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A key problem today is reducing greenhouse
gas (GHG) emissions and environmental
damage without hampering economic
growth. This study aims to analyse the main
determinants of GHG in the European
Union (EU) countries for the period 2004—
2022 in view of the Paris Agreement and the
Green Deal objectives. This analysis aims to
examine the validity of the environmental
Kuznets curve (EKC) in EU member states.
We aim to explore if any increase in foreign
direct investment (FDI) and the share of the
service sector shows significantly effective
carbon dioxide (CO;) emissions. The results
show if economic growth (real gross
domestic product [GDP] per capita), final
energy consumption per capita, and the share
of fossil fuels have a significant positive
effect on GHG emissions. Reducing fossil
fuels and increasing energy efficiency can
lower emissions. The significant impact of
capital leakage on CO; emissions cannot be
clearly determined from the panel analysis.
Growth in the services sectot's share of GDP
contributes to emission reductions. Fully
modified ordinary least squares (FMOLS),
dynamic ordinary least squares (DOLS),
fixed effect, random effect panel models,
cointegration models, A-means cluster
analysis and comparative analysis were used
for the analysis. The models suggest a
possible turning point in the EKC; however,
due to the complexity of the phenomenon,
the hypothesis cannot be clearly confirmed
for all 27 member states.

Regional Statistics, Vol. 16. No. 3. 2026: 597-637; DOI: 10.15196/RS160307



598 Anita Zombory

Introduction

Climate change and environmental sustainability have received increasing attention in
recent decades at the global and regional levels. The reduction in greenhouse gas
(GHG) emissions has emerged as a high-priority objective in international political
and economic discourse, especially for the European Union (EU), which has made
ambitious climate policy commitments under the Paris Agreement and the European
Green Deal. To effectively mitigate climate change, it is essential to identify the key
drivers of emissions and understand their action mechanisms.

This study aims to identify variables that significantly influence per capita CO2
emissions. Specifically, we examined if the environmental Kuznets curve (EKC)
hypothesis holds for the 27 of the European Union (EU) member states. The analysis
explores if outward foreign direct investment (OFDI) as a percentage of GDP, and
the size of the services sector relative to GDP, are associated with per capita CO:
emissions.

Furthermore, this study critically evaluates the EKC hypothesis — particularly the
claim that foreign direct investment (FDI) can play a meaningful role in reducing a
country’s carbon emissions. We also assessed how the expansion of the services
sector influences emission levels.

This research may contribute toward evaluating the effectiveness of the EU’s
climate policy measures and support the further development of the Sustainable
Development Strategy by identifying key factors that drive emission reductions.

Green Deal policy objectives

The Green Deal is a communication presented by the European Commission (EC)
(December 11, 2019), which is a package of policy measures [1] committed to
environmental action. Its primary objective is preserving the EU's natural capital and
protecting public health. A key priority of the European Green Deal is the creation
of a resource-efficient and competitive economy that achieves net-zero GHG
emissions by 2050 (Hafner—Tagliapietra 2020). It aims to achieve economic growth
without using excess resources such as energy. To reduce environmental degradation,
the United Nations adopted the Paris Agreement, a multilateral [2] accord that entered
into force on November 4, 2016 [3]. The EU member states are united in their
commitment to reduce GHG emissions and keep the global temperature rise below
2°C, with specific targets. The EC adopted the European Climate Action Plan in
2021, establishing that the EU and its member states have a legal obligation to reduce
emissions [4]. A press release from the EU on October 17, 2023 [5] announced that
the EC had approved the EU's submission for an updated NDC (nationally
determined contribution) to reduce net GHG emissions by at least 55% by 2030
compared with 1990 levels. The EU's long-term strategy to meet its environmental
targets includes increasing the use of renewable energy sources, improving energy
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efficiency, and promoting greener agriculture and transport, such as electric vehicles
[6]. To improve energy security, the EC presented a REPowerEU plan on May 18,
2022, in response to by the Russian—Ukrainian war. The plan aims to quickly reduce
the EU's dependence on Russian imports of natural gas, coal, and oil. As a result,
promoting EU energy autonomy and the transition to clean energy has emerged as a
priority. The main objectives of the plan are energy savings, including reducing energy
consumption [7] diversification of energy supply and faster deployment of renewable
energy sources [8]. The EU has committed to reduce GHG emissions by 80-95% by
2050 compared with 1990 levels [9]. As stated in the EU energy roadmap 2050
(ER2050), the transition from fossil fuels to renewable energy sources is not only
important, but the key objectives are to reduce final energy use and implement
decarbonization processes (Nieto et al. 2020). The issues of environmental
degradation and climate change cannot be confined to a single country or region but
must be addressed at the global level. Of course, possible solutions are not only being
considered for the EU member states, but also for countries worldwide. The focus is
on the relationship between environmental degradation and economic growth, for
which the environmental Kuznets hypothesis serves as a theoretical and empirical
framework (Leal-Marques 2022). The EKC is one of the most widely used methods
for analysing environmental performance. It is an inverted U-shaped curve, derived
from Kuznets' work in 1955, which originally investigated the relationship between
income and income inequality. Since then, the EKC has been widely used to study
the relationship between environmental protection and economic development. The
EKC shows that environmental degradation increases rapidly during the early stages
of economic growth, while at a certain level of income, the tipping point, degradation
begins to decline as clean technologies and innovations spread (KKuznets 2019).

Conceptualizing the Kuznets environmental curve

The concept of the EKC was introduced in the early 1990s by Grossman—Krueger
(1991). The EKC theory was developed to explain the inverted U-shaped relationship
between economic development and environmental degradation (Gyamfi et. al 2020,
Ekins 1997). A significant body of research focuses on the EKC phenomenon, which
suggests an inverse relationship between economic growth and environmental
degradation (Kuznets 2019, Stern 1998, 2004). Studies have extended the relationship
between income and carbon emissions to other macroeconomic factors, such as
energy consumption. Shahbaz et al. (2015) investigated the impact of urban growth
and energy consumption In Malaysia, specifically pollution between 1970 and 2011.
They showed that energy consumption increases pollution, while urban growth is
inversely related to pollution (Shahbaz et al. 2015).

Using the Google Scholar search engine, we collected publications that explicitly
measured the relationship between environmental degradation and economic growth
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and modelled the validity of the EKC. The basic question that arises in the literature
is how GDP growth affects CO emissions while considering additional indicators.
In all these cases, the aim is to examine if an inverted U-shaped cutrve can be observed.
That is, when development attains a certain level in the economy, does the direction
of the curve reverse, at which point CO,emissions begin to decline (Sinha et al. 2019).
This study investigates the relationship between GDP growth, energy use, energy
intensity, the share of renewable energy, clean and fossil energy, and CO2 emissions.

Table 1 shows the indicators used for the analysis and consolidates studies that have
examined the fulfilment of the EKC hypothesis.

Table 1
Indicators used for analysis
Variables Unit of measurement Literature Description
. Greenhouse gas
Net GHG emissions (t 'rl:OEtpcr Ci’fpltgo All literature cited is | emissions per capita,
per capita® 2004—-2022 OfS PEr CAPIA, T2 14 cluded. measured in tons of
equivalent) .
COz mass equivalent.
Leal-Marques (2022), | Final energy uses
Final ener ot Le—Ozturk (2020), per capita, which
I; er:te ‘%YZE)BZEL; OZPZ on TOE per capita Sulaiman—Abdul- includes end-users
per capita Rahim (2017), such as services,
Koc—Bulus (2020) industry.
Share of renewables
in total energy
zr;zg;%lgj’_gg;; encrgy Yo Gill et al. (2018), consumption; clean
Bilgili et al. (20106), energy includes nuclear
Jebli et al. (2016), energy.
Share of fossil encry? y Sarwat et al. (2022) isfjri c1>f iOIS.Sﬂ energy
20042022 0 Ot ENEIEY

consumption.

Real GDP per capitad
2011-2022

Euro (2010) per capita

All cited literature
included.

GDP measures the
total value of final
goods and services
produced by the
economy over a given

period.

Energy intensity® M]J/thousand USD
2004-2022 (2015)

Energy productivity? . . .
20042022 Euro/kg oil equivalent

Sourees: 2) [10], b) [11], ¢) [12], d) [13], ¢) [14], ) [15].

Bekun et al. (2021),
Grossman—Krueger
(1991),

Du et al. (2019),
Ahmad-Wu (2022)

The amount of energy
used to produce unit
GDP, which indicates
the economic
efficiency of energy
use.

GDP produced by
using one unit of gross
energy (energy equiva-
lent to 1 kg of oil).
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Final energy consumption has become the most frequently added variable for the
EKC estimates. Energy consumption, as a major driver of environmental degradation

and climate change, has been analysed together with several environmental indicators.
The inclusion of energy consumption in the assessment of the EKC has been done
in parallel with the model development (Leal-Marques 2022). The results reported by
Le—Ozturk (2020) show that globalization and energy consumption increase COz
emissions. Their study evaluated the relationship between CO; emissions and energy
consumption in the Malaysian economy between 1975 and 2015. Their findings show
that energy consumption and CO; emissions have no effect on economic growth,
while energy consumption and economic growth have a positive effect on CO»
emissions (Sulaiman—Abdul-Rahim 2017). Koc—Bulus (2020) investigated the
dynamic short- and long-term correlations between GDP per capita, energy
consumption per capita and carbon dioxide (CO3) emissions per capita in South
Korea between 1971 and 2017. The results of the ARDL model show that increases
in GDP per capita and energy consumption increases COz emissions per capita. Final
energy uses per capita measure the final use of energy in a country, excluding non-
energy uses of energy carriers [11].

Gill et al. (2018) investigated the existence of the EKC in Malaysia for the period
1970-2011. The study also examines the potential of renewable energy sources to
mitigate GHG emissions. The long-run significant positive coefficient of GDP
indicates that GHG emissions increase with economic growth. The results suggest
that Malaysia needs a high GDP level to reach the tipping point of the EKC.
Therefore, it can be argued that economic growth alone cannot reverse environmental
degradation in Malaysia. Bilgili et al. (2016) used CO; emissions as the dependent
variable and GDP, GDP squared, and renewable energy consumption as independent
variables. The results support the EKC hypothesis for the panel and show that GDP
per capita has a positive impact and GDP? per capita has a negative effect on
COzemissions, whereas renewable energy consumption has a negative effect on
COzemissions. Jebli et al. (2016) investigate the causal relationships between
COzemissions, gross domestic product (GDP) per capita, renewable and non-
renewable energy consumption, and international trade for 25 OECD (Otrganisation
for Economic Co-operation and Development) countries over the period 1980-2010.
The results also show that increasing non-renewable energy consumption increases
COz emissions. Higher trade levels or increased use of renewable energy reduce CO»
emissions. These results suggest that increased trade and greater use of renewable
energy are effective strategies to combat global warming. Sarwat et al. (2022) aimed
to verify the EKC hypothesis for BRICS (Brazil, Russia, India, China, South Africa,
Egypt, Ethiopia, Iran, Saudi Arabia, United Arab Emirates, Indonesia) countries,
considering the factors of natural resources, renewable energy, and globalization. The
heterogeneous panel causality test also confirms a two-way Granger causality
relationship between all variables and CO» except globalization, which means the
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results of the causality analysis on panel data are consistent with the results obtained
using the method of moments quantile regression (MMQR), that is, one method
confirms the conclusions of the other. On this basis, it is recommended to promote
the use of renewable energy sources in BRICS countries.

Table 2
Statistical methodology used in publications to prove
the environmental Kuznets hypothesis
Additional variables for
Methodology EKC hypothesis analysis Resources Results Areas
CO; emissions GDP
GDP per capita, energy
consumption per capita,

ARDL renewable energy consumption| Koc—Bulus EKC N-shaped | South Korea
per capita, trade openness, and | (2020) curve (1971-2017)
carbon dioxide (COy) per
capita

The tipping .

ARDL, OLs | Renewable energy Gill et al. (2018) | point has not | Maysia

consumption been reached (1970-2011)
Renewable energy Bilgili et al. EKC (inverted 17 OEC D
FMOLS, DOLS . countries
consumption (20106) U-shape) (1977-2010)
) 25 OECD
FMOLS, DOLS Renewable and npn—renewable Jebli et al. (2016) EKC (inverted countries
energy consumption U-shape) (1980-2010)
Renewable energy Sarwat et al. EKC (inverted | BRICS
FMOLS, DOLS | nsumption (2022) U-shape) (1990-2014)
. Balin—Akan EKC N-shaped 27 devdoped
Dynamic panel | Patent (2015) curve counttries
(1997-2009)
Oyebanji et al. | EKC N-shaped .
ARDL Patent (2022) curve Spain
. EKC (inverted .
FEQR Patent Lietal. (2021) U-shape) China
Raza et al. EKC (inverted .
Patent model Patent (2022) U-shape) Pakistan
. . . Bekun et al. EKC (inverted
Dynamic panel | Energy intensity (2021) U-shapes) EU (1990-2017)

ARDL

Energy consumption,
agriculture, industry, services
sector emissions

Songur et al.
(2024)

Source: authot’s own contribution based on Google Scholar.

EKC met in all,
except industrial
sector

38 OECD
countries

Bekun et al. (2021) investigated Granger causality between GDP growth and
carbon emissions. A similar causal direction is observed between energy intensity and

carbon emissions.

Both have a

significant impact on the environment.

Regional Statistics, Vol. 16. No. 3. 2026: 597-637; DOI: 10.15196/RS160307



Balancing economic growth and emission reductions:
an empirical study of the European Union

The relationship between greenhouse gases per capita, economic growth, R&D, and
renewable energy was studied in 28 OECD countries between 1994 and 2010. They
found that R&D reduces the impact of GHG emissions in these countries. Scale,
composition, and technology effects are the three stages that characterize the
relationship between environmental degradation and economic development.
The scale effect indicates that economic development increases environmental
degradation, that is, economic growth has a negative impact on the environment.
Negative impact is the result of the intensive use of resources to meet the growing
demand and output. This intensive consumption of energy is from fossil fuels, which
are cheap, abundant, and easy to transport. The composition effect is characterized
by structural changes in the economy, which can have either positive or negative
effects on the environment because of economic development (Grossman—Krueger
1991). The technology effect refers to the mitigating effect of economic development
on environmental degradation. This is attributable to the fact that higher income
levels increase investment in R&D, replacement of old and polluting technologies,
and the introduction of stringent environmental regulations (Du et al. 2019, Ahmad—
Wu 2022). Table 2 shows the statistical methods used in publications to analyse the
environmental Kuznets hypothesis.

Testing the validity of the environmental Kuznets hypothesis
using statistical methods

A dynamic panel model was used for the analysis. Panel regression is a statistical
analysis method used to examine panel data, also known as longitudinal data. Panel
data are multiple observation units, such as countries, and are repeatedly recorded
over time. They include both a temporal and a cross-sectional dimension. Panel
regression is used to model phenomena in which we want to understand changes over
time, such as the economic growth of a country over time. Alternatively, we want to
consider individual differences between observation units, for example the impact of
different economic structures across countries. Panel regression enables to separate
time and individual effects and provides precise estimates than a simple cross-
sectional or time-series analysis (Wooldridge 2010).

We applied the fixed effect model (FE) panel data modelling technique, which is
often used when the data comprise of both a time and a cross-sectional dimension
(panel data) as the aim is to account for the unique unobserved characteristics of
cross-sectional units, such as countries. The fixed effect model addresses the specific
unobserved characteristics of each cross-sectional unit to avoid confounding the
effects of other variables. The basic assumption of FE is that each cross-sectional
unit, in this case a country, has a specific characteristic that is constant over time and
that affects the dependent variable. These specific effects are called “fixed effects”,
and the model aims to consider these effects so that more accurate estimates can be
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obtained. The fixed-effects model is based on ordinary least squares (OLS) estimation
with the condition that there is no autocorrelation or heteroskedasticity in the
residuals (Wooldridge et al. 2016).
Yie = @ + Bxie + €t

where y;; is the dependent variable, CO2 emissions per capita, for the i-th cross-
sectional unit for the 27 EU member states and for the t-th period 2004-2022. a; is
a unique unobservable effect for the i-th unit that remains constant over time and is
thus treated as a fixed effect. It considers individual factors that are not measured but
still have an impact on the dependent variable. § is the effect of the independent
vatiables. x;; denote independent variables (fossil, renewable, clean energy share, real
GDP per capita, final energy use per capita, enetgy intensity, energy productivity and
recession changes with dummy variables) for the t-th period of the i-th cross-sectional
unit.&;; is the error (residual) term.

In the random effect model (RE), we assume that groups have time-invariant
unobserved effects that are uncorrelated with each explanatory variable. The model
assumes that individual effects are uncorrelated with the explanatory variables and are
randomly distributed across cross-sectional units. This model allows for variability
between cross-sectional units without explicitly accounting for the effect of individual
characteristics. The requirements for the random effects model include the absence
of autocorrelation, homogeneity of the error term, and the assumption that the
country-specific effect is independent of all explanatory variables during all time
periods.

Yie = Bo + Z.Bpxit + Vit

The dependent variable y;; is CO2 emissions per capita for the i-th cross-sectional
unit for 27 EU member states and t-th period 2004-2022. 5 is the general intercept
(constant). X;¢ is the explanatory variable for the i-th cross-sectional unit t-th period.
Pp are the coefficients of the explanatory variables. The random effect is associated
with the i-th cross-sectional unit, which is unique but varies across units. This random
effect represents the variation between cross-sectional units. vy is a pooled error
term (Wooldridge 2010).

The inverse chi-square, inverse normal test and logit tests in Appendix Table A1l
are typically used to assess for panel unit roots and the stationarity of the variables
over time. The inverse chi-square measures the extent to which variable deviates from
the assumption that there is a unit root, that is non-stationary. All the variables have
very high values (around 125-130), indicating that the test strongly rejects the null
hypothesis of a unit root. Thus, the variables, that is, their behavior over time, can be
considered stable. The inverse normal test uses the inverse of the normal distribution
to assess for unit roots. The values are negative (between about —6.7 and —6.9) for all
variables, indicating that the null hypothesis of a unit root can be rejected at a
conventional significance level. Thus, the temporal pattern of the variables is
constant, as there is no evidence of temporal instability. The logit test uses logit-
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transformed data to test for the presence of unit roots. Again, the results are negative
(between about —6.4 and —6.6) and significant, confirming that we can reject the null
hypothesis for the presence of a unit root. Thus, the temporal behavior of variables
is stationary, that is, there are no unit roots. All variables are significant, and this is
particularly important as the presence of unit roots may bias the results.

The statistical indicators in Appendix Table A2 describe the basic properties of
the data, including distributions, standard deviations, and tests of normality. The data
range widely, indicating heterogeneity of the data. The median value of real GDP per
capita is below the mean at 20,705; which indicates that some very high values pull
the mean upwards. Standard deviation shows the dispersion of data around the mean.
The standard deviation of real GDP per capita is very high (16,862.9), indicating that
economic development varies significantly across countries. Energy intensity has a
smaller standard deviation, suggesting a narrower distribution of values. Skewness
measures the asymmetry of the distribution. Positive skewness (real GDP per capita,
final energy consumption): the distribution is skewed to the right, that is, there are
some very high values alongside several lower values. Negative skewness for
renewable energy, the distribution is skewed to the left, as most of the data are
concentrated around the higher values. Kurtosis (peakedness) measures the degree to
which distribution is more or less peaked than a normal distribution. A high value of
Kurtosis (9.8) for final energy consumption indicates that the distribution is sensitive
to extreme values and has a long tail. Negative kurtosis for fossil energy, clean energy
indicates flatter distributions, with data less concentrated around the mean.
The Doornik—Hansen test, Shapiro—Wilk and Jarque—Bera tests examine if variables
follow a normal distribution. Low p-values (usually below 0.05) indicate that the
distribution is significantly different from normal. For all variables, the p-values are
very low, such as for real GDP per capita at 6.59334e—64, indicating that the data do
not follow a normal distribution. It can be concluded that distribution of the data is
not normal; therefore, the use of non-parametric methods may be justified. Some of
the variables show extreme values (e.g., real GDP per capita, fossil fuel use), indicating
differences between countries. Therefore, the data must be transformed to make
them more manageable for further analysis.

The variables were also tested for multicollinearity. Multicollinearity refers to a
strong correlation between explanatory variables in a regression model. This can cause
problems in the analysis as it reduces the ability to accurately measure the impact of
each explanatory variable and can make the estimated coefficients unstable. Variance
inflation factor (VIF) values were used to check the degree of multicollinearity. The
VIF measures the extent to which a given variable is correlated with other explanatory

variables (Wooldridge 2019).
1

VIF= 1=
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VIF =< 1: no multicollinearity. 1 < VIF =< 5: acceptable level of multicollinearity,
analysis is generally reliable. 5 < VIF <10: high multicollinearity, which may be a
problem. VIF> 10: severe multicollinearity that needs to be addressed because the
accuracy of the coefficients and the stability of the model are at risk (Wooldridge et
al. 2016).

All variables have a VIF below 5 (see in Appendix Table A3), which indicates that
there is no significant multicollinearity in the model. After testing for data reliability,
panel models were used to find significance in the factors affecting CO; emissions.
The dependent variable is CO; emissions per capita, for which the variables are listed
in Table 3. The first differential of the data, the change over time, was considered.

Table 3
Short-term impact models
RE FE
Variables
coefficient p-value coefficient p-value
Constants (30) 0.363598 0.0168** 0.358037 0.0335%*
Recession dummy variables 0.380014 0.0230%* 0.364658 0.0409**
Paris agreement dummy variables —0.402146 0.0097#** —0.395546 0.0179**
d_real_GDP_per_capita 8.54606e-05| 0.2780 9.02344e-05| 0.2727
d_real_GDP_per_capita? 4.07138¢e-09| 0.3735 4.39513e—09 | 0.3469
d_finerenergy_cons_per_capita 2.45929 <0.00071 %% 2.36027 0.003 4%k
d_energyproductivity —0.605100 0.0473** —0.628350 0.0801*
d_ren_energy_tot_cons —0.0142573 0.5952 —0.0101448 0.7081
d_services value added gdp —0.0816620 0.0193** —0.0737334 0.0621*
d_net_outflow_gdp% —0.0003259 0.0719* —0.000327701| 0.0833*
Durbin—Watson statistics 2.07
R? 0.6096 0.43
Wooldridge test 0.128 0.128
Durbin—Watson 2.07
Breusch—Pagan test 0.07278
Rho —0.0730
Wald joint test 6.03713¢-16
Hausman test 0.426
F-statistic 0.00001
Joint 0 1.01172e-07

Note: * p<0.05; ** p<0.01; *** p<0.001.
Source: author’s own contribution using Gretl software.

Table 3 shows the results of the short-term panel models. Based on the results of
the random effects (RE) and fixed effects (FE) regressions, the annual change in
GHG emissions is determined by the structure of energy use and the economic
structure. In both models, fossil energy consumption has a significant and strong
positive effect on emissions, implying that any increase in fossil energy use increases
emissions directly and immediately. This correlation is particulatly strong in the
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RE model ( = 2.459; p <0.0001) but also significant in the FE model (3 = 2.360;
p =0.0034), confirming the dominant role of fossil energy in short-term
environmental pressures. In contrast, technical energy efficiency, that is, energy
output per unit input, is negatively signed and significant in the RE model
(B =-0.605; p = 0.0473), while it appears as a marginal case in the FE model
(p = 0.0801), suggesting that technological progress and efficient energy production
can reduce emissions in the short term. A similar positive effect is observed for
economic structural change, with an increase in the service sector’s share of GDP
reducing emissions in both models (RE: 8 = —0.0817; p = 0.0193), indicating that the
shift from industrial production to a knowledge and service-based economy is
associated with annual emission reductions. The impact of political events can also
be detected. In the post-Paris climate agreement period, emissions decreased
significantly, indicating that international climate policy commitments can influence
environmental performance in the short term. The effect of GDP and the Kuznets
curve is not confirmed in the short-term models: neither GDP nor its squared term
is significant in either model. This suggests a nonlinear relationship between
economic growth and environmental pressure, which may be predictable in the long
term but not evident in the short run. The statistical reliability of the models is
supported by several diagnostic tests. The Durbin—Watson statistic is around 2 in
both models, confirming that there is no autocorrelation between the residuals. As the
Wooldridge test is also non-significant (p = 0.128), there is no first-order
autocorrelation in the panel structure. The Hausman test (p = 0.420) result indicates
that the random effects model is not biased and can, therefore, be reliably fitted.
The R? value of the RE model (0.6096) is higher than that of the FE model (0.43),
indicating a better fit to the differenced data. Overall, the short-term models suggest
that the fundamental drivers of emission variations are the type of energy use,
economic structure, and climate policies. Fossil energy is the dominant driver of
emissions, while technical efficiency, penetration of the service sector, and
international climate policies are a crucial factor in reducing emissions. The models
are robust, well-fitting, and provide a reliable basis for drawing short-term
environmental policy conclusions.

The relationship between variables was also examined using cointegration models
fully modified ordinary least squares (FMOLS) and dynamic ordinary least squares
(DOLS). These cointegration models are used to examine the long-run equilibrium
relationship between economic time series, specifically when the time series are non-
stationary but there is a linear combination between them that is stationary. This
indicates that although each series may follow a trend or wander randomly on its own,
they move together and are linked by a long-run equilibrium relationship. The
purpose of this study is to hypothesize or decide if a long-run equilibrium relationship
exists between the variables under study (Phillips—Hansen 1990, Kao—Chiang 2000).
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The FMOLS (model is a special estimation method that is applied to panel or time
series data when there is a long-run cointegrated relationship between variables.
In such cases, the traditional OLS method may not be reliable because the residuals
are non-stationary or autocorrelated; therefore, the estimated parameters may be
biased and inconsistent. This problem is corrected by the FMOLS method, which is
suitable for estimating regression relationships where variables move together in the
long run but follow separate paths in the short run (e.g., GDP and GHG emissions).
The method automatically corrects for autocorrelation and heteroskedasticity
between residuals, facilitating reliable statistical inference. The FMOLS parameters
converge to the true values (consistency) as the sample size increases, making it ideal
for medium- and long-term analysis (Phillips—Hansen 1990).

ye=Bo+ B x1e+ B x2et e

In the equation, j, is the dependent variable, representing GHG emissions
per capita. The coefficients {1, B2, ... correspond to the independent variables,
including real GDP per capita, share of renewables in total energy consumption,
service sectot’s share as a percentage of GDP, and final energy consumption.

The DOLS is a regression estimation method that is used when there is a long-
term cointegrating relationship between the variables under study; however, we also
considered the impact of short-term dynamics in the model. The specificity of DOLS
is the fact that it extends the classical regression with lagged and “lead” differences of
the explanatory variables, thus managing possible dynamic biases and ensuring the
parameters are unbiased.

The starting point of the DOLS model is a cointegrated relationship:

y=Bot By aactBeact uck 21 (Vidxye )+ 2T (88%p-))
log(GHGi)= Bo+81- REN_ERERERGY_TCON;+83»-
ENERGYPRODUCT;+85- SERVICES_GDPii+ 4
FIENERGYCONSit+8s- ZLOGREAL_GDP;+3¢
ZLOGREAL_GDP2+ 3% (88%p-))

The model not only estimates the long-run cointegrating relationship but also
incorporates lagged and lead differences of the explanatory variables, thereby
correcting for dynamic biases that occur in ordinary least squares regression. This
method is especially useful when the economic or social variables under study (e.g.,
GDP, energy consumption, environmental pressures) exhibit a long-term equilibrium
movement but experience short-term deviations or fluctuations. For instance, if the
aim is to examine if a structural but not an immediate relationship exists between
economic growth and GHG emissions (e.g., EKC hypothesis), DOLS is suitable
because it separates long-term equilibrium effects from short-term dynamic
fluctuations.
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Table 4
Panel analysis of factors affecting CO, emissions
FMOLS DOLS
Variables
coefficient p-value coefficient p-value

logreal gdp_per_capita +1.806 0.0769** 2.7151 0.0906**
zlogreal gdp_pet_capita -11.351 0.1252 —8.5633 0.4504
zlogreal gdp_per_capita? 7.3909 0.0145%* 7.5403 0.0928**
fienergyconsumption_per_capita +1.105 0.004#* 0.8409 0.2104
energyproductivity -0.511 0.000%** —0.6587 0.0022%**
ren_energy_tcon —-0.091 0.000%** —0.0873 0.0000%**
services value added of gdp -0.115 0.000%** —0.1025 0,0043#+*
lognet_outflow_gdp% 0.0076 0.795 0.0129 0,6307

Pedroni non-deterministic trend

Panel ADF statistic -1.66 0.0484**
Weighted ADF -2.88 0.0020#kk
Group PP-statistic -3.15 0.0008***

Pedroni non-deterministic trend

Panel ADF statistic -2.35 0.0093#**
Weighted ADF -3.14 0.0008#*
Group PP-statistic —2.27 0.0116**

Pedroni non-deterministic intercept or trend

Panel ADF statistic -1.90 0.0286**
Weighted ADF -3.21 0.0007kk
Group PP-statistic —4.56 0.0000***

ADF

—3.84606

Kao residual cointegration test

0.00071 ¢

Durbin—Watson statistic 2.06

Note: #* p<0.01; *** p<0.001.
Source: author’s own contribution using eView software.

Table 4 shows the results of the long-run panel cointegration models. A detailed
evaluation of the FMOLS and DOLS models clearly shows that the evolution of CO:
emissions is permanently influenced by economic growth, the structure of energy use,
and the characteristics of the economic structure. These models focus on deeper,
equilibrium relationships rather than year-on-year fluctuations, making them
particularly well suited for exploring sustainability trends and environmental-
economic linkages. The impact of economic growth on emissions is positive in both
models, but the relationship is non-linear. The logarithmic of GDP per capita variable
is positive and marginally significant (FMOLS: B = 1.806; p = 0.0769; DOLS:
B =2.7151; p = 0.0900), suggesting that economic growth increases CO2 emissions
in the long term. The EKC hypothesis posits that economic growth initially leads to
environmental degradation; however, the assumption that environmental indicators
start improving after achieving a certain income level is partially justified. The squared
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term of the standardized GDP (ZLOGREAL_GDP?) is positive and significant in
FMOLS (B =7.3909; p =0.0145) and appears as a marginal case in DOLS
(B = 7.5403; p = 0.0928). This pattern raises the possibility of an inverted U-shaped
relationship where economic growth increases initially and subsequently decreases
emissions. However, the linear GDP term is not statistically significant at
conversational levels, so the evidence for a stable and robust EKC remains
inconclusive.

The structure of energy use is a key determining factor. Fossil energy consumption
has a positive effect on emissions and is significant in FMOLS (8 = 1.105, p = 0.004),
while it does not reach statistical significance in DOLS. This suggests that fossil
energy drives emissions in the long term, but the strength of the effect is dependent
on the model specification. In contrast, technical energy efficiency, that is, energy
output per unit input, has a significant negative effect in both models (FMOLS:
B =-0.511, DOLS: B =-0.6587), indicating that efficient energy use reduces
emissions in the long run. Renewable energy use is also strongly negative and
significant in both models (FMOLS: 8 = —-0.091, DOLS: 3 = —0.0873), confirming
that renewables contribute substantially in reducing emissions in the long run — even
if this effect is not always observable in the short run. The impact of economic
restructuring is clearly visible. An increase in the services sectot’s share in GDP has a
significant negative effect on emissions in both models (FMOLS: § = —-0.115, DOLS:
B =-0.1025), indicating that the transformation of the industrial structure of the
economy through the expansion of services has a positive environmental impact in
the long term. The net capital outflow (lognet_outflow_gdp%) is not significant in
any of the models and is, therefore, not considered a determinant of long-term
emissions. Cointegration tests confirm the statistical robustness of the models. The
significant results of the Pedroni and Kao tests confirm the presence of a long-run
equilibrium relationship between the variables under consideration. The value of the
Durbin—Watson statistic (2.00) indicates no autocorrelation between the residuals,
supporting model stability and reliability. Overall, the FMOLS and DOLS models
suggest that the long-term evolution of CO:z emissions is primarily determined by
economic growth, the structure of energy use, and economic structure. Fossil energy
and GDP growth increase emissions, while renewable energy, technical efficiency,
and the expansion of the service sector reduce emissions. The EKC hypothesis is
partially supported but not conclusively established. The models are statistically
robust and provide a valuable basis for informing long-term environmental policy
decisions.
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Statistical test of the EKC hypothesis

Much of the empirical work on the EKC hypothesis assumes a nonlinear relationship
between income levels and environmental damage (Panayotou 1993). The calculation
of the turning point is based on an econometric regression in which per capita CO2
emissions are modelled as a function of real GDP per capita and its squared term.
This specification allows for empirical testing of the EKC hypothesis for the countries
under study over the relevant petiod.

dif_greenhouse_emissions= Bo +B1+dif_1 real GDP per capita + Ba+dif_1 real GDP
per capita?

This step helps us determine the level of real GDP per capita at which CO2
emissions per capita turn (i.e., the tipping point). Differentiation involves taking the
first derivative of the equation with respect to GDP per capita and setting it to zero
to estimate the value where emissions show the largest change.

B1+ Baxdif_1 real GDP per capita = 0

This regression model is used to determine how the level of GDP per capita (and
its squared value) affects countries' CO; emissions pet capita, and the calculation of
the turning point helps to identify the GDP level at which CO2 emissions change
direction.

Turning point for CO; emissions per capita = 282

The squared GDP variable (d_1 real GDP per capita?) is a key variable in the
empirical modelling, as the inverted U-shaped relationship in the data is precisely
demonstrated by the opposite sign coefficients of the linear (d_1 real GDP per capita)
and squared (d_1 real GDP per capita?) terms of GDP. This approach is widely used
in the analysis of the EKC curve (Grossman—Krueger 1991, Stern 2004).

Table 5
Regression values of real GDP per capita
Variables Coefficients p-value
d_rel_gdp (B1) 0.000149205 0.0035%**
d_real_gdp2 (B2) —1.86391e-08 0.0113%*

Note: ** p<0.01; *** p<0.001.

. . . . B1 0.000149205
Turning point of CO; emissions per capita = —— =- =
22 2+—0.0000000186391

3,996.97 euro/capita
If the variables B1 and B2 are fitted only to the model, 32 becomes significant and
negative, indicating the turning point.
When fitting all other independent variables into the model, as shown in Tables
3—4, B1 does not show significance, suggesting that the countries have not yet reached
the turning point. The squared variable of real GDP per capita is positive and shows
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a small effect, providing weak evidence for a nonlinear (inverted U-shaped)
relationship of the EKC curve.

Next the independent variables using linear regression analysis on the dependent
vatiable are examined. In Appendix Figure Al shows that an increase in GDP per
capita corresponds to an increase in CO2 emissions per capita. There is a positive
slope for final energy use per capita, energy intensity, and the shate of fossil energy,
all of which contribute to higher GHG emissions. Improvements in energy
productivity and increases in the share of clean and renewable energy sources show a
negative slope, indicating their role in reducing GHG emissions.

Figure 1 shows scatter plots of the relationship between GHG emissions per capita
(In_ghg emission_per_capita) and real GDP per capita (In_real gdp_per_capita),
based on data for EU member states. Each point represents a single petiod (year). The
plots, representing a dotted trend line, show a polynomial fit. The inverted U-shape
is consistent with the EKC hypothesis, where output first increases and then
decreases as income rises. Similarly, other shapes, such as a U-shape, differ from or
do not confirm with the EKC. The R? value indicates the explanatory power of the
model, that is, how much of the total variance in the dependent variable the
explanatory variables can explain. A low R? value indicates that the model has a
limited ability to capture the relationships under investigation. This suggests that
changes in GHG emissions are not strongly correlated with GDP per capita. There
is considerable heterogeneity across EU member states. The graphs show the
correlation between GDP per capita and CO; emissions per capita per for member
states over the time series 2000-2022. The analysis cannot establish a causal
relationship between the two variables, as other factors also influence CO:z emissions.
The objective is to determine if there is a correlation between the variables and
whether the slope of the function is negative or positive, that is, whether CO»
emissions decrease or increase with improving real GDP per capita. For Sweden,
Germany, Belgium, the Czech Republic, France, Malta, Ireland, and the Netherlands,
we observe a curve with a negative slope, which does not correspond to the inverted
U-shape predicted by the classical EKC hypothesis, but rather it indicates that CO2
emissions per capita decrease as GDP per capita increases. The points represent one
observation unit, which is a year in this case. For example, in the case of Sweden, as
real GDP per capita increases, GHG emissions per capita decrease, which explains
approximately 54% of the variation in GHG emissions. Real GDP per capita has
increased to a greater or lesser extent in all the EU member states, but the slope of
the curve is not always the same. If the slope is negative and the explanatory power
is high, then an increase in real GDP per capita may decrease GHG emissions, or
conversely an increase. For Bulgaria, Estonia, Greece, Croatia, Italy, Lithuania, Latvia

and Luxembourg, economic growth is associated with an increase in CO2 emissions.
In Cyprus, Austria, Hungary, Poland and Finland, there is a weak relationship between
the two variables.
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Figure 1
Scatter plots of EU member states as a function of
GDP per capita and GHG emissions per capita
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Source: authot’s own contribution using Gretl software.

Validity and critiques of the environmental Kuznets curve

There are several criticisms regarding the validity of the EKC. The main criticism
raised by Arrow et al. (1995) is that the EKC model implicitly assumes that economic
growth is sustainable. However, if higher economic activity is not sustainable in the
long term, then the pursuit of rapid growth during the eatly stages of development,
when environmental degradation is still increasing, may be counter-productive.
If economic growth is not based on a stable foundation — for example, if it is
characterized by over-exploitation of natural resources or persistent pollution — then
it may decline over time.

If there is an EKC-type link, it is partly or largely attributable to trade, which
reallocates polluting industries worldwide. The decline in environmental damage in
developed countries and the increase in middle-income countries is owing to changes
in the structure of production rather than being a natural consequence of rising
income levels (Stern 1998).

Environmental regulations in developed countries may further encourage the
relocation of polluting industries to developing countries. These effects may result in
an apparent reduction in pollution intensity as incomes rise; however, in reality,
environmental pressures are merely geographically displaced (Lucas et al. 1992).
Owing to the spatial variation in environmental regulations, a country’s level of
pollution may be directly related to the openness of international trade (Grossman—
Krueger 1991).

Professional publications provide a broad interpretation of the EKC hypothesis.
Examining EU member states as a group of countries, we found no clear evidence
that member states have reached a tipping point. Moreover, as GDP growth alone
does not explain the decline in environmental degradation, additional explanatory
variables are needed. Based on this conclusion, we closely examined the critical
analysis by Stern (1998) and Lucas et al. (1992), who argue that it cannot be clearly
stated that GDP per capita growth alone affects CO2 emissions; other factors also
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play a role. As shown in Tables 3 and 4, we included the share of the services sector
in GDP [16] in the model and the share of OFDI in the GDP, both measured as
percentages. The OFDI indicator was sourced from the World Bank database and
represents FDI made by domestic firms abroad. It shows how much FDI domestic
companies invest abroad, that is, the extent to which they invest in companies in other
countries. The purpose is to measure a country's economic expansion and

international investment activity and is measured as a percentage of GDP [17].

The analysis of the impact of OFDI on CO:2 emissions is based on four different
panel models, as presented in Tables 3 and 4. Results from two short-run (random
effects and fixed effects) and two long-run cointegration models (FMOLS and DOLS)
are compared. The variable representing OFDI is LOGNET_OUTFLOW_GDP%,
which denotes the ratio of net capital outflows to GDP. Based on the short-run models,
the impact of OFDI is negative and marginally significant. In the RE model, the
coefficient is —0.0003259 (p = 0.0719), while in the FE model it is —0.0003277
(p = 0.0833). This suggests that when capital outflows to the rest of the world increase
in a country, domestic COz emissions decrease slightly, although the effect is only
marginally statistically significant. An explanation for this is the “pollution haven”
hypothesis, which suggests that companies relocate their polluting activities to countries
with less stringent environmental regulations. This may reduce domestic emissions
while production continues abroad. However, it is important to stress that the effect is
weak and not always significant; therefore, the results should be interpreted with
caution.

By contrast, the long-run models FMOLS and DOLS do not show a significant
relationship between OFDI and CO:z emissions. In the FMOLS model, the coefficient
is +0.0076 (p = 0.795), while it is +0.0129 (p = 0.6307) in the DOLS model, indicating
positive signs and a lack of statistical significance. This indicates that in the long term,
capital outflows abroad are not associated with a decline in domestic output but may
contribute to a slight increase. This may be because the reinvestment of foreign
investment income in the home country increases economic activity and energy
demand, or foreign production may not be completely substituting domestic
production. Overall, the results indicate that OFDI does not exert a strong or
consistent influence on CO2 emissions. In the short run, there is a minor negative
effect; however, over time, this relationship fades or even reverses. This suggests that
inward capital flows are not a reliable environmental policy tool for reducing
emissions. The pollution haven hypothesis is only partially supported: even if it
operates, its effect is weak and short-lived. Therefore, OFDI is not a key driver of
environmental sustainability, and emission reductions should be achieved through
improvements in domestic energy efficiency, use of renewables, and economic
restructuring.

The effect of OFDI on a country's CO:2 emissions may initially appear
contradictory, since logically one would expect that if firms in a country prefer to
invest abroad, this would reduce domestic economic activity and hence emissions, as

Regional Statistics, Vol. 16. No. 3. 2026: 597-637; DOI: 10.15196/RS160307



Balancing economic growth and emission reductions:
an empirical study of the European Union

617

assumed by Lucas et al. (1992). Yet, several economic and industrial mechanisms may
explain why OFDI can lead to increased COz emissions in a given country. The
literature on the effects of FDI on the emitting country is limited, as it is based on
the host country. Borghesi et al. (2016) examined the relationship between OFDI and
carbon emissions from the home-country perspective of the emitting country for
Italy. The results confirm that some sectors, especially those exposed to carbon
leakage, are likely to relocate their production to countries with less stringent
environmental regulations (Borghesi et al. 2016). The results of the FMOLS
estimation method show that China's FDI is a significant contributor to
environmental pollution, as the relationship between energy consumption and
environmental degradation is positive and significant (Yang et al. (2021). The leakage
of OFDI can damage the environment through the transfer of polluting and low-
quality technologies. This phenomenon is a “double-edged sword”, as OFDI leakage
across various sectors such as manufacturing, natural resources, and infrastructure
development can not only contribute to economic growth but can also exacerbate
environmental degradation and increase the environmental burden on the domestic
economy. The impact of OFDI on the home country is complex, as it can be both
positive and negative in terms of economic growth and environmental sustainability
(Osabuohien-Irabor—Drapkin 2024). The economic growth generated by OFDI can
also increase energy consumption and catbon emissions in the home country. This
may be due to an increase in production activities. Moreover, OFDI may encourage
companies to expand or improve their production capacity, including industrial
production and manufacturing. Increased production is often associated with higher
energy consumption, especially if the energy sources are not renewable. Very often,
OFDI not only provides access to foreign markets but also facilitates the global
expansion of supply chains. Increased production and the expansion of international
trade require more energy for transport and logistics, which results in higher CO»
emissions. In OFDI, companies in the emitting country can create new technological
developments, infrastructure, and industries that can be energy intensive (Shahbaz et
al. 2015). The published results are divisive, with evidence supporting both views.
Table 6 clearly shows that the evolution of emissions in both the short- and long-
term is determined by the structure of energy use, economic structure, and technical
efficiency. Final energy consumption per capita (TOE/capita) has a significant and
positive effect over both time horizons, that is, a more energy-intensive lifestyle
directly increases emissions. Conversely, the share of renewable energy is significant
and negative in the long term, confirming that the penetration of sustainable energy
sources structurally reduces emissions. Energy productivity and the weight of the
services sector as a share of GDP are significant emission-reducing factors in both
the short and long term, indicating that technological efficiency and economic
restructuring play a key role in reducing environmental pressures. The impact of
OFDI (outward capital flows) is weakly significant in the short term, but not
significant in the long term, and thus cannot be considered a stable environmental
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factor. The effect of economic growth is significant and positive in the long term, that
is, GDP growth increases emissions in the long term. Although there are signs of an
inverted U-shaped pattern in the EKC curve (GDP? is positive and significant, while
GDP is not), the hypothesis cannot be cleatly confirmed as significance is lost in a
multivatiate model. The model's robustness is supported by the absence of
autocorrelation (DW, Wooldridge) and multicollinearity (VIF <5), and the
cointegration relationships are confirmed by Pedroni and Kao tests. All this indicates
that the estimates are statistically robust, thus justifying the use of long-run models

(FMOLS, DOLS).

Table 6
Comparison of short- and long-term impact of factors affecting CO, emissions
Vatriable Long-run .

Short-run (RE/FE) (FMOLS/DOLS) Conclusion
Final energy consumption pet| .. . - . .
capita (TOF/capita) Significant Significant Emission-increasing
Shate of renewable cnersy tn Not significant Significant Emission-reducing
total energy consumption (%o)
Fnergy productivity Significant Significant Emission-reducin;
(EUR/kg oil equivalent) & & ueng
Share of services in GDP (%)| Significant Significant Emission-reducing

OFDI as % of GDP

LOG real GDP per capita
(FMOLS/DOLS)
dif_ real GDP per capita

EKC hypothesis
FMOLS/DOLS

Z1.OG real GDP per capita
Z1OG real GDP per capita?
FE/RE

dif_ real GDP per capita
dif_ real GDP per capita?

Weakly significant

Not significant

Significance is
observed when two
variables are included,
but it disappears when
additional variables are
added to the model.

Not significant

Significant

GDP? is significant
(positive) in both
models, while GDP
itself is not.

No robust effect

Economic growth
increases emissions
in the long term

Inverted U-shape
appears in the long
term, but not fully
supported by the
model

Cointegration

Confirmed by
Pedroni—Kao tests

FMOLS and DOLS
application is justified

Autocotrelation test
(DW, Wooldridge)

Not significant

Not significant

No autocorrelation
problem in either
model

Multicollinearity (all variables)

VIF <5

VIF <5

No multicollinearity
present

As it is not possible to clearly determine if OFDI has any effect on GHG

emissions based on the panel models, a comparative analysis was performed. In
Figures 2-5, we compared real GDP per capita, OFDI, CO, emissions per capita, and
ecological footprint data for 2022. The purpose of the comparison is to examine
whether countries with a high OFDI as a percentage of GDP have higher GDP per
capita growth, CO, emissions per capita and ecological footprint. Luxembourg,
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Ireland, and the Netherlands meet all three criteria except for the ecological footprint.
For Luxembourg, all four indicators are extremely high.
Figure 2
Real GDP per capita in the EU member states, 2022
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Source: author’s own contribution based on [16].
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Figure 3
Working capital outflows in the EU member states, 2022 (GDP, %)
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Note: No data are available for Austria and Malta.
Source: author’s own contribution based on [20].
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Figure 4

CO; emissions per capita in the EU member states, 2022
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Figure 5
Ecological footprint per capita in the EU member states, 2022
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Sonrce: [18].

To better understand the context, countries were clustered using the £-means
clustering method. The aim of clustering is to create homogeneous groups of similar
observations while keeping the groups as distinct as possible from each other.
We used the £-means clustering technique for the EU 27 member states, aiming to
organize EU countries into clusters with similar characteristics (Pelle et al. 2021,
Schmitt—Starke 2011). For the economic indicators, we used a quadratic Euclidean
distance, which is calculated between individuals i and k using the following formula,
where j is an index denoting individuals or variables:

dizk = Z(xij - xkj)z

J
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The distribution between clusters need not be proportional, but greater inequality
can provide important information. This analysis aims to achieve a clustering that
minimizes differences within each cluster. In £-means cluster analysis, the centroid is
the average of the points assigned to the cluster. The more homogeneous a cluster,
the smaller the distance of the points from the centroid. Single-element clusters
indicate outliers that are significantly different from the others. Variables are
standardized for comparability. In this case, six clusters were constructed without
excluding outliers because the aim is to include all countries. The number of countries
was distributed unevenly between the clusters. Table 6 shows the characteristics of
the clusters, positive and negative averages, and variance of the clusters. For this
analysis we used data from 2022. Standardized variables were used in the analysis to
avoid bias due to differences in units of measurement.

Table 7
Statistical clustering of EU member states, 2022
Cluster
1 2 3 4 5 6
Ireland Bulgaria Czech Belgium Luxembourg | Sweden
Greece Republic Denmark
Spain Germany | Netherlands
France Estonia
Croatia Latvia
Countri Italy Poland
ountries Lithuania Finland
Hungary
Portugal
Romania
Slovenia
Slovakia
Soutce 0.00 0.3358 0.2004 0.1163 0.00 0.00
Zscore: real GDP 2506 | —0.5589 | —0.3494 0.7877 2.9541 0.8188
per capita
Zscore working 00929 | —0.2899 |-0.29149 | —0.1132 45118  |-0.23552
capital outflow
Zscore: GHG 17920 | —0.5944 0.7042 0.3712 22915 | —2.3372
emissions per capita
Zscore: ecological
footprint per one —0.3826 —0.6223 0.3772 0.7922 3.1310 —0.1483
person

Source: authot’s own contribution using SPSS statistical software package.

For the clustering, the variables including ecological footprint, working net capital
outflow, real GDP per capita, and GHG emissions were also considered. Ecological
footprint is an indicator that measures how much natural resources a given human
community ot individual uses telative to the Earth's biocapacity. It includes energy

Regional Statistics, Vol. 16. No. 3. 2026: 597-637; DOI: 10.15196/RS160307



624 Anita Zombory

consumption, food production, built environment, and waste management.
The carbon footprint is often expressed in global hectares (gha), which indicates the
amount of land and water needed to sustain a given lifestyle [19]. Compared to the
ecological footprint, carbon footprint reveals how sustainable emissions are relative
to the available natural resources (Zhen—Freire 2023). Several studies have examined
the significant relationship between carbon footprint and CO, emissions (Amer et al.
2024). We found it useful to include the carbon footprint as an indicator in the cluster
analysis because the ecological footprint specifically measures how much natural
resources a country uses and to what extent it pollutes the environment.
To understand the relationship between economic development and environmental
pressure, it is essential to include the carbon footprint in the cluster analysis.
This helps to compare the environmental impacts of countries. For example, the
co-presence of a high GDP per capita and a high carbon footprint may indicate that
economic growth has a high environmental cost.

Three of the six groups of countries are considered outliers: Ireland, Luxembourg
and Sweden. As we are testing the variables for all 27 member states, we retained
them in the database. For the sake of clarity, we have summarized our evaluation of
the results in Table 8.

Table 8
Results of the cluster analysis for EU member states
Cluster
1 2 3 4 5 6
Ireland Bulgaria Czech Belgium Luxembourg | Sweden
Greece Republic Denmark
Spain Germany | Netherlands
France Estonia
Croatia Latvia
Countri Italy Poland
ountries Lithuania Finland
Hungary
Portugal
Romania
Slovenia
Slovakia
Real GDP . . extremely .
per one person high low low high high high
Working capital medium low low medium very high low
outflows
GHG emissions . . . extremely
per capita high low high high high low
Ecologl.cal footprint low low high high extr.emely medium
pet capita high
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These results once again highlight the heterogeneity across member states, which
indicates that they operate at different levels of development. Belgium, the
Netherlands, and Denmark have higher-than-average real GDP growth per capita,
which leads to a higher-than-average increase in their ecological footprint.
Luxembourg is a notable outlier in all respects, with very high GDP growth per capita,
which results in a very high increase in its ecological footprint. The growth of OFDI
is also extremely high, as confirmed by previous measurement results. This high value
does not necessarily reflect real capital outflows in the real economy. Luxembourg is
a global financial center with several investment funds, holding companies, and banks
formally incorporated there. These entities often function only as financial transfer
points, that is, they move capital to other countries without conducting real economic
activities in Luxembourg (UNCTAD 2016). Previous findings also support the view
that this high economic growth does not lead to efficiency gains and GHG emission
reductions. For the other country groups, we found no correlation between OFDI
and CO; emissions. Thus, we can support the panel analysis finding that the
significance between CO; emissions and OFDI is due to the extremely high values of
Luxembourg.

Based on Stern’s research, we analysed the evolution of the services sector's share
in GDP across EU member states and the trend of CO2 emissions per unit of GDP.
We aimed to investigate whether the decline in CO2 emissions is primarily associated
with the expansion of the services sector or rather with improvements in energy
productivity.

Based on Figure A2 in Appendix, the increase in the service sector’s share in GDP
contributes to the reduction in COz intensity in Malta, the Netherlands, Luxembourg,
Cyprus, Croatia, Spain, Greece, Denmark, and Belgium. In Bulgaria, where the share
of the service sector has changed very little over the past 12 years, producing one unit
of GDP results in approximately 100 tons of CO2 emissions. Countries such as
Czechia, Estonia, Greece, Latvia, Cyprus, and Poland emit around 50 tons of CO:
per unit of GDP. In these countries, the service sector accounts for approximately
50% of GDP, except for Cyprus, where it reaches 80%. In Sweden, Finland, Portugal,
Austria, the Netherlands, Malta, Luxembourg, Italy, France, Spain, Germany,
Denmark, and Belgium, the share of the service sector exceeds 60% of GDP, and
CO2 emissions per unit of GDP are approximately 20 tons. The figures also reveal
that in most countries, the reduction in emissions is greater than the increase in the
share of the service sector, indicating that technological modernization, declining
energy intensity, and increasing energy productivity play an important role. This
implies that the decrease in emissions is not solely driven by the expansion of the
service sector.

Table 9 summarizes the results collected from publications and compares them
with our own results.
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Pros,

Table 9

cons, conceptualization of results

Author

Claim

Own results

Sulaiman—Abdul-Rahim (2017),
Koc—Bulus (2020)

Energy consumption and
economic growth have positive
effects on CO; emissions
(developing countries)

Increases in energy consumption
per capita and GDP per capita
increase CO; emissions

per capita, which depend

on other factors.

Gill et al. (2018),
Sabri et al. (2024),
Kitole et al. (2024)

Economic growth alone can’t
reverse environmental
degradation (developing

countries)

Evidence of a significant effect of
energy intensity growth and
energy productivity

on CO; emissions.

Bilgili et al. (2016),
Wang et al. (2023a),
Jebli et al. (2010),
Akbar et al. (2024)

Grossman—Krueger (1991),
Hinrich Foundation (2024)

GDP per capita has a positive
effect on CO; emissions, and
GDP per capita squared has a
negative effect on CO,
emissions, and renewable energy
consumption has a negative
effect on CO, emissions.
Increasing non-renewable energy
consumption increases CO;
emissions.

A resource-intensive economy
increases CO, emissions.

The first part of the statement
can be substantiated. The share of
renewable energy sources does
not show significance in the
short-term model, as its
proportion is still too low across
the member states to be
detectable. In the long term,
howevet, it shows considerable
significance.

There is clear evidence. Energy
intensity shows significant
increases in CO; emissions.

Arrow et al. (1995),
Herrington (2020)

The EKC model implicitly
assumes that economic growth is
sustainable.

Energy intensity growth has an
environmentally destructive
effect. GDP per capita growth
alone does not solve
environmental problems, and it
does not show significance in
combination with other
influencing factors. Sustained
economic growth cannot be
unequivocally maintained,

as COz emissions remain closely
linked to energy consumption and
economic growth.

Stern (1998),
Barrett et al. (2023)

The reduction of environmental
damage in middle-income
countries depends on the
transformation of the production
structure and not on the increase
in income levels.

Evidence in the model. The high
share of the services sector

as a % of GDP shows strong
significance across all three
models. In contrast, real GDP
per capita growth shows low
significance.

Lucas et al. (1992),
Borghesi et al. (2016),
Wang et al. (2023b)

Developed countries shift
polluting industries to developing
countries with the intensity of
capital outflows, thereby
reducing their own
environmental degradation.

There is no clear evidence of a
negative or positive impact of
OFDI on environmental
degradation.
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Conclusion

In this analysis, we examined the GHG emission performance of EU member states,
with a particular focus on the strategic objectives of the Green Deal, which include
reducing emissions and sustaining economic growth. In our analysis, we used panel
regression models to investigate the phenomenon of the EKC, with the panel models
proving to be the most appropriate.

Our results indicate that per capita real GDP, final energy consumption, and
increases in energy intensity have a positive impact on GHG emissions. In contrast,
improvements in energy productivity and a higher share of renewable energy sources
contribute to emission reductions. The impact of the Paris Agreement on lowering
emissions is statistically marginal, whereas periods of economic recession had a
mitigating effect on emission levels.

In testing the Kuznets hypothesis, when GDP per capita and its exponent were
included in the model, the EKC phenomenon was demonstrated, and the data were
used to determine the tipping point. However, when additional independent variables
were included, the parameter 32 did not show a significant effect, indicating that the
clear validity of the EKC hypothesis cannot be confirmed in all cases. There is
considerable variation between member states: Sweden, Germany, Belgium, the
Czech Republic, France, Malta, Ireland, and the Netherlands experienced a decrease
in GHG emissions with increasing GDP.

An important criticism of the EKC hypothesis is that some EU member states
can reduce GHG emissions on their own territory by relocating energy-intensive
industries abroad. However, our results do not allow a clear statement that FDI has
a positive or negative impact on COz emissions.

Growth in the services sector as a share of GDP has shown a significant negative
effect in reducing emissions. In countries where the services sector’s share exceeds
50% of GDP, CO; emissions per unit of GDP are lower, indicating that the shift in
economic structure towards services may have a positive impact on reducing
emissions.

Opverall, the results show that GHG emissions are influenced by a combination of
factors and, therefore, require a comprehensive and integrated approach to policy
design. The heterogeneity of member states is a key element of the EU's overall
performance and countries should be committed to improving energy efficiency and
supporting sustainable growth. Future research may wish to further investigate the
role of individual sectors and the actual impact of industry relocation on meeting EU
emissions targets.

Acknowledgements

This study was written within the framework of the Doctoral School of Economics at the
University of Szeged.

Regional Statistics, Vol. 16. No. 3. 2026: 597-637; DOI: 10.15196/RS160307



628 Anita Zombory

Appendix

Table Al

Analysis of stationarity of variables
Variables Imjlverse Inverse normal Logit test
chi-square test
Real GDP per capita 128.701%** —0.87829%+* —6.59133F*+*
Total final energy consumption per capita 126.011%* —06.7473%%* —6.43811#**
Energy intensity 126.576%** —0.77384%* —6.4699%**
Renewable energy ratio 129.074%+* —6.9048*** —6.61567+**
Fossil energy share 125.19%F* —6.70334+* —6.38985%**
GHG emissions per capita 125.313%+* —6.71072%** —6.39739%**
Clean energy ratio 125.268F+* —6.70715%%* —0.394270k%
Note: *¥* p<0.001.
Source: author’s own contribution using Gretl software.
Table A2
Descriptive statistics of variables
. Real GDP Toral final cnersy Energy Share of
Description . consumption . >
per capita per capita intensity renewable energy
Average 24,974.0 2.45656 3.85725 17.8138
Median 20,705.0 2.15000 3.50000 16.1825
Minimum 2,990.00 0.930000 1.10000 0.102000
Maximum 88,120.0 9.63000 9.10000 66.0020
Source 16,862.9 1.32385 1.34803 11.9567
Deviation 1.50798 2.79560 1.00424 0.950875
Peak 2.87330 9.80375 1.37116 0.930868
Doornik—Hansen test 6.59334e—64 7.13595¢-278 2.06139e—12 2.58741e-05
Shapiro—Wilk 2.3982¢-21 8.74619¢-29 7.65828¢—11 4.07483¢-13
Jarque—Bera test 2.47241e-85 0 9.94276e-17 3.44545e-20
Fossil energy Clean energy | GHG emissions
share share per capita

Average 52.7847 47.1946 9.03966
Median 50.4300 49.5700 8.30000
Minimum 1.09000 0.00000 —0.700000
Maximum 100.000 98.5100 29.5000
Source 26.9210 26.8901 4.57306
Deviation 0.0826152 —0.0834966 1.21238
Peak —0.980297 —-0.977258 3.03387
Doornik—Hansen test 1.03133e-07 1.1481e-07 2.17426e-25
Shapiro—Wilk 8.21384¢-10 1.02368¢-09 3.71114e-16
Jarque—Bera test 2.58741e-05 2.74005e—05 3.29915e-95

Source: authot’s own contribution using Gretl software.
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Table A3
Results of multicollinearity testing of variables

Variable VIF

d_real GDP 4.898

d_real_gdp2 2.786

d_fienergycons 3.275

d_energyintensity 1.088

d_energyproduct 3.115

d_renergy 1.144

d_Fossilfuel 1.395

FDI_GDP 1.183

Source: authot’s own contribution using Gretl software.

Figure Al

Regression analysis of factors affecting CO; emissions per capita, with least
squares fit

a) d_real_GDP versus b) d_fienergycons versus
d_greenhousegas d_greenhousegas
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(Figures continne on the next page.)
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(Continned.)
e) d_renergy versus d_greenhousegas f) d_fossilfuel versus
d_greenhousegas
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Source: authot’s own contribution using Gretl software.

Regional Statistics, Vol. 16. No. 3.2026: 597-637; DOI: 10.15196/RS160307



631

Balancing economic growth and emission reductions:

an empirical study of the European Union

Figure A2

Structural economic change and decarbonization in the European Union
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