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Abstract
Pollution and energy crisis are actual issues in Europe, including the EU Central and Eastern European states. In this context, 
the objective of this paper is to assess the impact of economic growth and electricity prices for non-household consumers 
on pollution. The empirical findings reveal the U pattern for energy industry and inverted U pattern for manufacturing in the 
period 2007–2021 in the EU countries from Central and Eastern Europe. Renewable energy consumption reduces the CO2 
and GHG emissions in energy industry. FDI and electricity prices determine the reduction in GHG and CO2 emissions in 
both sectors. These results are the basis for policy recommendations.
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Introduction

Today, environmental degradation, the depletion of natu-
ral resources, and global warming are some of the infinite 
problems facing the planet (Wang et al. 2023a; Lorente et al. 
2023; Sharma et al. 2023). With the aim of putting an end 
to this problem, in 2015, the United Nations enacted the 
2030 Agenda, where 17 Sustainable Development Goals 
(SDGs) were decreed, which seek, among other things, to 

achieve affordable and clean energy (SDG7), achieve sus-
tainable cities and communities (SDG11), establish climate 
action (SDG 13), or protect the life of terrestrial ecosystems 
(SDG15) (Huang et al. 2022; Alvarado et al. 2023; Simio-
nescu et al. 2023a). These goals and policies put in place 
should help to improve the environment over the years and 
make the planet more sustainable, although much remains to 
be done (Sinha et al. 2020; Cifuentes-Faura 2022a).

The production, consumption, and transport energy have 
significant impact on environment. Energy production, cir-
culation, and use present environmental effects like climate 
change, waste generation, waterways, and acidification 
(Diaz et al. 2012). Economic activities in energy industry 
have effects on global warming because of the pollution and 
deforestation. The fuels combustion generates GHG emis-
sions, but electricity has no harmful effect on the environ-
ment (Sørensen 2011). However, renewable energy use and 
green technologies in energy industry might improve the 
quality of environment due to less pollution and methods 
related to industrial ecology.

In developing countries, the benefits brought by manu-
facturing and especially export in this sector might be can-
celled by the environmental degradation and health issues 
because of the pollution. In this context, clean production 
technologies are required. The transfer of green technolo-
gies and necessary technical skills enhance the efficiency 
of production in manufacturing by reducing the quantity of 
water, pollutant substances, and energy. Green investment 
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portfolios, regulations to support friendly environmental 
investment, and improvement in environmental regulations 
are other important solutions to mitigate the environmental 
impact of manufacturing in developing countries (Jiang 
et al. 2014).

Air pollution remains one of the major challenges for most 
of the EU countries, including those located in Central and 
Eastern Europe (CEE). In this region, the main source of pol-
lution is the burning of solid fuels for industrial and domestic 
heating purposes. The most important consequences of pol-
lution are related to serious health issues (asthma, lung can-
cer, breathing problems, cardiovascular disease, etc.) (Chung 
et al. 2022). Considering these negative effects, European 
policy-makers struggle to reduce pollution that is a major 
cause also for climate changes. Therefore, more targeted ini-
tiatives are necessary to identify the source of pollution and 
the most relevant factors to control it. There are industries 
that bring particular important contribution to pollution in 
CEE countries. The environmental taxes seem not to be the 
most successful solution to reduce environmental degrada-
tion. Therefore, a deeper analysis should be made to inves-
tigate the connection between economic development and 
pollution, since, in most cases, the orientation to profit is 
more important for companies than environmental protection.

The economic growth-pollution nexus is based on envi-
ronmental Kuznets curve (EKC) that is also employed here 
in a specification that includes renewable energy consump-
tion. The EKC has been extended to include other relevant 
variables, especially economic indicators like index of eco-
nomic freedom and foreign direct investment. However, cur-
rent challenges should be taken into consideration when the 
EKC is extended. The energy crisis has a significant impact 
on pollution and we included electricity price in non-house-
hold consumers to check if this indicator reduces pollution 
or not. The actual energy crisis requires measures to ensure 
energy supply and optimal prices for energy consumers. The 
EU established more targets to manage the energy crisis: 
reduce the high electricity and gas prices for companies and 
households, mitigate energy dependency, enhance green 
energy transition, and more security of gas supplies (Belaïd 
et al. 2023). High energy prices could be reduced by less 
electricity consumption, fixing a limit for the revenues of 
energy producers, and cooperation from fossil fuels business 
(McWilliams et al. 2022).

Given the importance of this topic for the CEE countries, 
the aim of this paper is to evaluate the impact of economic 
growth and electricity prices on pollution. Two proxies for 
pollution are considered: greenhouse gases (GHG) emissions 
and carbon dioxide (CO2) emissions. The paper employs 
dynamic panel data models for the period 2007–2021 in the 
case of the 11 CEE states in the EU for energy industry and 
manufacturing. The results indicate different patterns in the 

pollution-growth nexus, but the electricity price for non-
household consumers reduces pollution.

After this introduction, the paper reviews literature in 
the “Literature review” section, describes data and methods 
in the “Methodology and data” section, and reports results 
in the “Results and discussion” section. These findings are 
subject to discussion and conclusions in the “Results and 
discussion” and “Conclusions” sections.

Literature review

The determinants that can influence pollution are diverse, as 
shown by the extensive literature. It is important to know how 
these determinants affect the environment in order to combat 
problems such as climate change, environmental degradation, 
or global warming, and thus contribute to a more sustainable 
planet and in line with the Sustainable Development Goals and 
the Agenda 2030 (Usman et al. 2021; Cifuentes-Faura 2021; 
Usman and Radulescu 2022; Qadeer et al. 2022; Cifuentes-
Faura 2022b). The conclusions drawn from previous work in 
the literature tend to vary depending on the location, the period 
analyzed, and the methodology used.

The environmental Kuznets curve (EKC) hypothesis, 
which states that pollutant emissions increase with income 
during the initial phase of economic growth and decrease 
once a certain income threshold is reached, has generally 
been used to study the relationship between economic 
growth and pollution (Makhdum et al. 2022; Simionescu 
and Cifuentes-Faura 2023). It proves that there is an inverse 
U-shaped relationship between economic expansion and 
environmental quality.

Kais and Sami (2016) analyzed 58 countries for the 
period 1990–2012 applying generalized method of moments 
(GMM), and confirmed the existence of an inverted 
U-shaped relationship. Shahbaz et al. (2017) studied the 
situation in China between 1970 and 2012, applying Bayer 
and Hanck combined cointegration test and ARDL, and also 
confirmed the environmental Kuznets curve hypothesis. 
Rafindadi and Usman (2019), employing canonical cointe-
gration regression and fully modified ordinary least squares 
(FMOLS) with South Africa data from 1971 to 2014, deter-
mined the existence of inverted U in the country. Adebayo 
(2020) also confirms the ECK hypothesis in Mexico between 
1971 and 2016, using ARDL, FMOLS and DOLS, and wave-
let coherence approaches. Ibrahim and Ajide (2021) for G-7 
countries, applying ARDL model and dynamic fixed effect 
(DF), mean group (MG), and pooled mean group (PMG); 
Massagony and Budiono. (2022) using ADRL in Indonesia; 
and Farooq et al. (2022) for 180 countries using a global 
panel data analysis validated the EKC hypothesis. Saqib 
et al. (2022), in their analysis for several European countries 
between 1990 and 2020, using the augmented mean group 
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and Dumitrescu and Hurlin panel causality tests, conclude 
that GDP and its square form an inverted U-shaped curve, 
thus confirming the EKC hypothesis.

However, there are also papers that do not support the 
EKC hypothesis. Katircioglu and Katircioglu (2018) expose 
that the EKC curve is not inverted U-shaped in Turkey for 
the period 1960 to 2013. Sarkodie and Strezov (2018) con-
clude that EKC hypothesis is not verified in Ghana and the 
USA for the period 1971–2013, but it is verified in China 
and Australia. Dong et al. (2020), Dogan and Inglesi-Lotz 
(2020), or Pata and Aydin (2020) reject the EKC hypothesis 
in their works.

The impact of foreign direct investment (FDI) on pollution 
is also mixed (Uche et al. 2023). Jain (2017) analyzed using 
OLS-GMM data from 13 countries for the period 1991–2011 
and concluded that FDI is associated with lower CO2 emis-
sions. Rafindadi et al. (2018), using PMG, also deduced that 
FDI decreases CO2 emissions in Gulf Cooperation Council 
countries between 1990 and 2014. Rafique et al. (2020), using 
augmented mean group (AMG), analyzed BRICS countries 
from 1990 to 2017 and determined that FDI has a negative 
impact on carbon emissions. Wang et al. (2022) analyzed sev-
eral territories in China between 2000 and 2018 using quantile 
regression and also concluded that dependence is negative. 
Similar results are offered by Shahbaz et al. (2018) for the 
analysis of France between 1955 and 2016, Nasir et al. (2019) 
for ASEAN-5 countries between 1982 and 2014, or Do and 
Dinh (2020) for Vietnam in 1980–2014.

The study of Sarkodie and Strezov (2018) found that for-
eign direct investment increases the level of CO2 emissions 
in Indonesia from 1982 to 2016. Haug and Ucal (2019), 
applying ADRL, found that FDI did not increase pollu-
tion and CO2 emissions in Turkey between 1974 and 2014. 
Sajeev and Kaur (2020), in their analysis for India from 1980 
to 2012, concluded that FDI had a negative effect on the 
environment and pollution in the long term, but a positive 
effect in the short term. Usman et al. (2022) analyzed the 
G-7 economies and conclude that FDI also degrades envi-
ronmental eminence in the long term. Zhang et al. (2023) 
find that foreign direct investment decreases regional emis-
sions of air pollutants in their analysis of environmental effi-
ciency in China between 2008 and 2020.

Acevedo-Ramos et al. (2023) in a study for Colombia 
with ARDL estimation and dynamic stochastic simulations 
concluded that FDI contributes negatively to carbon dioxide 
emissions and its effect is not significant for the ecological 
footprint and is negative for methane emissions.

In recent years, research on the connection between pol-
lution and renewable energy has garnered a lot of interest. 
Numerous studies demonstrate how renewable energy helps 
to reduce carbon dioxide emissions (Hu et al. 2018; Adams 
and Acheampong 2019). Kahia et  al. (2019) concluded 
that renewable energy consumption decreases emissions of 

polluting gases such as CO2 in MENA countries (2019), as 
did Naz et al. (2019) in Pakistan.

Chen et  al. (2019) found that renewable energy con-
sumption causes a decrease in CO2 emissions for the period 
1995–2012 in China. Naseem and Guang Ji (2021), using 
fixed effects estimators and GMM, showed that renewable 
energy is negatively correlated with CO2 emissions in South 
Asia for the period 2000–2017. Usman and Radulescu (2022) 
employ panel data models such as AMG and CCEMG estima-
tors to study the environmental impact of top nuclear energy-
producing countries and conclude that the use of non-renew-
able energy degrades the environment. Usman et al. (2021) 
analyze the 15 most polluting countries between 1990 and 
2017 and conclude that the use of non-renewable energies is 
the main cause of environmental damage and that renewable 
energies contribute significantly to reducing environmental 
degradation. Wang et al. (2023b) conclude, using the aug-
mented mean group (AMG) technique, that the consumption 
of renewable energies favors the restoration of environmental 
integrity among the main emitting countries between 1990 
and 2020. Other works in the same line are those of Dogan 
and Seker (2016), Acheampong et al. (2019), Leitão and Lor-
ente (2020), and Itoo and Ali (2023).

Jahanger et al. (2023) analyze BRICS countries between 
1990 and 2018 using panel quantile, FMOLS, and DOLS 
estimators and determine which renewable energies reduce 
emissions and restore environmental sustainability. Usman 
et al. (2023) in their study for Mercosur economies between 
1990 and 2018 determine that renewable energies together 
with technological innovations reduce the level of pollution. 
Wang et al. (2023c) analyze 1990–2020 data from Japan 
and highlight the positive impacts of renewable energy in 
protecting the environment.

Dong et al. (2020) also analyzed, using CCEMG (com-
mon correlated effects mean group) and AMG, the nexus 
between CO2 emissions and renewable energy in 120 coun-
tries and distinguishing various groups according to income 
level. They conclude that renewable energy consumption is 
negatively related to emissions at the global level and also 
in selected income clusters, but in this case the effect is not 
significant. In contrast, Nathaniel and Iheonu (2019) ana-
lyzed 19 African countries using AGM from 1990 to 2014 
and showed that renewables hardly inhibit CO2 emissions.

On the other hand, there are few studies on the relation-
ship between electricity prices and pollutant emissions. 
Milin et al. (2022) argue that increased electricity use can 
lead to environmental problems and increased pollutant 
emissions. Kim (2015) argues that rising energy electricity 
prices, together with government energy regulations and new 
developments, may lead to a decrease in energy intensity and 
result in improved environmental sustainability. In addition, 
prices are a response of political bodies to combat environ-
mental problems (Liddle 2018; Sadiq et al. 2022). Tan-Soo 
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et al. (2019) show that electricity price affects pollution and 
that its effect on industrial emissions from industrial plants 
in China is not uniform across different pollutants. Talbi 
et al. (2022) argue that electricity prices positively influence 
the demand for renewable energy by indirectly affecting pol-
lution. Wu et al. (2022) conclude that increasing the price of 
energy reduces CO2 emissions. Simionescu et al. (2023b), in 
their analysis for CEE countries, state that higher electricity 
prices reduce pollution.

Value added in industry and construction has also been 
considered as another determinant of pollution. Naudé 
(2011) argues that industrialization is positively related to 
pollutant emissions through its contribution to GDP growth, 
increased energy use, and carbon sources. Degand (2011) 
and Zhang et al. (2013) conclude that industrialization is one 
of the main determinants of pollutant emissions.

Zhang et al. (2009) show that during the early stages of indus-
trialization there are higher energy emissions, but that after this 
stage emissions will be reduced. Stefanski (2013) concludes that 
industrialization drives the inverted U-shaped pattern between 
income and emissions intensity. Zhou et al. (2013) in their 
analysis for China in the period 1995–2009 argue that through 
upgrading and optimizing the industrial structure, emissions can 
be reduced. Xiuhui and Raza (2022) concluded that the most 
important factor in the decrease of CO2 emissions in Pakistan in 
the period 1990–2019 was the value added of industry. Similar 
results are offered by Jiang and Liu (2023) who conclude that 
the value added of industry (including construction) as a share 
of GDP is the second most important factor contributing to the 
growth of CO2 emissions in BRICS countries. Acevedo-Ramos 
et al. (2023) estimate that there is statistical evidence to conclude 
that industry value added does not influence the ecological foot-
print and that in the short run it increases CO2 emissions and 
decreases them in the long run.

Another factor affecting environmental pollution is the 
index of economic freedom (EF). Economic freedom is the 
ability of individuals to engage in economic activities with-
out restrictions by the state (Kim 2023). The impact of this 

variable on pollution and emissions is also unclear. Greater 
economic freedom can worsen the quality of the environment 
as more energy and natural resources are used (Chen 2022).

Cheon et al. (2017) find that EF negatively influences 
emissions of pollutant gases such as CO2 in 111 countries 
between 2005 and 2013. Bjørnskov (2020) analyzed 155 
countries for the period 1975–2015 and found that eco-
nomic freedom reduces global CO2 emissions. Adesina 
and Mwamba (2019), using GMM, show that EF negatively 
affects CO2 emissions in several African countries between 
1995 and 2013. Jain and Kaur (2022) for several Asian coun-
tries between 1981 and 2016 conclude that greater economic 
freedom leads to less pollution.

In contrast, Joshi and Beck (2018), applying GMM, find 
that EF increases pollutant emissions in OECD countries, 
and conversely in non-OECD countries. Shahnazi and Sha-
bani (2021) find that economic freedom reduces pollutant 
emissions beforehand, but they subsequently increase in 
European Union (EU) countries in the period 2000–2017. 
Chen (2022), using the ARDL approach, analyzes the effect 
of government size on pollutant emissions between 1990 
and 2018 and concludes that there is a positive effect in all 
BRICS countries except Russia. Amin et al. (2023), applying 
AMG and CCEMG, find that EF increases CO2 emissions 
in the Asian countries analyzed.

Methodology and data

The employs panel data associated to the EU member states 
located in Central and Eastern Europe: Czechia, Romania, 
Estonia, Croatia, Latvia, Slovak Republic, Bulgaria, Poland, 
Hungary, Lithuania, and Slovenia. The dependent variable 
in the models is represented by a proxy for pollution in two 
specific sectors with significant contribution to this phenom-
enon: manufacturing and energy industry. The dataset cov-
ers the period 2007–2021. The specification of the equation 
based on EKC is based on a polynomial function of order 

Table 1   The description of the variables

Source: own construction

Indicator Notation Unit of measurement Data sources

Greenhouse gases emissions GHG Kilotonnes (CO2 equivalent) European Environment Agency
Carbon dioxide emissions CO2 Kilotonnes (kt) World Bank
Value added in industry and construction VAI % of GDP World Bank
Gross domestic product GDP Constant 2017 international $ World Bank
Electricity prices for non-household consumers price Euro/kilowatt-hour Eurostat
Human development index HDI Index UNDP
Foreign direct investment FDI % of GDP stock World Bank
Index of economic freedom EF Index The Heritage Foundation
Renewable energy consumption REC kWh — equivalent World Bank
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Table 2   Descriptive statistics

Source: Authors’ own calculations

Indicator (in ln) Mean Standard 
Deviation

Minimum Maximum

CO2 in energy industry 3.09 2.6 0.7 11.42
CO2 in manufacturing 0.72 0.32 0.29 1.62
GHG in energy industry 3.09 2.60 0.72 11.44
GHG  in manufacturing 0.72 0.32 0.3 1.63
VAI 3.27 0.16 2.92 3.66
GDP 10.24 0.20 9.75 10.62
price −2.48 0.18 −2.96 −1.96
HDI −0.16 0.03 −0.25 −0.08
FDI 3.94 0.35 3.07 4.72
EF 4.21 0.08 3.99 4.37
REC 0.94 0.69 −1.13 2.17

2 that links the level of pollution measured by greenhouse 
gases (GHG) emissions and carbon dioxide (CO2) emis-
sions with a proxy for economic growth at the national level 
(GDP) and at the sectoral level (value added in industry and 
construction sector). A description of the variables used in 
the panel data models is made in Table 1.

The research starts with two baseline models that link 
pollution (GHG emissions, CO2 emissions) in each sector 
(pollutione and pollutionm) with GDP or VAI and with REC. 
Robustness check is ensured by adding more control vari-
ables: index of economic freedom, electricity prices for non-
household consumers, foreign direct investment.

pollutione
it
= a

0
+ a

1
⋅ pollutione

it−1
+ a

2
⋅ GDPit + a

3
⋅ GDP2

it
+ a

4
⋅ RECit + a

5j ⋅ Xijt + u
1it

pollutione
it
= b

0
+ b

1
⋅ pollutione

it−1
+ b

2
⋅ VAIit + b

3
⋅ VAI2

it
+ b

4
⋅ RECit + b

5j ⋅ Xijt + u
2it

pollutionm
it
= c

0
+ c

1
⋅ pollutionm

it−1
+ c

2
⋅ GDPit + c

3
⋅ GDP2

it
+ c

4
⋅ RECit + c

5j ⋅ Xijt + u
3it

pollutionm
it
= d

0
+ d

1
⋅ pollutionm

it−1
+ d

2
⋅ VAIit + d

3
⋅ VAI2

it
+ d

4
⋅ RECit + d

5j ⋅ Xijt + u
4it

pollutione—level of pollution in energy industry
pollutionm—level of pollution in manufacturing
VAI—value added in industry
GDP—gross domestic product
REC—renewable energy consumption
Xj—vector of explanatory variables (economic freedom index—

EF, human development index—HDI, foreign direct investment—
FDI, price—electricity prices for non-household consumers)

ak,bk,ck, dk, a5j, b5j, c5j, d5j—parameters for k=0,1,2,3,4 
and j=1,2,3, where j—index for additional explanatory 
variables

u1it, u2it, u3it, u4it—error terms
i—index for state, t—index for year
The endogeneity and the short period under consideration 

under the lack of cointegration recommend the use of dynamic 
panel GMM estimator. The Windmeijer (2005) finite-sample 
correction approach is used to construct the two-step system 
GMM due to its capacity to manage heteroskedasticity and 
autocorrelation. The Hansen (1982) over-identification test is 
employed to check the validity of the instruments under the 
null hypothesis that establishes instruments’ exogeneity. Serial 
correlation is checked using Arellano and Bond (1991) test.

The data series are considered in the natural logarithm 
to reduce multicollinearity between explanatory variables. 

Preliminary tests are used before the construction of the 
dynamic panel data models.

Pesaran’s CD test is used to check for cross-sectional 
dependence, since this test is not affected by the sample 
dimension (Pesaran, 2015). The null hypothesis of this test 
indicates independence between cross-sections:

ρij—pair-wise correlation coefficient associated to errors

Since we are in the case of unbalanced panels, the CD 
statistic of Pesaran’s test is computed as:

Tij—number of common observations between two cross-
sections (i and j)

H
0
∶ �ij = �ji = cor

(

eit, ejt
)

= 0, i ≠ j

H
1
∶ �ij = �ji ≠ 0, for some i ≠ j

�ij = �ji =

∑T

t=1
eit ⋅ ejt

�

∑T

t=1
e2
it
⋅

�

∑T

t=1
e2
jt

CD =

√

2

N(N − 1)
⋅

N−1
∑

i=1

N
∑

j=i+1

√

Tij ⋅ 𝜌̂ij
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The slope heterogeneity is checked using Pesaran and 
Yamagata (2008) test:

It—unit matrix
∼
�
2

i
—variance estimate

𝛽i—OLS estimator for country i∼

�WFE—weighted fixed effect pooled estimator
We computed standardized dispersion ( Δ̂ ) and biased-

adjusted dispersion ( Δadj):

If cross-sectional dependence is checked, then Pesaran’s 
CADF test is employed to establish the stationary charac-
ter of the series. If the data series are non-stationary with 
the same order to integration, the Westerlund test is used 
to check for cointegration.

Table 2 reports the descriptive statistics and shows a large 
range of CO2 and GHG in energy industry compared to the 
level of pollution in manufacturing sector. The maximum 
increase in GHG emissions and in CO2 emissions in the energy 
industry is reported in Estonia in 2013, while the lowest values 
were reached by Latvia in 2020. The highest growth of GHG 
emissions in manufacturing was observed in the Czech Repub-
lic in 2007 and the minimum growth in Hungary in 2012.

Slovakia presented the maximum growth in 2011 in the 
case of CO2 emissions in manufacturing. The minimum 
increase in CO2 in this sector was reached in Latvia in 
2016. Latvia reduced its pollution because of decline in 
industry after restoration of independence in 1991 and due 
to environmental legislation, which promoted also specific 
environmental taxes (Laplante and Smits, 1998).
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êit − ei
�2

⋅

�

∑

t∈Ti∩Tj

�

êjt − ej
�2

ei =

∑

t∈Ti∩Tj

�

êit
�

#
�

Ti ∩ Tj
�

∼

S =

N
∑

i=1

(

𝛽i −
∼

𝛽WFE

)�X�
i
ItXi

∼
𝜎
2

i

(

𝛽i −
∼

𝛽WFE

)

Δ̂ =
√

N ⋅

N−1
∼

S − k
√

2k

Δadj =
√

N ⋅

N−1
∼

S − E
�

zit
�

�

var
�

zit
�

E
(

zit
)

= k, var
(

zit
)

=
2k(T − k − 1)

T + 1

Results and discussion

For the data series in natural logarithm the matrix of correla-
tion is computed, but no strong correlations were observed 
between the explanatory variables. Table 3 suggests cross-
sectional dependence only for GDP at 1% significance level. 
The homogeneity hypothesis is checked for VAI, CO2 in 
energy industry, GHG in energy industry, and CO2 in manu-
facturing at 10% significance level, while heterogeneity is 
fulfilled for the rest of the series.

The results of Pesaran’s CADF test depend on the num-
ber of lags. Therefore, the augmentation is made by adding 
one and two lags. Table 4 indicates that the data series in 
level are stationary only for GDP and CO2 in manufactur-
ing, while the data in level are integrated of order 1 at 5% 
significance for the rest of the variables excepting.

The Westerlund test is employed to check for cointegra-
tion, but the results in Table 5 show the lack of cointegration 
in all the cases at 5% significance level.

Given the absence of cointegration between data series, 
the dynamic panel GMM estimations are considered. The 
results based on panel data models in Table 6 reveal impor-
tant insights. First, there is a tendency of increase in the 
GHG emissions in energy industry, while GHG emissions in 
manufacturing tend to decrease in time. These results show 
that the environment policies in energy sector do not have 
the expected impact or the environmental initiatives were not 
sufficient to manage the negative impact associated to the 
development of the energy sector. Hence, more efforts should 
be made to reduce GHG emissions in energy sector. Second, 
opposite patterns are observed in explaining the variation of 
GHG emissions in energy industry and manufacturing. The 
U pattern is observed in energy industry which is in line with 
the previous observation that states the overall tendency of 

Table 3   The tests for checking cross-sectional dependence and het-
erogeneity

Source: Authors’ own calculations in Stata 15

Indicator (in ln) CD test stat. p-value Δadj
p-value

GHG in energy industry 0.25 0.47 −0.97 0.36
GHG in manufacturing 0.69 0.69 1.02 0.09
CO2 in energy industry 0.75 0.75 −0.83 0.4
CO2 in manufacturing 0.46 0.53 −0.55 0.77
GDP −5.57 <0.01 −2.03 0.04
VAI 0.45 0.49 −0.83 0.41
EF 2.37 0.99 2.37 0.02
FDI 1.12 0.87 2.68 0.008
HDI 1.45 0.93 2.12 0.02
REC −0.11 0.46 2.17 0.03
Price −1.08 0.14 −2.3 0.02
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increase in the variation of GHG emissions. On the other 
hand, inverted U pattern is observed in manufacturing sector.

In energy industry, renewable energy consumption sig-
nificantly reduced the variation in GHG emissions, while 
the impact was not significant in the case of manufacturing 
sector. Economic freedom has no impact on pollution in both 
industries, while variation in FDI and electricity price has a 
significant and negative influence on GHG emissions in both 
cases. We have run models including HDI variation in the 
models based on GHG emissions, but a significant impact of 
this variable on GHG emissions was not revealed.

As we can notice from estimations, in the model with 
GDP, FDI significantly and negatively contribute on reduc-
ing GHG emissions in energy industry and manufacturing 
industry. This impact is much stronger than the effect of the 
renewable energy consumption in reducing GHG emissions, 
which means that pollution haven hypothesis is validated 

for these new 11 EU member states. Energy prices for non-
households are significantly and negatively related to GHG 
emissions, contributing to the reduction of GHG emissions 
both in energy industry and in the manufacturing industry. 
In the model with value added in industry, FDI also con-
firm the pollution haven hypothesis, but the most negative 
impact of FDI on reducing GHG emissions can be seen in 
the energy industry against manufacturing industry. Based 
on achieved results, it is also worth mentioning that renew-
able energy consumption plays an important role in reducing 
GHG emissions only in energy industry, not in the manu-
facturing one. This means that manufacturing industry still 
relies on traditional energy sources, as fossil fuels, and this is 
why the impact of renewable energy is not significant here, 
while in the energy sector, the share of renewable energy 
of total energy mix is higher, so the impact is significant 
and negative. Also, the impact of FDI is much stronger in 

Table 4   Pesaran’s CADF test

Source: own calculations in Stata 15. Note: * shows p-value less than 0.1, ** shows p-value less than 0.05, 
and *** indicates p-value less than 0.01

Indicator (in ln) Data series in level Data series in the first difference

One lag aug-
mentation

Two lags aug-
mentation

One lag augmentation Two lags 
augmenta-
tion

GHG in energy industry 2.39 1.067 −2.84*** −2.097**
GHG in manufacturing 0.57 −1.22 −1.39* −1.48*
CO2 in energy industry 1.24 2.12 −2.62** −2.66**
CO2 in manufacturing −2.33** −1.52* −1.61* −1.41*
GDP −2.54** −2.11** −1.78* −1.66*
VAI −0.2 −0.65 −3.6*** −4.2***
EF 0.95 0.89 1.02 1.04
FDI 1.02 0.96 0.77 0.89
HDI 1.22 1.23 1.06 1.23
REC 1.03 1.06 0.96 0.99
Price −1.24 −1.20 −1.05 −1.06

Table 5   Westerlund test

Source: own calculations in Stata 15

Statistics Relationship (statistics and p-values in brackets)

GHG energy 
sector, GDP, 
REC

GHG manu-
facturing, 
GDP, REC

CO2 energy 
sector, GDP, 
REC

CO2 manufac-
turing, GDP, 
REC

GHG energy 
sector, VAI, 
REC

GHG manu-
facturing, VAI, 
REC

CO2 energy 
sector, VAI, 
REC

CO2 manufac-
turing, VAI, 
REC

Gt −0.9916 
(0.1607)

−0.5818 
(0.2804)

−1.5359 
(0.0623)

−0.5718 
(0.2837)

0.8318 (0.235) −0.7379 
(0.2303)

−1.3731 
(0.0849)

−0.7369 
(0.2306)

Ga −0.5522 
(0.2904)

−0.0845 
(0.4663)

1.1384 
(0.1275)

−0.0563 
(0.4776)

1.0700 
(0.1423)

0.8518 
(0.1972)

0.2128 
(0.4157)

0.8640 (0.1938)

Pt −0.1808 
(0.4283)

−0.4483 
(0.3270)

−0.1785 
(0.4292)

−0.3703 
(0.3556)

0.2131 
(0.4156)

1.1459 
(0.1259)

1.1166 
(0.1321)

1.2154 (0.1121)

Pa 0.9704 
(0.1659)

1.0277 
(0.1520)

0.9386 
(0.1740)

0.9945 
(0.1600)

−1.3680 
(0.0857)

1.7304 
(0.0618)

1.0924 (0.365) 1.0748 (0.470)
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the energy sector on decreasing GHG emissions, comparing 
to the manufacturing industry, meaning that CEE countries 
attracted large shares of FDI into the energy industry and 
into the renewable energy area. To summarize, for reduc-
ing GHG emissions, governments should create a favorable 
legal framework to attract more FDI into these countries. 
Also, an increased price for non-household consumers is 
also responsible for reducing GHG emissions. The impact of 
GDP is much larger in energy sector on gas emissions than 
in manufacturing sector, while for the added value in indus-
try, the impact is larger in manufacturing than in energy 
sector. However, the impact of GDP is different against 
the impact of VAI in the short run and long run in those 
two investigated sectors. Economic growth determines the 
decrease of GHG emissions in the short run, but in the long 

run its impact is significant and positive which means that 
economic activity increases GHG emissions in the long run 
and deters environment in the energy sector, just like VAI, 
only that the impact of VAI is weaker than the effect of GDP 
growth on GHG emissions. On the contrary, VAI determines 
an increase of GHG emissions in the short run in both sec-
tors and a decrease of GHG emissions in the long run, but 
the impact is very weak in the energy sector and very strong 
in the manufacturing industry (see Table 6).

When CO2 emissions in each industry are considered, 
an overall tendency of increase in the level of pollution is 
observed (Table 7). The U pattern for energy industry and 
inverted U pattern for manufacturing are kept also for this 
proxy of pollution. Same shapes were achieved both in the 
models with GHG emissions and in the models with CO2 

Table 6   The impact of growth on variation in GHG emissions in energy industry and manufacturing

*, **,*** denote significance of parameters at 10%, 5% and 1% level, respectively. p-values in brackets

Variable Dependent variable

ΔGHG emissions in energy industry ΔGHG emissions in manufacturing

M1 M2 M3 M4 M5 M6 M7 M8

GHG emis-
sions in 
energy 
industry 
(t−1)

0.201*** 
(0.005)

0.304** 
(0.032)

0.085** 
(0.026)

0.068** 
(0.042)

- - - -

GHG emis-
sions in 
manufactur-
ing (t−1)

- - - - −0.114** 
(0.011)

−0.112** 
(0.013)

−0.049* 
(0.055)

−0.067** 
(0.033)

GDP −5.068* 
(0.078)

−5.424** 
(0.014)

- - 0.011* 
(0.085)

0.542** 
(0.06)

- -

GDP2 0.246** 
(0.034)

0.261* 
(0.082)

- - −0.001 * 
(0.097)

−0.019* 
(0.09)

- -

ΔVAI - - −3.971** 
(0.044)

−1.288* 
(0.081)

- - 5.533*** 
(0.086)

6.597** 
(0.023)

ΔVAI2 - - 0.653 (0.040) 0.230* 
(0.077)

- - −2.257* 
(0.068)

−1.049 ** 
(0.021)

ΔREC −0.183 ***  
(<0.01)

−0.177 *** 
(<0.01)

−0.161*** 
(0.001)

−0.144*** 
(0.003)

−0.031 
(0.287)

−0.034 
(0.536)

−0.060 
(0.326)

−0.019 (0.730)

ΔEF - 1.112 (0.57) - 0.093 (0.837) - −0.099 
(0.838)

- −0.077 (0.873)

ΔFDI - −1.809* 
(0.778)

- −0.072** 
(0.041)

- −0.386*** 
(<0.01)

- −0.440 *** 
(<0.01)

Δprice - −0.229*** 
(0.007)

- −0.216** 
(0.042)

- −0.185** 
(0.011)

- −0.221 * 
(0.054)

Constant 26.012 
(0.725)

−28.123 
(0.888)

−0.022** 
(0.026)

−0.033** 
(0.018)

0.011 (0.937) −3.515 
(0.936)

−0.021* 
(0.052)

−0.007 (0.586)

Number of 
instruments

81 85 81 85 81 85 81 85

AR(2)
p-value

0.347 0.543 0.385 0.291 0.332 0.477 0.376 0.559

Hansen
p-value

0.778 0.674 0.925 0.884 0.752 0.679 0.583 0.659
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emissions. The inverted U-shaped EKC we have achieved 
between GDP, GDP square, and emissions for the manufac-
turing industry was demonstrated by many previous studies 
for many countries or large groups of developed or devel-
oping countries (Makhdum et al. 2022; Simionescu and 
Cifuentes-Faura 2023; Kais and Sami 2016; Shahbaz et al. 
2017; Rafindadi and Usman 2019; Ibrahim and Ajide 2021; 
Farooq et al. 2022). However, there are also papers that do 
not support the EKC hypothesis and proved a U-shaped EKC 
(Ozcan 2013; Katircioglu and Katircioglu 2018; Bader and 
Ganguli 2019; Ansari et al. 2020) as we have found for the 
energy sector. There are also many studies investigating 
the relation between value added in industry and pollutant 

emissions that found an inverted U-shaped EKC and vali-
dated EKC theory (Zhang et al. 2009; Stefanski 2013; Zhou 
et al. 2013; Xiuhui and Raza 2022; Jiang and Liu 2023; 
Acevedo-Ramos et al. 2023).

Renewable energy consumption reduces the CO2 emis-
sions in energy industry. In manufacturing, the renewable 
energy use has the capacity to reduce the CO2 only when 
we control for value added in industry. FDI and electricity 
prices determine the reduction in CO2 emissions in both sec-
tors. In case of CO2 emissions, human development index is 
significant only in the manufacturing industry for reducing 
carbon emissions, while renewable energy consumption is 
significant in both industries, but with a stronger negative 

Table 7   The impact of growth on variation in CO2 emissions in energy industry and manufacturing

*, **, and *** denote significance of parameters at 10%, 5%, and 1% level, respectively. p-values in brackets

Variable Dependent variable

ΔCO2 emissions in energy industry CO2 emissions in manufacturing

M1 M2 M3 M4 M5 M6 M7 M8

ΔCO2 
emissions 
in energy 
industry 
(t−1)

0.056** 
(0.044)

0.058** 
(0.044)

0.080** 
(0.029)

0.063*** 
(0.077)

- - - -

CO2 emis-
sions in 
manufactur-
ing (t−1)

- - - - 0.751*** 
(<0.01)

0.736* ** 
(<0.01)

0.715*** 
(<0.01)

0.746** 
(0.033)

GDP −2.052* 
(0.077)

−3.85** 
(0.058)

- - 5.845** 
(0.027)

5.805** 
(0.049)

- -

GDP2 0.087* 
(0.079)

0.177* 
(0.062)

- - −0.28* 
(0.088)

−0.272* 
(0.051)

- -

ΔVAI - - −4.041** 
(0.014)

−1.183* 
(0.082)

- - 1.177* 
(0.081)

6.35** (0.018)

ΔVAI2 - - 0.063** 
(0.033)

0.214* 
(0.079)

- - −0.164* 
(0.088)

−1.022 ** 
(0.015)

ΔREC −0.196 
***(<0.01)

−0.173*** 
(<0.01)

−0.160*** 
(0.001)

−0.141***  
(0.003)

−0.027 
(0.445)

−0.038 
(0.421)

−0.103** 
(0.03)

−0.058** 
(0.019)

ΔEF - 0.097 (0.829) - 0.066 (0.885) - −0.099 
(0.838)

- −0.031 (0.94)

ΔHDI - 1.427 (0.558) - −2.914 
(0.234)

- −1.158* 
(0.061)

- −0.171** 
(0.965)

ΔFDI - −0.86** 
(0.028)

- −0.08** 
(0.035)

- −0.386*** 
(<0.01)

- −0.39 *** 
(<0.01)

ΔPrice - −0.195* 
(0.066)

- −0.225** 
(0.033)

- −0.185** 
(0.011)

- −0.193 ** 
(0.043)

Constant 11.786 
(0.743)

20.729 
(0.566)

−0.023** 
(0.022)

−0.033** 
(0.017)

−30.279 
(0.271)

−3.515 
(0.936)

−0.140*** 
(<0.01)

−0.125*** 
(<0.01)

Number of 
instruments

81 85 81 85 81 85 81 85

AR(2)
p-value

0.244 0.223 0.303 0.264 0.255 0.262 0.297 0.229

Hansen
p-value

0.315 0.335 0.437 0.158 0.396 0.375 0.228 0.334
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impact on emissions into the energy industry sector. The 
impact of GDP on carbon emissions is larger in manufac-
turing sector than in the energy industry. On contrary, the 
impact of added value on carbon emissions is larger in the 
energy sector than in the manufacturing one. These results 
are opposite to the findings above where we determined the 
factors impacting on GHG emissions. So, the overall activ-
ity is more polluting in energy industry and less polluting in 
manufacturing sector, while the industrial activity is more 
carbon polluting in the manufacturing sector and less car-
bon polluting in the energy one. Another important finding 
is the fact that renewable energy consumption decreases 
both GHG emissions and carbon emissions, and its impact 
is stronger in the energy sector than in the manufacturing 
industry if we include overall activity, namely GDP. This 
expected negative association between renewable energy 
consumption and emissions was confirmed by many previ-
ous studies for different countries (Hu et al. 2018; Adams 
and Acheampong 2019; Kahia et al. 2019; Naz et al. 2019; 
Chen et al. 2019; Naseem and Guang Ji 2021; Jamil et al. 
2022; Dogan and Seker 2016; Acheampong et al. 2019; 
Leitão and Lorente 2020; Itoo and Ali 2023; Dong et al., 
2020). Economic freedom was not found as being significant 
for GHG emissions nor for carbon emissions. Summarizing 
results, the most important factors impacting on GHG or 
carbon emissions are economic growth and industrial out-
put, followed by human development index which supports 
the decrease of carbon emissions but only in manufacturing 
industry. Other factors with a significant negative impact 
on emissions in both sectors are FDI and energy prices for 
non-household consumers, the last one having an inhibit-
ing effect on overall activity or on industrial output. The 
negative impact of the electricity prices for non-household 
consumers on GHG emission is stronger than that on car-
bon emissions for both investigated industries. This nega-
tive impact of electricity prices on emissions which is not 
always uniform on all types of emissions was validated by 
other authors (Kim 2015; Sadiq et al. 2022; Tan-Soo et al. 
2019; Wu et al. 2022). We have achieved same results for 
the impact of FDI which is much stronger on GHG emis-
sions than on carbon emissions and it is stronger in the 
energy sector in the presence of GDP growth than when 
we have considered industrial output. This negative impact 
of FDI on pollutant emissions was confirmed by numerous 
studies, with many methods and for different countries or 
group of countries (Jain 2017; Rafindadi et al. 2018; Rafique 
et al. 2020; Wang et al. 2022; Shahbaz et al. 2018; Nasir 
et al. 2019). Some interesting results are related to the non-
significant impact of economic freedom on GHG and carbon 
emissions, although these countries made great progresses 
on the way of removing economic barriers of entering on the 
market, and on liberalization of the prices in the electricity 
sector. However, economic freedom does not seem to have 

a stimulating impact on economic growth or on industrial 
output and, thus, on GHG emissions or on carbon emis-
sions. Some previous studies have also found no significant 
relation between economic freedom and pollution. Wood 
and Herzog (2014) investigated a wide international panel 
of countries during 2000–2010 and found no significant 
association between those variables. The effect of HDI is 
also surprising because this variable is significant only for 
carbon emissions into the manufacturing sector. However, 
as other previous studies have demonstrated for CEE region, 
HDI determines the impact of economic growth on carbon 
emissions (Lazăr et al. 2019). Lawson (2020) also analyzed 
Sub-Saharan countries and found no association between 
HDI and carbon emissions. However, there are studies 
confirming our negative association. Alotaibi and Alajlan 
(2021) found a negative association between HDI and pol-
lution. Van Tran et al. (2019) proved a negative relation for 
developing countries, but no significant association for the 
developed economies. Expanding those findings and corre-
lating with our results, we can conclude that manufacturing 
sector is still developing, while the energy sector of the CEE 
countries is a more mature one.

All in all, different patterns are observed in energy sec-
tor and manufacturing (U-shape and inverted U-shape, 
respectively). Renewable energy consumption proved to 
reduce pollution in energy industry, while FDI and elec-
tricity prices determine lower level of pollution in both 
industries. These results are subject to policy recom-
mendations. Based on the achieved results, it seems that 
continuous liberalization of the electricity prices and cut-
ting all granted exemptions and subsidies will support the 
decrease of pollution, just like FDI inflows can support the 
same aim. FDI bring green technologies and support green 
innovations into the host countries and that can reduce pol-
lution in the long run. Based on the new clean technolo-
gies, it can be achieved the target of reaching a sustainable 
economic growth and sustainable industrial output with a 
reduced emissions level. Also, human development is an 
important explanatory factor for the manufacturing indus-
try on its path of reducing carbon emissions. Manufactur-
ing sector needs larger improvements in the labor work 
force area. Improving education, health conditions, and the 
general standard for living expresses the level of overall 
development of an economy. This way people can better 
acknowledge the importance of preserving the environ-
ment for them and for future generations. Attracting FDI 
and improving human development index request financ-
ing support from the governments that should grant fis-
cal and non-fiscal facilities for foreign investors but also 
allocate large public funds for education and health sec-
tors, but also from the private sector which should sup-
port research and development and innovations for cleaner 
technologies.
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Conclusions

In this study, we have aimed to investigate the validity of 
EKC curve in energy industry and manufacturing industry, 
during 2007–2021 in 11 new EU member states, using 
GDP growth and GDP growth square in one model and 
added value in industry (as share of GDP) and added value 
in industry square in another model. As dependent vari-
able, we have also used two different variables as proxy for 
pollution, GHG emissions and CO2 emissions. For each 
industry and for each of those two models built with GDP 
growth or added value in industry, we have estimated 2 
different sub-models, one including only renewable energy 
consumption and another one including renewable energy 
consumption, but also other exogenous variables such 
as economic freedom index, FDI, human development 
index, and energy price for non-household consumers. 
We have checked the existance of cross-sectional depend-
ence among the panel and heterogenity and cross-sectional 
dependence was validated for almost all variables of the 
models; then, we have applied Pesaran’s CADF unit root 
test and Westerlund co-integration test. The results have 
showed that variables are no co-integrated in the long run. 
For estimations, we have used a dynamic panel GMM to 
deal with short dataset in the presence of no co-integration 
and cross-sectional dependence among the panel.

Results demonstrate a U-shaped curve expressing the 
relation between GDP growth and emissions (GHG and 
CO2 emissions) in the energy sector, and an inverted 
U-shaped curve expressing the relation between added 
value in industry and emissions in the manufacturing sec-
tor. In all estimated models, GDP growth and added value 
in industry, respectively, display the largest impact on 
GHG and CO2 emissions. Renewable energy consumption 
exerts a negative impact on GHG and CO2 emissions in all 
the estimated models, but this effect is not as large as the 
impact of other exogenous factors included in the models 
(FDI, HDI, electricity prices for non-household consum-
ers). Economic freedom was not found to be significant in 
any of these models. Human development index displays 
the strongest impact after GDP growth in the models that 
include GDP, but it was not found to be significant for car-
bon emission in the energy industry. Its impact is negative 
on emissions, which means it mitigates pollution. On the 
other hand, other important factors reducing emissions are 
FDI inflows and energy prices for non-household consum-
ers in both investigated industries.

Based on the achieved results, we can elaborate some 
policy recommendations designed to mitigate environ-
mental pollution burden in those 11 new EU member 
states. The national authorities of those new EU member 
states should implement economic policies and adapt the 

regulatory framework for stimulating the human develop-
ment, and that means investing in education and train-
ing, in research and development, and in the health sector. 
Financing all these areas requires large financial funds 
allocated by the government, and for achieving these 
goals, a public-private partenership is needed for training 
the labor force according to the market demands. Also, for 
attracting FDI, these states can not rely on fiscal stimu-
lus or incentives, because they need large financial funds 
for the above-mentioned sectors in order to improve also 
human development index needed for a developing sector 
such as manufacturing one. In this sector, where the labor 
force is low qualified, human development index increase 
is essential for industrial output and also for achieving 
environmental targets. That is why it is necessary to adapt 
the regulatory framework for easining the access on the 
markets for foreign investors, and for reducing bureau-
cratic burden on the investors. Some other facilities 
granted to foreign investors are necessary besides fiscal 
stimulus. The process of gradually liberalization of the 
energy prices should continue, because a higher price of 
energy for the economic agents does not support the boom 
of overall economic activity and industrial output which 
can badly detter environment. Moreover, the level of the 
energy prices should be harmonized among EU countries. 
New EU member states benefited for an extended period 
to align, but with many extemptions and delays. That is 
why this process should continue. The governments should 
also support and promote renewable energy sources in pro-
duction and consumption. That implies a large informa-
tion process about the advantages of using these types of 
energy sources, the financial support available for pro-
moting renewable energy sources into consumption (by 
granting banking credits with subsidized interest rate or by 
accessing financial funds allocated by European banks or 
organizations for this specific purpose), and the benefits in 
the long run for the environment, and thus, in the end, for 
people’s health. Governments should also allocate larger 
funds for research and development, which can be used for 
a green innovations, economy, and energy transition. This 
can be also achieved in a public-private partnership frame.

This study has few limitations. First, the period can be 
extended further because for now we had limited yearly 
observations for the analyzed variables in these 11 CEE 
member states. Second, a comparison between old EU mem-
ber states and new EU member states can be performed in 
order to achieve interesting results and to design different 
policy recommendations for those 2 sub-groups of EU coun-
tries, or the analysis can present results for each country 
included into the panel to see the specific differences among 
EU countries. Another direction of further research can be 
represented by building new models for analyzing these 
two important industries, by including other independent 
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variables and control variables as well as such as economic 
complexity index, instead of economic growth and urbaniza-
tion, political stability or energy prices for household con-
sumers as control variables.
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