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Abstract: Considering the necessity of achieving economic development by keeping the quality of
the environment, the aim of this paper is to study the impact of economic growth on GHG emissions
in a sample of Central and Eastern European (CEE) countries (V4 countries, Bulgaria and Romania)
in the period of 1996–2019. In the context of dynamic ARDL panel and environmental Kuznets curve
(EKC), the relationship between GHG and GDP is N-shaped. A U-shaped relationship was obtained
in the renewable Kuznets curve (RKC). Energy consumption, domestic credit to the private sector,
and labor productivity contribute to pollution, while renewable energy consumption reduces the
GHG emissions. However, more efforts are required for promoting renewable energy in the analyzed
countries.

Keywords: economic growth; GHG emissions; EKC; RKC; energy consumption

1. Introduction

In general terms, economic growth reveals the growth of the production of goods
and services over a certain period. The connection between economic development and
environmental quality is related to sustainable development goals, since economic activities
could enhance pollution that is a barrier on the path to sustainable development [1].
Environmental degradation represents a serious health risk with negative effects on the
ecosystem [2]. A non-linear and U-inversely shaped connection between economic growth
and environment pollution based on environmental Kuznets curve was the subject of many
previous studies [3].

Most of the papers related to EKC focused on the description of CO2 emissions evolu-
tion with mixed results depending on the level of development and geographical areas [4].
However, the positive impact of energy consumption based on fossil fuels on pollution was
revealed in all the studies. Therefore, renewable energy consumption could be a solution
to improve environmental quality. In this context, our analysis is focused on traditional
EKC improved by adding other relevant predictors and RKC. The explanatory variables
in EKC also include domestic credit to the private sector, foreign direct investment and
labor productivity. Previous studies confirmed the role of renewable energy consumption
in supporting economic growth without environmental degradation [5–8]. Yao et al. [5]
and Paramati et al. [6] demonstrated the capacity of renewable energy consumption to
reduce CO2 emissions and promote sustainable development. A bidirectional causal nexus
between economic growth and renewable energy consumption was previously observed
by Tugcu et al. [7] and Apergis and Payne [8].

This type of analysis is necessary since the global GDP is expected to increase by
3% each year in the period 2014–2050, while energy consumption might grow by 50%
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from 2018 to 2050 [9]. This accelerate growth of energy consumption which contribute
to pollution is higher than GDP growth and suitable policies should be implemented to
ensure sustainable development. Our analysis focuses on few countries that joined the EU
starting in 2004 and 2007 where air pollution is an issue because of less investment for the
environmental protection. The level of economic development is similar since these states
belonged to the same communist bloc before 1989 and should make similar efforts for the
transition to a functional market economy.

Domestic credit to the private sector, labor productivity and foreign direct investment
also enhance environmental qualities in developing countries because of the poor poli-
cies that target economic growth without taking into account environmental challenges.
There are mixed studies related to the impact of FDI on pollution. For example, Marques
and Caetano [10] showed that FDI enhances CO2 emissions in middle-income countries,
while the high-income states that promote green technologies succeeded in reducing the
pollution through FDI. Various studies for China suggest the negative influence of FDI on
pollution [11–13]. For V4 countries, Bulgaria and Romania we expect to have a positive
influence of FDI on GHG emissions since green technologies were not enough promoted in
these developing countries.

Labor productivity might enhance pollution which requires sustainable policies to
support environmental protection. Simionescu et al. [14] suggested that labor productivity
growth increase the GHG emission on developed EU countries, while the evidence for
the EU new member states are mixed. For countries in our sample, the labor productivity
might positively affect HG emissions.

Domestic credit to the private sector should promote environmentally friendly projects.
The findings for 93 countries with various levels of development showed that loans from
banks are attributed with priority to those projects that support sustainable develop-
ment [15]. We expect to have a positive impact of domestic credit to the private sector
on GHG emission in the V4 countries, Romania and Bulgaria since there is not a legal
framework to support loans for environmentally friendly projects.

Most of the papers in this field used CO2 emissions as a proxy of pollution, but this
study employs GHG emissions covering the gap in the literature. The natural existence
of GHG emissions is vital for life and have the capacity to keep the Earth warmer. The
concentration of these gases in the air grew by 30% compared to pre-industrial period and
this fact might have effects for future society. The consequences of higher GHG emissions
are related to vegetation and hydrological disequilibrium because of changes in surface
precipitations and temperature.

Considering these environmental challenges, the aim of this research is to assess the
impact of economic development on GHG emissions in Czech Republic, Romania, Slovakia,
Bulgaria, Poland and Hungary in the period 1996–2019. Beside the revised EKC, the paper
proposed an analysis based on REK to support the hypothesis that renewable energy
consumption might replace the energy consumption based on traditional sources that have
negative environmental effects. The literature review provides evidence about the impact
of economic growth and other factors on GHG emissions in developing countries. After
methodology description and empirical results presentation, the last section of this paper
provides conclusions and recommendations for achieving sustainable development.

2. Literature Review

The economic growth–environment nexus is a major challenge for achieving sus-
tainable development goals, because the intense economic activities bring environmental
problems that negatively influence the sustainable development.

The relationship between pollution and economic growth has been the subject of
many papers because of global warming that determines social and economic effects. More
proxies were used to express environment pollution, the most known ones being CO2
emissions, GHG emissions, SO2, N2O, CH4, ecological footprint, biocapacity per capita.
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Our literature review focuses on EKC and RKC independent of indicator used to reflect
pollution.

The assumption stating that there is a bell-shaped pattern between income and envi-
ronmental pollution was first introduced by Grossman and Krueger [16]. This hypothesis
was checked in the context of NAFTA and an inverted-U shaped pattern was observed us-
ing empirical data. In other words, economic growth is harmful for the environment until a
certain income threshold, but after that, economic growth is beneficial for the environment.

Theoretical and empirical reasons are provided to explain the necessity for study-
ing EKC. For example, Grossman and Krueger [16] showed that structural, scale, and
technological effect could explain the connection between environmental pollution and
economic growth. The expansion of economic activities determines scale effect reflected in
more pollution. Structural changes of the economy generate structural effect. On the other
hand, the technological progress based on innovation and investment in R&D supposes
the use of less polluting technologies [17]. Environmental quality might be regarded as
a normal good [18] or a luxury good [19]. In this light, EKC is an effect of variations
in income elasticity in order to improve the environmental quality. The pollution has
negative an effect on people’s life quality which imposes suitable regulations and policies
in the environmental field. From this point of view, the weak regulations in developing
countries favor pollution enhancement [20], but more efforts in this direction could reduce
environmental degradation [21].

The theoretical models for EKC are static and dynamic. Static models employ pro-
duction functions [22] or utility functions [23]. Dynamic models are based on resource
distribution [24], tax policy [25], technological progress [26] and real options [27]. A partic-
ular dynamic model is Green Solow model, an extension of neoclassical growth model that
takes into account the environmental challenges in a Cobb–Douglas function. The Green
Solow model described by Brock and Taylor [28] explains the economic growth-pollution
nexus on descending returns and technological progress. This model was later improved
by flexible specifications (non-parametric and semi-parametric ones) [29].

The EKC hypothesis was checked using three classes of methods corresponding to
the type of data: time series models, panel data models, time and frequency domain like
wavelet analysis. In this paper, we analyze a group of countries in a certain period which
supposes panel data. This approach ensures control for individual heterogeneity and
better coefficients in terms of efficiency. Some papers employing panel data models for
developing countries are described focusing on proxy for environmental pollution and
main results. Regional studies at country level were not taken into account in this research,
since the empirical analysis is focused only on countries and not sub-regions of these.
Table 1 indicates only four proxies for pollution: CO2, GHG, SO2 and ecological footprint.

Table 1. Studies in the literature based on EKC for developing countries.

Dependent
Variable Countries Period

Results (Pattern of
Pollution-

Economic Growth
Nexus)

Method Authors

CO2
emissions

11 countries from
Central and

Eastern Europe
1996–2015 Monotonically

increasing

Cointegration
analysis (AMG,

MG,
MG-FMOLS)

Lazăr et al.
(2019) [30]

24 emerging
countries 2000–2017 U shape GMM

Hove and
Tursoy (2019)

[31]

69 countries
including

developing ones
2001–2011

Bell shape for low-
and middle-income

countries

Cointegration
analysis

(FMOLS)

Omri (2018)
[32]

45 countries
including

developing ones
1961–2013 Bell shape for

low-income states

Cointegration
analysis

(CUP-BC,
CUP-FM)

Ulucak and
Bilgili (2018)

[33]
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Table 1. Cont.

Dependent
Variable Countries Period

Results (Pattern of
Pollution-

Economic Growth
Nexus)

Method Authors

131 states,
including

developing ones
1960–2013 Bell shape quantile

regression
Kim et al.

(2019) [34]

151 states,
including low- and

middle-income
states

1980–2016 Bell shape
Fixed effects
and random

effects models
Alvarado et al.

(2018) [35]

8 OECD countries 1962–2015 Bell shape
CCEMG and
fixed effects

model
Isik et al. (2021)

[36]

BRICS countries 1995–2018 Bell shape
Cointegration

analysis
(AMG)

Akadırı et al.
(2021) [37]

152 emerging
economies 1980–2010 N-shaped Fixed effects

models
Özokcu and

Özdemir (2017)
[38]

14 countries from
Latin America

including
developing
countries

1980–2010

Bell shape for the
first quartiles in

case of developing
countries

Fixed effects
and random

effects models
Albulescu et al.

(2019) [39]

12 Middle East
countries 1990–2008 U-shape

Cointegration
analysis

(FMOLS)

Ozcan (2013)
[40]

BRIC countries 1980–2007 Bell shape Cointegration
analysis

Pao and Tsai
(2011) [41]

12 MENA states 1981–2005 Bell shape
Cointegration

analysis
(CCE-MG)

Arouri et al.
(2012) [42]

50 countries from
Africa 1995–2010 Bell shape

Cointegration
analysis
(DOLS)

Osabuohien
et al. (2014)

[43]

15 developing
countries from

Asia
1990–2013 Bell shape

Cointegration
analysis
(ARDL)

Hanif et al.
(2019) [44]

5 ASEAN countries 1982–2014 Monotonically
increasing

Cointegration
analysis
(FMOLS,
DOLS)

Nasir et al.
(2019) [45]

4 SAARC countries 1986–2014 Bell shape

Cointegration
analysis
(FMOLS,
ARDL)

Waqih et al.
(2019) [46]

GHG
emissions

106 countries,
including

developing ones
1971–2011 Bell shape Panel VAR

Antonakakis
et al. (2017)

[47]

EU-27 countries 1996–2010 Inverted N shape
Fixed effects
and random

effects models

Jesus Lopez-
Menendez et al.

(2014) [48]

EU countries and
Ukraine 2000–2016 Bell shape

Cointegration
analysis
(FMOLS,
ARDL)

Vasylieva et al.
(2019) [49]

SO2
emissions

27 developing
countries 1970–2012 Bell shape

Fixed effects
models and

2SLS
Chen et al.
(2019) [50]

11 countries from
Central and

Eastern Europe
1996–2015 Monotonically

increasing

Cointegration
analysis (AMG,

MG,
MG-FMOLS)

Lazăr et al.
(2019) [30]

174 countries,
including

developing ones
1991–2010 Bell shape Fixed effects

model
Ridzuan (2019)

[51]
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Table 1. Cont.

Dependent
Variable Countries Period

Results (Pattern of
Pollution-

Economic Growth
Nexus)

Method Authors

Ecological
footprint

11 developing
countries 1977–2013 Bell shape

Cointegration
analysis
(AMG)

Destek and
Sarkodie (2019)

[52]

11 countries from
Central and

Eastern Europe
1996–2015 Monotonically

increasing

Cointegration
analysis (AMG,

MG,
MG-FMOLS)

Lazăr et al.
(2019) [30]

Low-, middle- and
high-income states 2000–2015 Bell shape

Cointegration
analysis

(CUP-FM,
CUP-BC)

Ulucak and
Bilgili (2018)

[33]

Note: SAARC—South Asian Association for Regional Cooperation; DOLS—Dynamic OLS; FMOLS—Fully
Modified OLS; ARDL—Autoregressive Distributed Lag; MG—Mean Group; PMG—Pooled Mean Group; CCE-
MG—Common Correlated Effects Mean Group; CUP-BC—Continuously Updated Bias Corrected; CUP-FM—
Continuously Updated Fully Modified; DFE—Dynamic Fixed Effects; GMM—Generalized Method of Moments;
VAR—Vector Autoregression; 2SLS—Two-Stage Least Squares.

A critical analysis of the literature in this field indicates the existence of two groups of
analysis: larger clusters including both developed and developing countries and smaller
groups with only developing economies. Most of the studies for both groups employed
cointegration techniques to identify both short and long-run connections. From this point
of view, our paper focused also on long and short-term relationships in the EKC framework.
This view allows us to propose specific policies depending on the relationship persistence.

Most of the studies including developing or emerging economics explain CO2 and
GHG emissions. For the other leading indicators, larger groups are analyzed only in one
case. These cases are represented by Ulucak and Bilgili [33] who used ecological footprints
for middle, lower- and higher-income countries in a cointegration analysis in the period
2000–2015 and Ridzuan [51] that analyzed to explain SO2 emissions using a fixed effect
model for 174 countries the period 1991–2010. All the studies for larger groups indicated
a bell shape, excepting few papers. For example, the study of Jesus Lopez-Menendez
et al. [48] for the EU-27 revealed an inverted-N shape in the period 1996–2010 when GHG
emissions are explained. This paper employs traditional panel data models that ignore
the long and short-run horizon. Ozcan [40] obtained a U-shape pattern for 12 Middle
East countries from 1990 to 2008 when FMOLS was used to explain CO2 emissions. A
monotonically increasing pattern was identified by Nasir et al. [45] for 5 ASEAN countries
in the period 1982–2014 based on cointegration techniques (DOLS and FMOLS) for checking
the CO2 emissions-economic growth nexus.

The studies focusing only on developing/emerging countries are fewer compared to
those analyzing larger groups of states. Almost of all them suggested a bell shape, but a
few papers indicated other patterns. Lazăr et al. [30] indicated a monotonically increasing
tendency in the case of 11 countries from Central and Eastern Europe while explaining CO2
and SO2 emissions and ecological footprint in the period 1996–2015. The authors focused
on specific cointegration methods based on MG-FMOLS, MG and AMG. A part of the
countries analyzed by Lazăr et al. [30] makes the subject of our paper, but this time GHG
emissions are explained. A U-shaped relationship was observed by Hove and Tursoy [31]
in the case of 24 emerging economies from 2000 to 2017 based on GMM approach for CO2
emissions. Another study for more emerging countries (152) identified an N-shape pattern
using a fixed effect model in the period 1980–2010 [38].

3. Data

This paper uses panel data for six CEE countries (V4 countries (Hungary, Czech Re-
public, Poland, Slovakia), Romania and Bulgaria) in the period 1996–2019. The connection
between economic growth and pollution is analyzed in these states using GHG emissions
as proxy for pollution and revised environmental Kuznets curve. In Table 2, the variables’
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description is presented in detail. The dependent variable that is explained in the panel
data models is GHG emissions.

Table 2. Variables in the models.

Variable Definition Unit of Measurement Data Source

GHG emissions
Greenhouse gases cover CO2,

CH4, HFC, SF6, PFC, N2O, and
NF3.

Thousand tonnes CO2
equivalent Eurostat

Gross inland energy
consumption per

capita

It is calculated by dividing
Gross inland energy

consumption to population.

Thousand tonnes of
oil equivalent
(TOE)/capita

Eurostat World Bank

Renewable energy
consumption

It is the share of renewable
energy in final energy

consumption of that country.

% of total final energy
consumption of a

country
World Bank

Real GDP per capita

GDP at purchaser’s prices is
computed summing up gross

value added of resident
producers in that country,

product taxes while subsidies
not included in the value of
the products are eliminated.

GDP per capita is computed by
dividing GDP to population.

Real GDP per capita is
determined by dividing GDP
per capita in current prices to

GDP deflator.

PPP (constant 2017
international $) World Bank

Domestic credit to the
private sector

It refers to financial resources
provided to the private sector

by financial corporations.
% of GDP World Bank

Foreign direct
investment (FDI)

It describes net inflows of
foreign direct investment. % of GDP World Bank

Labor productivity It is the output per worker. GDP constant 2011
international $ in PPP

International Labor
Organization

Source: author’s synthesis.

Some descriptive statistics are presented in Table 3. The maximum levels of real GDP
per capita were registered by Czech Republic in the period 1996–2019, while the minimum
levels were reached by Bulgaria. The highest economic growth in Czech Republic is
explained by the high volume of exports and low unemployment. On the other hand,
Bulgaria presents the highest unemployment and a low standard of living.

Table 3. Descriptive statistics.

Variable Notation Mean Standard
Deviation Minimum Maximum

Real GDP per capita GDP 22,674.55 7137.658 9680.28 40,862.2

GHG emissions GHG 130,253.8 114,105.1 34,672.5 422,764

Energy consumption EC 2.814339 0.7672647 1.58649 4.54796

FDI FDI 5.407929 9.168761 −40.4143 54.2391

Labor productivity PROD 52,269.66 13,723.83 23,855.1 80,539.5

Domestic credit to
the private sector CREDIT 39.00234 16.11687 7.125225 68.95856

Renewable energy
consumption REC 11.3716 5.490975 3.54634 24.3319

Source: own computations in Stata 15.

The maximum values for GHG emissions were registered by Poland in the entire
period, while the value reached in 1997 is the maximum of the period. Poland is placed as
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the fifth EU country as GHG emissions, the principal source of pollution being fossil fuel
combustion that produces around 40,000 deaths each year in this country.

Figure 1 indicates the leader position of Poland in this sample of countries in the case
of GHG emissions, being followed by Romania. Air quality in Bucharest, the capital or
Romania, is considered unsafe with high costs for the citizens. Even if considerable costs
for pollution were registered in Bratislava, Slovakia presented the minimum values for this
indicator. Air pollution represents the most important health risk in what concerns the
environment in Poland and Romania. Beside negative effects on human life that sometimes
arrives to death, the pollution negatively influences the condition of ecosystems. The
measures to reduce pollution should take into account both human and environment
protection.
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Figure 1. The evolution of the GHG emissions in the analyzed countries (1990–2019). Source: own
graph based on Eurostat data.

More efforts should be conducted by Poland to promote new coals, gas plants, wind
and solar power. By 2050, this country should decrease the level of GHG emissions
with more than 40% compared to 2005. Poland should reduce the particulate matter by
monitoring the landscape indicators that are essential in spatial planning of the cities where
ecosystem services are required [53].

4. Methodology

The relationship between pollution and economic development is analyzed in the
context of various types of environmental Kuznets curves: revised EKC and renewable
Kuznets curve (RKC). Let us consider a general class of EKC on panel data, where the
dependent variable is represented by GHG emissions:

GHGit = αi + β1·GDPit + β2·GDP2
it + β3·GDP3

it + γ·Xit + eit (1)

GDP—gross domestic product
GHG—greenhouse gas emissions
X—vector of control variables
αi—country-fixed effects
β1, β2, β3, γ—coefficients
eit—error terms
i—country index, t—time index
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The renewable energy Kuznets Curve (RKC) explains GHG emissions using the
renewable energy consumption as in Yao et al. [5]:

GHGit = β0 + β1·GDPit + β2·GDP2
it + β3·RECit + εit (2)

REC—renewable energy consumption
The previous equation could be modified by adding other control variables:

GHGit = β0 + β2·GDPit + β3·GDP2
it + β4·RECit + γ·Xit + εit (3)

Cross-sectional dependence is tested, because the GHG emissions in one country
could depend on the emissions level in another country, while GDP could have similar
evolutions for these states that were previously under the same political regime. Since CD
Pesaran [54] test is not affected by small size of the sample, it is employed under the null
hypothesis of cross-sectional independence:

H0 : ρij = ρji = cor
(
eit, ejt

)
= 0, i 6= j (4)

H1 : ρij = ρji 6= 0, f or some i 6= j (5)

ρij—pair-wise correlation coefficient of the disturbances

ρij = ρji =
∑T

t=1 eit·ejt√
∑T

t=1 e2
it·
√

∑T
t=1 e2

jt

(6)

In case of balanced panels, the CD statistic of Pesaran [54] is calculated as:

CD =

√
2

N(N − 1)
·

N−1

∑
i=1

N

∑
j=i+1

ρ̂ij (7)

Tij— number of common observations for two countries i and j

ρ̂ij = ρ̂ji =
∑t∈Ti∩ Tj

(êit − ei)
(
êjt − ej

)√
∑t∈Ti∩ Tj

(êit − ei)
2·
√

∑t∈Ti∩ Tj

(
êjt − ej

)2
(8)

ei =
∑t∈Ti∩ Tj

(êit)

#
(
Ti ∩ Tj

) (9)

In case of cross-section dependence, Breitung test to check for unit root, since it
assumes the existence of this dependence between countries. For non-stationary data, the
cointegration is checked using Kao, Pedroni and Westerlund tests to check for potential
long-run relationship between variables in the model.

The panel Autoregressive Distributed Lag model (panel ARDL) can be used in case of
no cointegration. Specific estimators like pooled mean group (PMG) and two-way fixed
effect (DFE) could be computed.

The ARDL model representation for basic EKC and RKC without control variables is:

GHGit = α1i +
p

∑
l=1

β10GHGit−l +
q

∑
l=0

β11GDPit−l +
q

∑
l=0

β12GDP2
it−l +

q

∑
l=0

β13GDP3
it−l + e1it (10)

GHGit = α2i +
p

∑
l=1

β20GHGit−l +
q

∑
l=0

β21GDPit−l +
q

∑
l=0

β22GDP2
it−l +

q

∑
l=0

β23RECit−l + e2it (11)

i is index for country and t is time index
After parameterization, the equations become:
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∆lnGHGit = α1i + Φ1i

(
ln GHGit−l − θ11 ln GDPit−l − θ12 ln2 GDPit−l + θ13 ln3 GDPit−l

)
+ ∑p−1

l=1 λ1il∆ ln GHGit−l +

∑q−1
l=0 λ′1il∆ ln GDPit−l + ∑q−1

l=0 λ′′1il∆ ln2GDPit−l + ∑q−1
l=0 λ′′′1il∆ln3GDPit−l + e1it

(12)

∆ ln GHGit = α2i + Φ2i

(
ln GHGit−l − θ21 ln GDPit−l − θ22 ln2 GDPit−l + θ23 ln RECit−l

)
+ ∑p−1

l=1 λ2il∆ ln GHGit−l +

∑q−1
l=0 λ′2il∆ ln GDPit−l + ∑q−1

l=0 λ′′2il∆ ln2GDPit−l + ∑q−1
l=0 λ′′′3il∆ ln RECit−l + e2it

(13)

The coefficients λ, λ′, λ′ ′, λ′ ′ ′ are short-run parameters for lagged endogenous variable
and the explanatory variables. θ type coefficients are long-run parameters for explanatory
variables. The speeds of adjustment are Φ1i and Φ2i.

The PMG estimator is based on homogenous long-run equilibrium across countries,
but also on heterogeneous short-run relationship. The data refer to V4 countries, Bulgaria,
and Romania that have similar long-run evolutions for GHG emissions. The short-run
behavior should be heterogeneous due to specific gaps between countries. Therefore, the
PMG estimator is suitable for this case.

Contemporaneous correlation is taken into account through the common correlated
effect. The common factor control is ensured by cross-sectional means for regressors. We
expect the common correlated effect mean group estimator is consistent and efficient under
long-term homogeneity [55].

5. Results

Firstly, properties like cross-sectional dependence, heterogeneity and presence of unit
root in panel data are checked using suitable tests. The cross-sectional dependence in GHG
emissions and GDP are explained by the fact these countries belonged to the same economic
system before 1990. According to CD Pesaran’s test, there is cross-sectional dependence
for all variables at 5% level of significance (Table 4). Heterogeneity is explained by spatial
localization, climate characteristics, different environmental regulations and policies to
enhance economic growth. Moreover, these countries accessed the EU in different years.
V4 countries joined the EU in 2004, while Bulgaria and Romania later, in 2007.

Table 4. The results of CD Pesaran’s test for cross-sectional dependence (1996–2019).

Variable Statistic p-Value

ln(GDP) 18.50 0.000

ln(GHG) 9.79 0.000

ln(EC) 7.16 0.000

ln(FDI) 6.14 0.000

ln(PROD) 18.19 0.000

ln(CREDIT) 9.83 0.000

ln(REC) 17.37 0.000
Source: own calculations in Stata 16.

According to the Breitung test, the FDI data series in logarithm is stationary in level,
while all the other panel data in logarithm are stationary in the first difference (Table 5).
The variables were considered in logarithmic form in order to allow interpretations in
terms of elasticities.

The results related to cointegration are mixed (see Table 6). According to Pedroni
and Westerlund tests, there is a cointegration relationship between logarithm of GHG
emissions and other variables: GDP, PROD, REC, EC, CREDIT (in logarithms) at 10% level
of significance. Kao test indicates no cointegration, while Pedroni and Westerlund test
shows no cointegration at 1% level of significance.
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Table 5. The results of Breitung test for checking the presence of unit roots in panel data (1990–2019).

Variable

Statistic
(Constant and

Trend) (No Lag)
Data in Level

Statistic
(Constant and
Trend) (One
Lag) Data in

Level

Statistic
(Constant and

Trend) (No Lag)
Data in the First

Difference

Statistic
(Constant and
Trend) (One

Lag) Data in the
First Difference

ln(GDP)
−0.3909 −1.2811 −4.0325 −5.1722
(0.3479) (0.1001) (0.0000) (0.0000)

ln(GHG)
−1.2203 −1.5156 −5.7865 −2.7128
(0.1112) (0.0648) (0.0000) (0.0033)

ln(EC)
−0.6666 −1.4413 −4.0520 −4.0782
(0.2525) (0.0747) (0.0000) (0.0000)

ln(FDI)
−2.6769 −1.7519
(0.0037) (0.0399)

ln(PROD)
−0.2245 −0.0864 −1.7937 −1.7155
(0.4112) (0.4656) (0.0364) (0.0431)

ln(CREDIT)
−0.4098 1.3224 −3.4205 −3.3832
(0.3410) (0.9070) (0.00039) (0.0004)

ln(REC)
−0.2136 −0.3106 −5.4728 −2.4718
(0.4154) (0.3780) (0.0000) (0.0067)

Source: own calculations in Stata 15. Note: p-values in brackets.

Table 6. The results of Pedroni and Westerlund tests.

Pedroni Test Statistic p-Value

Modified Phillips 1.4698 0.0708

Phillips 2.8430 0.0022

Augmented Dickey 2.8764 0.0020

Westerlund test

Variance ratio 1.6732 0.0471
Source: own calculations in Stata 15.

First, we provide estimations using models with main variables and then robustness
is checked using additional variables in the models. According to PMG estimations in
Table 7, the models converge to a long-run relationship. The results indicate only a long-run
relationship between variables, the highest speed of adjustment was registered by RKC
suggesting a correction of 40.1% for the discrepancy of this estimation.

Table 7. Pool mean groups (PMG) regressions to explain the GHG emissions in V4 countries, Bulgaria
and Romania (EKC and RKC) in basic model.

Variable RKC EKC

Long-run relationship
ln(GDP) 1.426 * 1.390 *

(ln GDP)2 −0.510 * −0.463 *

(ln GDP)3 - 0.511*

ln(REC) −0.317 * -

ln(EC) - 1.219 *

ln(credit) - 0.013 *

Error correction term −0.401 * −0.329 *
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Table 7. Cont.

Variable RKC EKC

Short-run relationship

ln(GDP) 1.311 1.367

(ln GDP)2 −0.810 −0.981

(ln GDP)3 0.540

ln(REC) −0.087 -

Ln(EC) 0.923

ln(credit) - 0.017

Constant 1.205 * 1.410 *

Residuals I(0) I(0)
* significant at 5% level of significance. Source: own calculations in Stata 16.

The GDP terms in all polynomial specifications are statistically significant showing
the relevant impact of GDP on GHG emissions in the analyzed CEE countries, as we
can observe also in Table 8. On the other hand, GDP terms are not significant in case of
quadratic model. The positive sign for the linear and cubic and the negative one for squared
term show that the relationship between GHG and GDP is N-shaped. The estimated GDP
values for which the first derivative is zero do not represent local extrema, which show an
increasing relationship between output and GHG emissions.

Table 8. Dynamic and Pesaran common correlated effects estimators to explain GHG emissions in
RKC (basic model).

Variable Coefficients

Dynamic common correlated
effects estimator-pooled

Pesaran common correlated
effects mean group estimator

ln(GHGt−1) 0.358 * -

ln(GDPt) 1.321 * 2.041 *

(ln GDP)2 −0.467 * −0.613 *

ln(RECt) −0.304 * −0.345 *

Constant - 1.258 *
Source: own calculations in Stata 16, * means significant coefficient at 5% level of significance.

According to Table 9, energy consumption has a positive and significant impact on
GHG emissions, while the contribution of domestic credit to the private sector is significant,
but much lower.

Table 9. Dynamic and Pesaran common correlated effects estimators to explain GHG emissions in
EKC (basic model).

Variable Coefficients

Dynamic common correlated
effects estimator-pooled

Pesaran common correlated
effects mean group estimator

ln(GHGt−1) 0.328 * -

ln(GDPt) 1.718 * 1.980 *

(ln GDP)2 −0.528 * −0.283 *

(ln GDP)3 0.131 * 0.554 *

ln(ECt) 1.605 * 1.717 *

ln(creditt) 0.020 * 0.012 *

Constant - 1.130 *
Source: own calculations in Stata 16, * means significant coefficient at 5% level of significance.
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The reduction of energy consumption based on traditional energy sources contributes
to environmental quality, but a better solution would be the partial replacement of usual
energy sources with renewable ones.

6. Robustness: Additional Control Variables

Additional variables are considered in the models. RKC is extended to include
domestic credit to the private sector, labor productivity and FDI as control variables, while
EKC model includes FDI and labor productivity. Table 10 shows that domestic credit to the
private sector has a low, but significant effect on pollution only on long-run when RKC
model is used as in the case of EKC. Labor productivity contributes to GHG emissions
growth on long-run, while the impact of FDI is not significant on both cases. Speed of
adjustment is higher in case of RKC suggesting a correction of 4.69% for the discrepancy
of this estimation. This speed is higher than in the initial model without other control
variables.

Table 10. Pool mean groups regressions to explain the GHG emissions in V4 countries, Bulgaria and
Romania (EKC and RKC).

Variable RKC EKC

Long-run relationship
ln(GDP) 1.519 * 1.458 *

(ln GDP)2 0.710 * 0.356 *

(ln GDP)3 - −0.523 *

ln(REC) −0.247 * -

ln(EC) - 1.092

ln(credit) 0.040 * 0.055 *

ln(prod) 0.786 * 0.667 *

ln(FDI) 0.001 0.0018

Error correction term −0.469 * −0.403 *

Short-run relationship

ln(GDP) 2.649 2.667

(ln GDP)2 −0.459 −0.897

(ln GDP)3 - 0.665

ln(REC) 0.066 0.078

ln(EC) - 1.002

ln(credit) 0.046 0.037

ln(prod) 0.034 0.067

ln(FDI) 0.005 0.001

Constant 2.882 * 2.987 *

Residuals I(0) I(0)
Source: own calculations in Stata 16, * means significant at 5% level of significance.

A U-shaped relationship was obtained in the RKC for countries in the panel. The
result is similar with that obtained by Yao et al. [5] for six geographical regions and for 17
developed and developing countries in the period 1990–2014.

The results in Table 11 confirm the capacity of REC to reduce GHG emissions and
the contribution of domestic credit and labor productivity to pollution. Domestic credit to
the private sector contributes to business development which might negatively affect the
environment if the technologies do not take into account environmental protection. Labor
productivity enhances pollution, as shown in the study of Simionescu et al. [14], for all the
EU-28 countries in the period 2007–2019.
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Table 11. Dynamic and Pesaran common correlated effects estimators to explain GHG emissions in
RKC.

Variable Coefficients

Dynamic common correlated
effects estimator-pooled

Pesaran common correlated
effects mean group estimator

ln(GHGt−1) 0.274 * -

ln(GDPt) 1.336 * 2.157 *

(ln GDP)2 −0.299 * −0.301 *

ln(RECt) −0.386 * −0.160 *

ln(creditt) 0.012 * 0.048 *

ln(prodt) 0.571 * 0.323 *

ln(FDIt) 0.002 0.001

Constant - 2.997 *
Source: own calculations in Stata 16, * means significant at 5% level of significance.

The correlation between GHG emissions and the energy consumption is justified by
the economic theory. In the case of developing countries, fossil fuels usually reduce energy
efficiency and deteriorate the environment. This positive correlation between energy
consumption and pollution was also obtained by Lazăr et al. [30] for Central and Eastern
European countries in the period 1996–2015, where V4 countries, Romania and Bulgaria are
included, but the proxy for pollution is CO2. The same study confirms the lack of impact
for FDI that is reflected also in Table 12. Even if FDI contributed to economic growth in V4
countries [56,57], the friendly environmental technologies did not cause significant increase
in pollution.

Table 12. Dynamic and Pesaran common correlated effects estimators to explain GHG emissions in
EKC.

Variable Coefficients

Dynamic common correlated
effects estimator-pooled

Pesaran common correlated
effects mean group estimator

ln(GHGt−1) 0.237 * -

ln(GDPt) −1.606 * −1.504 *

(ln GDP)2 0.595 * 0.605 *

(ln GDP)3 −0.301 * −0.445 *

ln(ECt) 1.072 * 1.102 *

ln(creditt) 0.06 * 0.058 *

ln(prodt) 0.446 * 0.322 *

ln(FDIt) 0.00105 0.0012

Constant - 2.997 *
Source: own calculations in Stata 16, * means significant at 5% level of significance.

The panel ARDL models have the advantage of reducing endogeneity. The PMG
estimator allows for different responses across countries in the short-run non-heterogeneity
in the long-run. The principal advantage of PMG estimators is the good results in case of
small number of countries (only six countries in this study), simultaneous correction of
auto-correlation and the minimum sensitivity in case of outliers [58].

The ARDL approach ignores contemporaneous correlation across countries that is
explained by unobserved factor and less consistent coefficients are used [59]. The Pesaran
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CD test indicates a significant cross-sectional dependence in errors. The common correlated
model reduces the contemporaneous correlation.

The residuals do not present unit root in all cases and the CCE estimator is appropriate
even with serial correlated errors [58]. The CCEMG estimator is the most suitable due
to correct specification and no issues in terms of cross-sectional dependence and serial
correlation.

7. Discussion and Conclusions

The effects of economic development on pollution in six EU member states were
assessed using the theoretical background of revised environmental Kuznets curves. The
practical implications are related to the implementation of suitable policies to reduce the
GHG emissions in order to alleviate the climate challenges. The results have implications
for environmental policies in these countries. Moreover, the analysis of EKC hypotheses
allows the evaluation of degree of sustainability for economic and environmental policies.
As part of the EU, V4 countries, Bulgaria and Romania assume the European goals for
reducing pollution through sustainable energy consumption. However, specific policy
recommendations should be made for each country according to actual environmental
issues. Poland is a leader in the region in what concerns the level of GHG emissions
which already have negative implications on human beings and environmental quality.
The energy consumption enhances the pollution which suggests that the policies are not
eco-friendly and proactive actions are required at low costs [36]. The N-shaped pattern for
EKC was previously confirmed by Özokcu and Özdemir [38] for 152 emerging economies
from 1980 to 2010. Unlike developed countries, in this case the environmental regulations
are not so strict to control energy consumption based on traditional sources. Similar studies
confirm this tendency in these countries that were analyzed in other periods in larger
groups: 15 new EU member states from 1992 to 2010 [60], 43 developing economies over
1996–2015 [60], 31 developing countries over 1971–2013 [61].

The U-shaped connection in RKC was confirmed for countries in the sample. Renew-
able energy consumption is part of European Green Deal, but more efforts are necessary
for these countries in the sample to achieve the required targets [62]. On the other hand, if
renewable energy is promoted to fast, the economic progress is lower [63]. Eco-innovative
developments are necessary to enhance the use of renewable energy sources. These inno-
vations could reduce the costs of renewable energy production and eliminate pollution
determined by non-renewable resources. In developed counties, more investment is as-
signed to eco-innovation and the stage of this type of innovation in these countries is
more advanced compared to developing countries [64]. The pattern in developed coun-
tries should be followed by emerging economics through more investment. The use of
renewable energy in these new EU countries ensures a balanced climate and a sustainable
economic development. Economic growth contributes to energy consumption and environ-
mental pollution. Therefore, the environmental policies should promote sustainability due
to policy targets related to environmentally-friendly technology, clean energy usage, higher
consumption of non-renewable energy sources. The developed countries already achieved
environmental benefits in electricity markets due to renewable energy [65]. Therefore, the
weight of renewable energy consumption in total consumption should increase more in
developing countries.

More R&D expenditure in eco-innovation technologies would be a suitable policy
initiative. Labor productivity has a positive impact on pollution and the reduction of
working hours could have benefits on environment. The low technological progress in
industry might explain the role of labor productivity in environmental degradation [14].
Specific energy policies should promote renewable energy according to the EU directives
ensuring market liberalization, support for suitable infrastructure in this field, power
allocation system between regions given the dependence of certain sources of energy
on meteorological conditions, transition from subsidies for fossil fuels to investment in
renewable energy.
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The main limit of the study is the analysis of a small sample, but the aim of the paper
is to describe the connection between pollution and economic development in countries
with similar trends. In a future research, more countries from Central and Eastern Europe
will be considered.
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