 2. The value of all correlations between the explanatory
variables are way below 0.7, which we use as a rule of thumb
for stronger correlation. However, the correlation between
GDP and INS is 0.69, which might lead to problems with
multicollinearity when the variables are estimated in the same
model. Nevertheless, excluding one of the variables might
lead to omitted variable bias. Regarding the rest of the vari-
ables, we do not consider their correlations to be of any
concern.

Methodology and hypotheses

Model

The theoretical relationship between environmental degrada-
tion and economic growth is usually described as follows
(Grossman and Krueger 1991; Stern 2004):

GHGit ¼ αit þ β1GDPpcit þ β2GDPpc
2
it þ β3GDPpc

3
it

þ β4Zit þ εit; ð1Þ

where GHG refers to the greenhouse gas emissions, that is,
environmental degradation, GDPpc stands for income per
capita, and Z contains all other variables that might affect
environmental quality. The coefficient αit measures the aver-
age environmental pressure when income has no influence, β
refers to the direction and importance of the exogenous vari-
ables, and εit is the error term. Depending on the sign of the
different β parameters related to income, the EKC will adopt
different shapes (Álvarez-Herranz and Balsalobre Lorente
2016):

(i) If β1 =β2 =β3 =0, there will be either a flat pattern or no
relationship between environmental degradation and
income.

(ii) If β1 >0 and β2 =β3 = 0, there will be a monotonic in-
creasing relationship such that environmental degrada-
tion increases along with economic growth.

(iii) If β1 < 0 and β2 = β3 = 0, there will be a monotonic
decreasing relationship between environmental deterio-
ration and income.

3 In the political rights index, the functioning of the government, electoral
process, and political pluralism and participation are included. Associational
and organizational rights, personal autonomy and individual rights, freedom of
expression and belief, and the rule of law are included in the civil liberties
index. As the ideas about civil liberties and political rights constantly evolve
changes in the methodology are sometimesmade. However, when changes are
made, they are introduced gradually, so the comparability between the years
remain possible (Freedom House 2017b). We add up these indexes so that 13
is the highest level of institutional quality.
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(iv) If β1 > 0 and β2 < 0 and β3 = 0, we will see the classical
inverted U-shaped EKC.

(v) If β1 < 0 and β2 > 0 and β3 = 0, there will be a U-shaped
relationship between environmental degradation and
income.

(vi) If β1 > 0 and β2 < 0 and β3 > 0, there will be a cubic
polynomial or N-shaped relationship between environ-
mental deterioration and income.

(vii) If β1 < 0 and β2 > 0 and β3 < 0, there will be an
inverted, or opposite, N-shaped relationship between
environmental degradation and economic growth.

We estimated an empirical model consisting of a relation-
ship between CO2 emissions (CO2) and the following explan-
atory variables: income (GDP), renewable energy consump-
tion (REN), technological development (R&D), trade (TRD),
and institutional quality (INS). The model is given by

CO2it ¼ αþ β1GDPit þ β2GDP
2
it þ β3GDP

3
it þ β4RENit

þ β5R&Di t−1ð Þ þ β6TRDit þ β7INSit þ εit

ð2Þ
where i and t are indexes for country and time. All variables
except for INS are expressed in natural logarithms.We assume
that there is some delay before innovations are implemented in
a society. In accordance with previous literature (e.g., Álvarez

et al. 2015; Álvarez-Herranz and Balsalobre Lorente 2015)
we, therefore, choose to lag R&D. Popp (2012) argues that
patents not only measure the coming years’ innovative output,
but also measure the level of innovative activity in the country
today. As we want R&D to reflect both the innovative activity
level and innovative output in a country, we choose to lag
R&D by 1 year. Further, increasing the lag length would not
be possible without reducing our sample or imputing a lot of
units, due to missing data for the variable for years earlier than
1993.

Quantile regression

The statistical distribution of data often has an unequal varia-
tion and the relationship between the variables can therefore
change between the locations on the dependent variable’s con-
ditional distribution. Estimations based on the mean values,
such as pooled OLS, FEM, and REM, can therefore give
incorrect results (Cade and Noon 2003). Quantile regressions
evaluate the different points on the conditional distribution of
the dependent variable and can thereby provide a more com-
plete picture of the relationship between the variables (Cade
and Noon 2003). The motivation for panel quantile approach
is to capture the heterogeneous structure of the different in-
come groups and different market condition, as the pooled
OLS only consider the mean. We therefore chose to comple-
ment the pooled OLS and FEM with a quantile regression
analysis.

In quantile regressions, the conditional distribution of the
dependent variable is divided into different quantiles, where
the 50th quantile represent the median (Hübler 2017).
Therefore, quantile regressions are more robust to outliers
than estimation techniques referring to the mean. Hübler
(2017) also states that the differences between the median
and the mean can be large for variables such as CO2 and
GDP. Thus, quantile regression is an interesting approach to
the N-shaped EKC hypothesis, because of the possibilities to

Table 2 Pearson correlations

CO2 GDP REN R&D TRD INS

CO2 1.00 – – – – –

GDP 0.80 1.00 – – – –

REN − 0.56 − 0.26 1.00 – – –

R&D 0.46 0.38 − 0.22 1.00 – –

TRD 0.25 0.18 − 0.21 − 0.32 1.00 –

INS 0.43 0.69 0.19 0.18 0.05 1.00

Table 1 Descriptive statistics for
total sample Variable Mean Median Max Min Std. dev. Skewness Kurtosis N

CO2 1.42 1.74 3.23 − 1.97 1.08 − 1.00 3.42 1406

GDP 9.08 9.09 11.61 5.90 1.36 − 0.22 2.05 1406

REN 2.38 2.67 4.53 − 4.80 1.51 − 1.53 7.07 1406

R&D 7.48 7.43 13.17 1.61 2.04 0.39 3.17 1406

TRD 4.26 4.24 6.09 2.75 0.54 0.24 3.75 1406

INS 9.43 11.00 13.00 1.00 3.72 − 0.78 2.32 1406

All variables except for INS are expressed in natural logarithms in this table, and the following tables. All variables
expect INS are obtained from WDI (World Bank 2017c). The indexes used in INS are obtained from Freedom
House (2017a)

CO2 CO2 emissions measured in metric tons per capita, GDP GDP per capita measured in constant 2010 US
dollar, REN renewable energy consumption as a share of total energy consumption, R&D patent application from
residents and nonresidents, TRD the sum of exports and imports as share of GDP, INS the sum of a political rights
index and a civil liberties index minus 15

5852 Environ Sci Pollut Res (2018) 25:5848–5861



estimate different slopes for different quantiles. Given xi, the
conditional quantile of yi is expressed as

Qyit
τ jxitð Þ ¼ xτitβτ ð7Þ

where Qyit
τ jxitð Þ means the τth quantile of the dependent var-

iable, xτit is the vector of explanatory variables for each coun-
try i at year t for quantile τ, andβτ symbolizes the slopes of the
explanatory variable for quantile τ (Duan et al. 2016). To test
the robustness of our variables, we estimated regressions on a
balanced dataset and regressions where we excluded renew-
able energy consumption. We decided to estimate a model
which only included balanced data to control for our imputed
units. Further, we chose to estimate a model where we exclud-
ed renewable energy consumption, since the variable indirect-
ly could measure technological development in the field of
renewable energy.

Hypotheses

In accordance with the economic theories and empirical evi-
dence presented earlier in the paper, we formulated hypothe-
ses regarding the directions of the β-parameters. Table 3
shows the expected effect of each explanatory variable on
CO2.

In accordance with the theory of the N-shaped EKC, we
hypothesizedGDP to have a positive effect on CO2 emissions,
reflecting the increasing emissions in the early stages of
growth. GDP2 should show a negative effect indicating de-
creasing emissions beyond the first turning point, whileGDP3

should show a positive sign, as emissions once again increase
with income. We hypothesized that a higher share of renew-
able energy sources will reduce CO2 emissions, indicating a
negative sign of renewable energy. More efficient technology
or emission specific changes in processes should reduce emis-
sions and therefore we hypothesized technological develop-
ment to have a negative effect on CO2 emissions. In accor-
dance with the pollution haven hypothesis, we hypothesized
that trade will lead to increasing emissions for the middle-
income countries, especially for the lower-middle-income
countries, and decreasing emissions for high-income coun-
tries. Finally, we hypothesized institutional quality to have a

negative effect on CO2 emissions, as institutions should be
important components for reducing emissions.

Results and discussions

Preliminary checkups

According to the VIF test, presented in Table 14 (see
Appendix 2), no multicollinearity exists in our model. All
VIF values are below 5, with the highest value of 3.123, indi-
cating that there is no problem with multicollinearity. The
results from the panel data unit root tests are presented in
Table 4. The table shows the results from the Fisher PP-
statistics (Maddala and Wu 1999) and the LLC-statistics (
Levin et al. 2002). All tests were estimated both with a con-
stant and a trend. Rejection of the null hypothesis indicates
that the series are stationary.

The tests show that all series are I(0) stationary. However,
as can be seen in the table, only the PP-statistics rejects the
null hypothesis for the CO2 series, while only the LLC-
statistics rejects the null hypothesis for the GDP series.
Since we perform these tests to check the statistical properties
of the series, rather than deciding between using the variables
in level or first difference, the different results between the PP-
and LLC-statistics for CO2 and GDP are of less importance.
We proceeded by estimating the pooled OLS, FEM, and the
quantile regressions in level.

Table 4 Panel data unit root tests

Level
Variable Fisher PP-statistic LLC-statistic

CO2 177.621** − 0.718
GDP 77.757 − 17.182***
REN 231.783*** − 4.684***
R&D 258.250*** − 9.618***
TRD 197.093*** − 7.029***
INS 177.976*** − 4.942***

***, **, and * indicate significant p values at the 1, 5, and 10% level,
respectively. Both a constant and a trend were used in the tests

Table 3 Hypotheses
Explanatory variable Effect on CO2 emissions per capita

GDP +

GDP2 −
GDP3 +

REN −
R&D −
TRD + for middle-income countries, − for high-income countries

INS −

Environ Sci Pollut Res (2018) 25:5848–5861 5853



Pooled OLS, fixed effects model, and quantile model

The results from the pooled OLS estimations and the FEM
estimations for the unbalanced panels are presented in Table 5.
The FEM estimations are fixed both over the individuals and
the time period. We also present the p values from the
Hausman tests in the table. Estimations (1) and (5) show the
results for the total sample, estimations (2) and (6) cover the
lower-middle-income countries, estimations (3) and (7) show
the results for the upper-middle-income countries, and estima-
tions (4) and (8) cover the high-income countries. The results
from the quantile regressions for the total sample and for the
different classifications are presented in Tables 6, 7, 8, and 9.
Table 10 summarizes the results from all quantile regressions.
Table 10 shows that the quantile regression results regarding
the relationship between income and environmental degrada-
tion are inconclusive. The N-shaped EKC is found in half of
the regressions, but some results also indicate that the relation-
ship might have the shape of an inverted N.

Discussion

According to our hypothesis and the theoretical framework, an
N-shaped relationship between income and environmental
degradation should be expected in the estimations. However,

as seen in Tables 5, 6, 7, 8, 9, and 10, the results are incon-
clusive both between classifications and between the different
methods used. The pooled OLS estimations confirm our hy-
pothesis of an N-shaped EKC for the total sample, lower-
middle-income countries, and high-income countries.
However, when estimating the regressions with FEM, no N-
shaped relationship is found for any of the classifications.
Instead, the high-income countries show an inverted N-
shaped relationship. This is in contrast to the results of
Álvarez-Herranz and Balsalobre Lorente (2015, 2016) where
estimations with FEM generates the expected N-shaped EKC.
Even though the pooled OLS is chosen as the main method in
this paper according to the Hausman tests, the results from
estimations with FEM should still be consistent and need to
be analyzed. Since the N-shaped curve is found when using
the pooled OLS estimator, but not when using FEM, it is
possible that the heterogeneity eliminates the N-shaped
EKC. Observable individual specific effects that are constant
over time cannot be separated from non-observable individual
specific effects when using FEM. Some effects ofGDPmight
therefore be captured in the individual intercept, eliminating
the N-shaped EKC. For example, being a rich and highly
educated country, which should be correlated to GDP, might
be included in the individual intercept if this is a factor that is
constant over time.

Table 5 Results from pooled OLS and FEM estimations

Pooled OLS estimator Fixed effects model

Explanatory
variables

(1) Total
sample

(2) LMIC (3) UMIC (4) HIC (5) Total
sample

(6) LMIC (7) UMIC (8) HIC

GDP 4.319***
(1.159)

31.136***
(11.025)

− 15.357
(21.846)

17.924*
(10.162)

− 0.014
(1.116)

9.872 (16.649) 1.903 (10.655) − 15.913**
(7.720)

GDP2 − 0.361***
(0.134)

− 4.457***
(1.551)

2.005 (2.664) − 1.737*
(1.008)

0.109 (0.131) − 1.394
(2.360)

− 0.149
(1.270)

1.666**
(0.780)

GDP3 0.011**
(0,005)

0.214***
(0.072)

− 0.085
(0.108)

0.057* (0.033) − 0.006
(0.005)

0.069 (0.111) 0.005 (0.050) − 0.057**
(0.026)

REN − 0.230***
(0.011)

− 0.533***
(0.014)

− 0.278***
(0.023)

− 0.172***
(0.014)

− 0.257***
(0.013)

− 0.529***
(0.074)

− 0.229***
(0.022)

− 0.185***
(0.016)

R&D 0.102***
(0.008)

0.186***
(0.010)

0.143***
(0.016)

0.027***
(0.009)

0.068***
(0.009)

0.120***
(0.037)

0.082***
(0.012)

0.004 (0.013)

TRD 0.284***
(0.027)

0.236***
(0.041)

0.522***
(0.044)

0.046 (0.032) 0.116***
(0.022)

0.135 (0.091) 0.123***
(0.036)

0.084**
(0.039)

INS 0.019***
(0.006)

− 0.010*
(0.006)

0.023**
(0.010)

0.042***
(0.009)

0.005 (0.004) 0.002 (0.013) 0.008**
(0.004)

0.000 (0.009)

Intercept − 17.444 − 73.461 36.260 − 61.033 − 3.101 − 24.385 − 7.956 51.741

Hausman – – – – 0.342 0.827 0.617 0.372

Observations 1406 323 380 703 1406 323 380 703

Countries 74 17 20 37 74 17 20 37

R2 0.816 0.920 0.617 0.504 0.989 0.987 0.980 0.960

Adjusted R2 0.815 0.919 0.610 0.499 0.988 0.985 0.978 0.956

LMIC lower-middle-income countries, UMIC upper-middle-income countries, HIC high-income countries

***, **, and * indicate significant p values at the 1, 5, and 10 % level, respectively. Standard errors are presented in the parentheses
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The results from the quantile regressions are also inconclu-
sive. None of Tables 6, 7, 8, 9, and 10 show uniform results for
any of the classifications regarding the relationship between
income and environmental degradation. Even though the
pooled OLS showed an N-shaped EKC for the total sample,
lower-middle-income countries, and high-income countries,
only some of the quantiles confirm these results. These incon-
clusive results might depend on heterogeneity between and
within these income groups. A further breakdown of the in-
cluded countries and their specific characteristics, such as en-
vironmental laws and composition of industries, might

therefore be needed to fully understand why the N-shaped
EKC is only apparent in some of the quantiles.

One interesting finding is that upper-middle-income coun-
tries differ from the other classifications regarding the rela-
tionship between income and CO2 emissions. In contrast to
the other groups of countries, none of the methods generated
an N-shaped EKC in any estimation for the upper-middle-
income countries. In fact, some of the quantiles instead show
an opposite N-shaped EKC. This indicates that economic
growth initially will improve environmental quality up to a
certain income level where the relationship instead will be

Table 7 Results from quantile regression for lower-middle-income countries

Explanatory
variables

10th 20th 30th 40th 50th 60th 70th 80th 90th 95th

GDP 40.733*
(22.708)

37.528**
(18.940)

33.957**
(14.890)

31.983***
(12.110)

31.701**
(13.582)

9.085
(19.349)

15.229
(17.187)

11.520
(13.825)

25.203
(18.766)

17.236
(21.340)

GDP2 − 5.796*
(3.124)

− 5.305**
(2.611)

− 4.796**
(2.063)

− 4.498***
(1.692)

− 4.485**
(1.906)

− 1.451
(2.737)

− 2.109
(2.392)

− 1.585
(1.923)

− 3.553
(2.668)

− 2.512
(3.052)

GDP3 0.276*
(0.143)

0.251**
(0.119)

0.227**
(0.095)

0.212***
(0.078)

0.213**
(0.089)

0.078
(0.129)

0.099
(0.111)

0.074
(0.089)

0.168
(0.126)

0.123
(0.145)

REN − 0.524***
(0.025)

− 0.505***
(0.029)

− 0.481***
(0.022)

− 0.484***
(0.015)

− 0.493***
(0.015)

− 0.481***
(0.018)

− 0.514***
(0.022)

− 0.533***
(0.019)

− 0.525***
(0.019)

− 0.608***
(0.092)

R&D 0.201***
(0.021)

0.209***
(0.022)

0.236***
(0.012)

0.229***
(0.013)

0.225***
(0.014)

0.217***
(0.018)

0.162***
(0.017)

0.159***
(0.017)

0.159***
(0.020)

0.157***
(0.018)

TRD 0.256***
(0.071)

0.273***
(0.068)

0.241***
(0.061)

0.234***
(0.058)

0.199***
(0.063)

0.069
(0.064)

0.149**
(0.062)

0.197***
(0.040)

0.227***
(0.038)

0.194***
(0.072)

INS − 0.042***
(0.007)

− 0.038***
(0.007)

− 0.036***
(0.007)

− 0.042***
(0.007)

− 0.045***
(0.008)

− 0.039***
(0.012)

− 0.005
(0.014)

0.011*
(0.007)

0.019***
(0.006)

0.015
(0.016)

Intercept − 96.551 − 89.853 − 81.654 − 77.106 − 75.730 − 19.260 − 37.220 − 28.480 − 60.130 − 39.387

***, **, and * indicate significant p values at the 1, 5, and 10% level, respectively. The standard errors, presented in the parentheses, are obtained with a
bootstrap of 500

Table 6 Results from quantile regression for the total sample

Explanatory
variables

10th 20th 30th 40th 50th 60th 70th 80th 90th 95th

GDP − 1.790
(1.667)

− 6.581***
(1.614)

− 4.043***
(1.400)

1.052
(1.743)

5.545***
(1.148)

4.945***
(1.478)

4.109***
(1.114)

6.470***
(1.551)

4.223
(3.485)

0.158
(0.486)

GDP2 0.385**
(0.185)

0.940***
(0.179)

0.641***
(0.163)

0.047
(0.205)

− 0.500***
(0.135)

− 0.461***
(0.167)

− 0.373***
(0.130)

− 0.623***
(0.173)

− 0.356
(0.374)

0.067
(0.056)

GDP3 − 0.019***
(0.007)

− 0.040***
(0.007)

− 0.028***
(0.006)

− 0.006
(0.008)

0.016***
(0.005)

0.015**
(0.006)

0.012**
(0.005)

0.021***
(0.006)

0.011
(0.013)

− 0.004**
(0.002)

REN − 0.206***
(0.009)

− 0.158***
(0.012)

− 0.148***
(0.010)

− 0.154***
(0.011)

− 0.185***
(0.017)

− 0.270***
(0.017)

− 0.297***
(0.018)

− 0.293***
(0.009)

− 0.256***
(0.015)

− 0.253***
(0.006)

R&D 0.068***
(0.006)

0.073***
(0.009)

0.087***
(0.007)

0.089***
(0.008)

0.099***
(0.009)

0.116***
(0.008)

0.110***
(0.010)

0.107***
(0.008)

0.081***
(0.013)

0.069***
(0.006)

TRD 0.302***
(0.022)

0.368***
(0.035)

0.355***
(0.017)

0.314***
(0.024)

0.345***
(0.023)

0.308***
(0.030)

0.242***
(0.038)

0.233***
(0.030)

0.219***
(0.040)

0.269***
(0.016)

INS 0.022***
(0.007)

− 0.005
(0.008)

− 0.011**
(0.005)

− 0.004
(0.006)

0.006
(0.004)

0.027***
(0.005)

0.029***
(0.008)

0.017***
(0.006)

0.021*
(0.012)

0.043***
(0.003)

Intercept − 1.931 11.565 4.615 − 9.356 − 21.387 − 18.532 − 15.423 − 22.427 − 15.802 − 2.775

***, **, and * indicate significant p values at the 1, 5, and 10% level, respectively. The standard errors, presented in the parentheses, are obtained with a
bootstrap of 500
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positive before it ones again becomes negative. This is an
interesting finding that is difficult to explain. Possibly, it could
be a consequence of a high-energy efficiency, compensating
for the increased emissions caused by the scale effect. Further,
it could also be a consequence of a growing amount of foreign
direct investment and multinational companies operating in
these countries, leading to an inflow of technology from more
developed countries. Improvements in the countries’ techno-
logical frontiers could thereby outpace the scale effect, caus-
ing a negative effect of GDP on CO2. However, in most

quantiles for the upper-middle-income countries, no signifi-
cant relationship is found.

The inconclusive results suggest that the EKC relationship
should be studied with carefulness. It is common in the re-
search field to only use mean regressions as method, which
might generate non-representative results for many of the
countries included in the sample. When using quantile regres-
sions, we see that the relationship between income and envi-
ronment widely differs between quantiles. These results are in
line with those of Duan et al. (2016), You et al. (2015), and

Table 9 Results from quantile regression for high-income countries

Explanatory
variables

10th 20th 30th 40th 50th 60th 70th 80th 90th 95th

GDP 99.187**
(44.082)

− 7.424
(47.173)

38.070*
(19.701)

31.216*
(16.572)

15.636
(15.596)

32.518**
(14.150)

46.389***
(8.835)

7.975
(35.73-
5)

1.845
(40.72-
4)

− 0.776
(50.320)

GDP2 − 9.337**
(4.360)

0.956
(4.775)

− 3.698*
(1.935)

− 3.022*
(1.624)

-1.486
(1.538)

− 3.206**
(1.413)

− 4.692***
(0.883)

− 0.863
(3.585)

− 0.222
(4.090)

0.095
(4.848)

GDP3 0.293**
(0.143)

− 0.038
(0.161)

0.121*
(0.063)

0.098*
(0.053)

0.048
(0.050)

0.106**
(0.047)

0.159***
(0.029)

0.032
(0.119)

0.010
(0.136)

− 0.003
(0.155)

REN − 0.220***
(0.021)

− 0.187***
(0.025)

− 0.166***
(0.020)

− 0.151***
(0.014)

− 0.136***
(0.014)

− 0.123***
(0.016)

− 0.121***
(0.021)

− 0.168**
(0.073)

− 0.152**
(0.076)

− 0.186***
(0.049)

R&D − 0.030
(0.019)

0.004
(0.016)

0.011
(0.011)

0.010
(0.008)

0.014*
(0.008)

0.007
(0.008)

0.036**
(0.019)

0.064***
(0.017)

0.075***
(0.016)

0.059**
(0.026)

TRD 0.029
(0.031)

0.040
(0.079)

0.016
(0.046)

0.027
(0.035)

0.020
(0.037)

0.020
(0.035)

− 0.041
(0.063)

0.023
(0.070)

0.135
(0.083)

0.193*
(0.101)

INS 0.068***
(0.011)

0.046**
(0.021)

0.019
(0.013)

0.014
(0.009)

0.009
(0.009)

0.008
(0.010)

0.007
(0.013)

0.039
(0.045)

0.046
(0.046)

0.087
(0.033)

Intercept − 349.324 17.970 − 129.645 − 106.494 − 53.791 − 108.620 − 151.146 − 23.937 − 4.682 2.350

***, **, and * indicate significant p values at the 1, 5, and 10% level, respectively. The standard errors, presented in the parentheses, are obtained with a
bootstrap of 500

Table 8 Results from quantile regression for upper-middle-income countries

Explanatory
variables

10th 20th 30th 40th 50th 60th 70th 80th 90th 95th

GDP 43.444*
(24.478)

13.616
(24.351)

9.607
(26.289)

− 16.357
(34.620)

− 31.844
(28.634)

− 74.154**
(30.883)

− 92.891**
(35.934)

− 59.712*
(34.981)

33.700
(37.743)

4.165
(44.630)

GDP2 − 5.101*
(2.999)

− 1.531
(2.988)

− 1.035
(3.219)

1.974
(4.202)

3.930
(3.446)

8.987**
(3.685)

11.238***
(4.287)

7.137*
(4.218)

− 4.201
(4.568)

− 0.395
(5.695)

GDP3 0.201
(0.122)

0.059
(0.122)

0.039
(0.131)

− 0.077
(0.169)

− 0.159
(0.138)

− 0.360**
(0.146)

− 0.451***
(0.170)

− 0.282*
(0.169)

0.174
(0.183)

0.013
(0.240)

REN − 0.158***
(0.028)

− 0.241***
(0.040)

− 0.288***
(0.036)

− 0.345***
(0.035)

− 0.396***
(0.032)

− 0.377***
(0.033)

− 0.386***
(0.035)

− 0.364***
(0.038)

− 0.323***
(0.045)

− 0.315***
(0.099)

R&D 0.151***
(0.052)

0.166***
(0.030)

0.145***
(0.024)

0.133***
(0.044)

0.178***
(0.017)

0.168***
(0.016)

0.177***
(0.015)

0.168***
(0.016)

0.157***
(0.017)

0.078
(0.098)

TRD 0.543***
(0.049)

0.468***
(0.045)

0.468***
(0.039)

0.509***
(0.056)

0.531***
(0.061)

0.560***
(0.060)

0.566***
(0.056)

0.603***
(0.062)

0.689***
(0.112)

0.222
(0.725)

INS − 0.022
(0.024)

− 0.013
0.019)

− 0.022
(0.016)

− 0.003
(0.018)

0.015
(0.012)

0.027***
(0.009)

0.038***
(0.008)

0.045***
(0.011)

0.083***
(0.013)

0.052
(0.053)

Intercept − 126.169 − 42.745 − 31.635 42.640 83.154 200.904 252.829 163.612 − 91.701 − 13.728

***, **, and * indicate significant p values at the 1, 5, and 10% level, respectively. The standard errors, presented in the parentheses, are obtained with a
bootstrap of 500
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Zhang et al. (2016) where the shape of the EKC also is incon-
clusive when using quantile regressions. Policy implications
which are only based on results from mean regressions might
therefore be ineffective. Further, a large part of the existing
literature on the EKC omit the cubic relationship in their esti-
mations and thereby ignore the possibility of an N-shaped
EKC. In this paper, the inverted U-shaped relationship, con-
firmed in several previous studies, is only found in the 10th
quantile for upper-middle-income countries. Thus, this is the
only regression in our study that supports the original EKC
hypothesis. Omitting the cubic relationship might therefore
lead us to erroneously support the inverted U-shaped EKC
hypothesis.

Another possible explanation for the inconclusive results
might be that the relationship between income and environ-
mental degradation is more complex than our methodology
allows us to examine. The relationship might have a function-
al form other than those that are possible to capture by the
model applied in this paper. Therefore, the estimationmethods
need to be further developed to test for other more complicat-
ed relationships. For example, we do not test for a non-
monotonic increasing or decreasing relationship, like a cubic
function with saddle point, which could be a possible shape of
the relationship.

According to the theoretical framework and our hypothe-
ses, the share of renewable energy in total energy consumption
should have a negative effect on CO2 emissions. This hypoth-
esis is supported by all estimations, both with the pooled OLS
estimator, FEM, and quantile regressions. The results are also
robust to the sensitivity analysis and are highly significant in
all income groups. The robustness of this variable shows that
the substitution to renewable energy is an important aspect in
reducing the environmental degradation. These results are also

in line with the findings in the previous literature (López-
Menéndez et al. 2014; Shafiei and Salim 2014; Álvarez-
Herranz and Balsalobre Lorente 2015, 2016; Al-Mulali et al.
2016). When we excluded renewable energy in the sensitivity
analysis, the N-shaped EKC was no longer apparent for the
total sample and lower-middle-income countries. This sug-
gests that increasing the share of renewable energy is crucial
in order to achieve a negative relationship between income
and environmental degradation in the first place. However,
the share of renewable energy cannot exceed 100%, which
might be the reason for the second turning point of the EKC.
Environmental deterioration does not only come from the use
of energy, but also from other factors such as the destruction of
natural resources, for example, deforestation, as well as the
industrial process. When the share of renewable energy is
already filled, further increases in incomemight therefore lead
to increased pollution levels along with the scale effect.

It was hypothesized that technological development would
have a negative effect on CO2 emissions because of greener
and more efficient technologies. However, in contrast to our
hypothesis, the results show a positive effect of technological
development on environmental degradation. Yet, the relation-
ship is insignificant in most estimations for the high-income-
countries. The results are inconsistent with those of Álvarez
et al. (2015), Ahmed et al. (2016), and Álvarez-Herranz and
Balsalobre Lorente (2015, 2016), where the effect was nega-
tive. However, their studies were conducted on OCED
countries and European countries, which are more
developed than parts of our sample. Further, Álvarez et al.
(2015) and Álvarez-Herranz and Balsalobre Lorente (2015,
2016) used energy RD&D as a proxy instead of patents. A
possible reason behind the positive effect of technological
development is that our proxy includes all patents and not only
patents linked to cleaner technologies. Therefore, we include
technological development with all characteristics, where
some lead to less pollution and some lead to more.

As stated above, the effect of technological development
on CO2 emissions is inconclusive for the high-income coun-
tries. The insignificant results shown in several quantiles and
in the pooled OLS might depend on the share of environmen-
tally related patents in these countries. It is possible that tech-
nological development might have a negative effect on CO2

emissions in some of the countries if these invest more in
developing greener technologies than others. This heteroge-
neity could be a reason behind the insignificant effect in some
of the estimations. It should also be noted that the positive
effect of technological development decreases as we move
from the lower income groups to the higher. This can indicate
that as a country develops, their share of green patents will rise
and thereby decrease the positive effect on CO2 emissions. In
the sensitivity analysis, where renewable energy was exclud-
ed, technological development still has a positive effect on
CO2 emissions, even if the impact of the variable is slightly

Table 10 Summary of the quantile regression estimations

Total sample LMIC UMIC HIC

Quantile L M H L M H L M H L M H

GDP − + + + + / / / − + + /

GDP2 + − − − − / / / + − − /

GDP3 − + + + + / / / − + + /

REN − − − − − − − − − − − −
R&D + + + + + + + + + / / +

TRD + + + + + + + + + / / /

INS / / + − − + / / + + / /

+means that the variable has a significant positive effect on CO2 emission
for at least two out of three quantiles, −means that that the variable has a
significant negative effect on CO2 emission for at least two out of three
quantiles, and / means that no significant or uniform effect could be found

L lower quantiles, the 10th, 20th, and 30th quantile; M middle quantiles,
40th, 50th, and 60th quantiles; H for higher quantiles, 70th, 80th, 90th,
and 95th quantiles
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changed. This implies that even if renewable energy captures
some of the effect of technological development on CO2 emis-
sions, the change in technological development is not crucial.

According to our hypotheses trade would be positive for
middle-income countries but negative for high-income coun-
tries. However, previous literature is quite inconsistent for this
variable. For example, Lee et al. (2009) find evidence for the
PHH, while You et al. (2015) do not find any significant re-
sults for the variable. In contrast to these studies, our results
show a positive effect of trade on environmental degradation
for all classifications when using pooled OLS, FEM, and
quantile regressions. However, the variable is not significant
for the high-income countries when using pooled OLS or in
any of the quantiles. The insignificant effect indicates that
trade might have both positive and negative effects on CO2

emissions in the high-income countries.We argue that increas-
ing transportation, as a consequence of trade, might be one
reason for the positive relationship. However, in the high-
income countries, this positive effect on CO2 emissions might
be in conflict with a negative effect. When countries engage in
trade, the distribution of industries change as richer countries
can move their production to countries with lower costs and
thereby shift their production to the service sector. This will
result in a reduction in CO2 emissions in high-income coun-
tries. The reduction might be large enough to compensate for
the increased CO2 emissions coming from transportation and
the scale effect. Therefore, our results neither confirm nor
reject the PHH.

The results for our last variable, institutional quality, is
inconclusive. Most regressions show a positive effect of insti-
tutional quality on CO2 emissions, in contrast to our hypoth-
esis. However, this might be a consequence of the correlation
between institutional quality and GDP being 0.69. The expect-
ed negative effect on CO2 emissions is only confirmed in a
few estimations: in the 10th to 60th quantile and the pooled
OLS for the lower-middle-income countries, and in the 30th
quantile for the total sample. Thus, one conclusion that can be
drawn from our results is that institutional quality is most
important for the lower-middle-income countries, especially
for countries with lower pollution levels. A reason might be
that less-developed countries often have worse political rights
and civil liberties. If a country already has well-developed
political rights and civil liberties, an increase in any of these
variables might not affect the country as much. Improved
institutions in, for example, high-income countries might
therefore not have any direct impact on the environment, un-
less the institution is directly connected to environmental
quality. However, these findings are in contrast to the results
of Zhang et al. (2016), who observed a negative effect of
democracy on CO2 emissions in the 90th to 95th quantiles
and that corruption improves environmental quality in the
lower quantiles. Further, our results are also inconsistent with
those of Panayotou (1997), Torras and Boyce (1998), Leitão

(2010), and Al-Mulali and Ozturk (2015), which all find that
institutional quality has a negative effect on environmental
degradation. However, when estimating their models, they
used other proxies for institutional quality, which might ex-
plain the differences in results.

One reason behind the inconclusive results for institutional
quality, both within this study and in comparison to previous
literature, could be that the methodology for creating the in-
dexes changes with the ideas about political rights and civil
liberties. The indexes might therefore not fully reflect the im-
pact of a change in one country’s institutions, when the com-
mon ideas in the world change in the same direction. Further,
for many countries, the index does not change over the time
period. This is the case for many high-income countries which
have the highest level of institutional quality, according to this
index, for all the measured years. It should be added that the
results regarding the effect of institutional quality on CO2

emissions are not robust in the sensitivity analysis. The effect
is negative for the total sample and lower-middle-income
countries in the estimations on the balanced panels. Further,
it is negative in all estimations except for upper-middle-
income countries when excluding renewable energy. It is
therefore possible that the variable for renewable energy cap-
tures some of the effect of environmental connected institu-
tions, which otherwise might be included in institutional
quality.

Conclusions and policy implications

Using a pooled OLS estimator, we find evidence for an N-
shaped relationship between income per capita and CO2 emis-
sions for lower-middle-income countries, high-income coun-
tries, and the total sample. These results support our hypoth-
esis of an N-shaped EKC. However, no significant relation-
ship is found for the upper-middle-income countries. When
using quantile regressions, the N-shaped EKC is only found in
some of the quantiles for lower-middle-income countries,
high-income countries, and the total sample, but not in any
of the quantiles for the upper-middle-income countries. Even
though the majority of the statistically significant results show
anN-shaped EKC, the results are heterogeneous and no strong
conclusions can be drawn regarding the shape of the EKC.

The inconclusive results might be a consequence of hetero-
geneity across and within the income groups of countries.
Further breakdowns of the countries could therefore help ex-
plain the relationship between income and environmental deg-
radation and why it differs between the classifications. The
results show that the upper-middle-income countries deviate
from the other income groups and no single estimation or
quantile show an N-shaped EKC. A further investigation of
these countries’ characteristics would therefore be needed to
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understand what factors that distinguish this income group
from the others.

To increase the share of renewable energy is a determining
factor in reducing CO2 emissions. This is confirmed in all
estimations for all classifications and the results are highly
significant. These results indicate that it is important to en-
courage substitution to greener energy in order to combat cli-
mate change. In contrast to our hypothesis, the results suggest
that technologic development increases CO2 emissions.
However, we argue that this is because our variable measures
all advances in technology and not only those related to envi-
ronmental improvements. The quantile regressions generate
inconclusive results for the high-income countries, which
could be a consequence of some countries having a higher
share of energy related RD&D. This could explain why the
effect is statistically insignificant in several quantiles and in-
dicates that increases in energy innovation reduces CO2

emissions.
According to our results, trade has a positive effect on CO2

emissions for all classifications and methods used, but is not
significant for high-income countries. We argue that this pos-
itive effect occurs as a result of increased transportation. The
insignificant effect for the high-income countries indicates
that trade might both have positive and negative effects in
these countries. Even though our results do not support the
PHH, they neither reject it. When it comes to institutional
quality, our results only show the expected negative effect
on CO2 emissions for lower-middle-income countries in the
lower quantiles. This indicates that improvements in institu-
tional quality is most important for these countries. However,
these results are not consistent with the results from our sen-
sitivity analysis, indicating that the indexes do not fully reflect
the impact of change in institutional quality. It would therefore
be interesting to investigate if the results for institutional qual-
ity would be the same when using other indexes.

Based on our findings, it is clear that policies need to be
designed individually for each country, depending on their
income level and intensity of CO2 emissions. There is no
policy that will fit every country, since the relationship of
CO2 emissions with income, renewable energy, technological
development, trade, and institutional quality differs with coun-
try income classifications and quantiles. Our most important
policy suggestion is to implement more policies that promote
the substitution to renewable energy. Policies promoting tech-
nologies with less-polluting characteristics should also be im-
plemented; this is especially important for middle-income
countries. For lower-middle-income countries, it is also im-
portant to implement policies that increase the institutional
quality, in terms of political rights and civil liberties.

The inconclusive results in this study regarding the shape
of the EKC suggest that further research is needed to fully
understand the pollution-income relationship. The relation-
ship might have a functional form that cannot be captured

by the empirical model applied in this paper. Therefore, fur-
ther research should apply models which consider other pos-
sible shapes than those normally examined in EKC-studies. It
is important to further investigate the relationship between
income and environmental degradation in order to combat
climate change and to reach a sustainable economic
development.
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Appendix 1

Table 11 Country classification

Lower-middle-income
countries

Upper-middle-income
countries

High-income
countries

Armenia
Bangladesh
Egypt, Arab Republic
Guatemala
India
Indonesia
Kenya
Mongolia
Pakistan
Philippines
Sri Lanka
Tajikistan
Tunisia
Ukraine
Uzbekistan
Vietnam
Zambia

Algeria
Argentina
Belarus
Brazil
Bulgaria
China
Colombia
Ecuador
Georgia
Iran, Islamic Republic
Kazakhstan
Macedonia, FYR
Malaysia
Mexico
Peru
Romania
Russian Federation
South Africa
Thailand
Turkey

Australia
Austria
Belgium
Canada
Chile
Croatia
Czech Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Iceland
Ireland
Israel
Japan
Korea, Republic
Latvia
Lithuania
Luxembourg
Netherlands
New Zealand
Norway
Poland
Portugal
Saudi Arabia
Singapore
Slovak Republic
Slovenia
Spain
Sweden
Switzerland
UK
USA
Uruguay
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Appendix 2

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

Table 12 Balanced data pooled
OLS Explanatory

variables
Total sample Lower MIC Upper MIC HIC

GDP 5.745*** (1.345) 49.580***
(13.251)

6.677 (19.232) 43.649***
(14.606)

GDP2 − 0.515***
(0.153)

− 6.752*** (1.821) − 0.576 (2.344) − 4.201*** (1.431)

GDP3 0.016*** (0.006) 0.309*** (0.083) 0.015 (0.095) 0.135*** (0.047)

REN − 0.258***
(0.012)

− 0.478*** (0.017) − 0.411***
(0.025)

− 0.142*** (0.016)

R&D 0.077*** (0.008) 0.217*** (0.013) 0.110*** (0.014) 0.057*** (0.010)

TRD 0.262*** (0.030) − 0.122** (0.053) 0.371*** (0.040) 0.151*** (0.043)

INS − 0.011* (0.006) − 0.062*** (0.008) 0.037*** (0.009) − 0.006 (0.026)

Intercept − 21.290 − 121.340 52.416 − 150.600
Observations 1045 171 323 551

Countries 55 9 17 29

R2 0.820 0.956 0.692 0.527

Adjusted R2 0.819 0.954 0.685 0.521

***, **, and * indicate significant p values at the 1, 5, and 10% level, respectively. Standard errors are presented in
the parentheses

Table 13 Pooled OLS when
excluding REN Explanatory

variables
Total sample Lower MIC Upper MIC HIC

GDP 1.574 (1.333) 28.976 (25.769) − 17.185
(25.607)

32.389***
(11.145)

GDP2 0.010 (0.153) − 4.011 (3.625) 2.413 (3.123) − 3.109*** (1.106)

GDP3 − 0.005 (0.006) 0.189 (0.169) − 0.107 (0.127) 0.100*** (0.036)

R&D 0.128*** (0.009) 0.297*** (0.023) 0.083*** (0.018) 0.069*** (0.009)

TRD 0.414*** (0.030) 0.575*** (0.093) 0.565*** (0.051) 0.157*** (0.034)

INST − 0.043***
(0.005)

− 0.057***
(0.014)

− 0.054 (0.009) − 0.044*** (0.007)

Intercept − 12.274 − 75.068 36.283 − 111.836
Observations 1406 323 380 703

Countries 74 17 20 37

R2 0.754 0.563 0.472 0.394

Adjusted R2 0.753 0.555 0.464 0.389

***, **, and * indicate significant p values at the 1, 5, and 10% level, respectively. Standard errors are presented in
the parentheses

Table 14 VIF test
Variables VIF

GDP 3.123

REN 1.554

R&D 1.536

TRD 1.368

INS 2.655
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