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Abstract: The main objective of the research was to determine the long-term and short-term correla-
tion between CO2 emissions per capita, energy consumption per capita, and the level of economic
growth of GDP per capita in the V4 countries. These countries, being EU members since 2004
and previously being in the sphere of influence of the Soviet Union, have introduced a number of
economic reforms, but in the area of climate protection, including decarbonization, they struggle with
many problems, as their economies are largely dependent on energy from non-renewable resources.
The results of the research are varied, but the authors confirmed, especially in the case of Poland,
the long-term correlations between the studied variables. In the short term, such interdependencies
also occurred, especially between the level of energy consumption per capita and the level of CO2

emissions.
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1. Introduction

The economic development of any country in the world is conditioned by sufficient
and constant access to relatively inexpensive energy [1–3]. On the other hand, the energy
sector is one of the main sources of greenhouse gas emissions, including CO2, and therefore
requires significant investment outlays to ensure climate protection and pursue a policy of
sustainable development [4]. The problem of global warming, as well as sustainable devel-
opment, has received a lot of attention in recent years in political, economic and scientific
circles, and has also become the subject of discussions within international institutions.

Climate change caused by excessive CO2 emissions has also become one of the greatest
challenges and priorities of the European Union, being an area of interest for the EU’s
energy policy. Since greenhouse gas emissions, including carbon dioxide (CO2), are consid-
ered the key source of global warming, the United Nations (UN), the European Union (EU),
and countries of the world are taking different measures to reduce CO2 emissions [5–7].

In the last decade, the long-term policy of the EU has revealed tendencies related
to the pursuit of increasing energy efficiency and climate protection, combined with the
expectations of sustainable economic development. These actions are to be implemented
by changing the share of fossil fuel energy production in favor of renewable sources
(RES) [8,9].

Guaranteeing climate-neutral energy security is of great importance, especially in
the new EU member states, where the energy transformation began later than in Western
Europe. On the one hand, states that joined the EU after 2004 are trying to get closer to
economically with countries such as Germany, France, and Denmark, however, climate
challenges may result in the need for significant investments and a slowdown in economic
growth.
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The group of countries facing the challenge of energy transformation includes, inter
alia, countries of the Visegrad Group (V4), which are characterized by comparable devel-
opment conditions [10,11]. Their level of sustainable energy development differs greatly
from that of other Member States of the EU. Achieving the goals of the EU climate strategy
requires these countries to meet a number of capital-intensive activities and changes in the
socioeconomic area [12]. This is due to the significant dependence of the V4 economies on
energy produced from fossil fuels, and the transformation to other energy sources is a very
big financial challenge for them [13].

The V4 energy sector is based mainly on fossil fuels due to historical aspects, including
the significant availability of coal, especially in the Czech Republic and Poland. Political
changes started at the end of the 1980s to leave the sphere of Soviet influence and transform
from a centrally planned economy to a market economy [14].

This process not only reunited these countries with Western Europe through the
EU and NATO integration structures, but also influenced the rapid rate of economic
development, which brought them to the sixth economic power in Europe [15].

Geopolitical changes, neighborhood cooperation, and similar economic goals allowed
the V4 countries to expand into new markets and take advantage of international trade [16],
which directly increased the value of foreign trade [17,18]. These countries are charac-
terized by high dynamics of economic growth, the level of which is subject to economic
fluctuations [19,20]. It should also be noted that along with the economic changes made
in the last 30 years, the economies of the V4 countries also recorded a drop in emissions
(more than three times less than in 1991). Despite this, the emissivity of their economies is
still 35% higher than the average emissivity of the EU-15 countries [15].

However, the process of reducing greenhouse gas emissions was not motivated by
environmental aspects but by economic changes and the bankruptcy of enterprises, mainly
in the heavy industry sector. However, the changes indicated did not solve the problem
of CO2 emissions and decarbonization in the V4 countries [21]. Nevertheless, as indi-
cated [22], although there are significant discrepancies between the energy strategies of the
V4 countries, these countries have many common features that largely coincide with the
EU’s goals. At the same time, the progress in the transformation of the energy sector.

In 2020, the V4 countries, according to the World Energy Council (WEC) report, were
recognized as one of the safer energy countries [23]. Among the V4 countries, in terms
of the ability to provide sustainable energy, according to the Trilemma Index 2020 for
128 countries, Poland ranked 41st, Hungary 12th, the Czech Republic 13th, and Slovakia
20th. The share of energy from renewable sources (RES) in the V4 countries is also important
for energy transformation. The share of RES in these countries strongly differs from
countries in the so-called old EU. Although from 1992 to 2019 this share increased (by
631.11% in Slovakia, 615.81% in Poland, 320.11% in Hungary, and 282.11% in the Czech
Republic), it is still lower by 10.30% than in the countries that joined the EU before 2004
(Figure 1). At the same time, the average annual growth rate of the share of RES in the
individual V4 countries was similar for all V4 countries and amounted to an average of
6.71%, compared to 3.43% in the countries of the old EU. However, despite the higher pace
of growth, the V4 countries still obtain significantly less energy from renewable sources,
which will be a major challenge in meeting the conditions of the European Green Deal and
will also require huge financial resources to achieve climate neutrality by 2050.
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Figure 1. A plot of share of energy from renewable sources (RES) in V4 and in the EU countries before 2004 (EU-15) in
1992–2019.

Taking into account the above premises, it has become justified to analyze, taking into
account quantitative methods, the extent to which the energy transformation will affect
the economic situation (economic growth and development) and the level of the reduction
of CO2 emissions and energy security of the V4 countries. The answer to this question
requires defining detailed relationships between the rate of economic and development
growth, the level of energy consumption, and environmental pollution. The formulated
conclusions may constitute the basis for future activities within the V4, as well as for the
formulation of strategies for the implementation of the Green Deal.

The article’s main aim was to investigate the cointegration and long-term and short-
term interdependencies between CO2 emissions, energy consumption, and level of eco-
nomic growth (GDP) in the V4 countries in 1992–2015 and to indicate future prospects.
In order to assess the relationships between these three variables, the autoregressive dis-
tributed lag (ARDL) was used to determine the nature of the relationship, and the VAR
(short-term) and VECM (long-term) models were estimated, indicating the direction of the
variables. The authors assumed the following hypotheses:

Hypothesis 1 (H1). In the long run, there were uni-directional or bi-directional relationships
between GDP per capita and carbon dioxide emissions per capita.

Hypothesis 2 (H2). In the long run, there were uni-directional or bi-directional relationships
between GDP per capita and of energy consumption per capita.

Hypothesis 3 (H3). In the long run, there were uni-directional or bi-directional relationships
between the level of energy consumption per capita and carbon dioxide emissions per capita.

Hypothesis 4 (H4). In the short run, there were uni-directional or bi-directional relationships
between the level of energy consumption per capita and carbon dioxide emissions per capita.

The article is divided into four parts. In the first section, the literature in the analyzed
area was reviewed. The second part presents the research methods and the data used. The
third part presents the results of the research and discusses the obtained results. The last
part is a conclusions.
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2. Literature Review

Regardless of the well-known theories of economic growth, which aim to search for
factors generating this growth, contemporary research on the interdependencies between
these factors should be carried out with the use of econometric modeling. Econometric
estimation of causality between economic variables has more than fifty years of history if
the turning point is the publication of Granger [24].

As noted by Vera J. and Kristjanpoller W., since the beginning of the 1970s, numerous
studies have shown a relationship between energy consumption and various economic
categories, such as the volume of imports or changes in GDP [25] (. Pioneering research in
this area includes, among others, the analyses made by Balass Kraft J. and Kraft A. and
Feder [26–28].

Additionally, authors such as Akarca and Long [29], Yu and Choi [30], Abosedra and
Baghestani [31], and Hwang and Gum [32] have presented new methods and evidence re-
garding the relationship between the level of energy consumption and the rate of economic
growth for various world economies. As the econometric methods were improved, further
studies were developed to analyze the relationship between GDP and energy, including
studies conducted by Glasure and Lee [33], Stern [34], and Bhattacharya and Paul [35].

Since the first publications in the 1970s, the interdependencies between the level of
energy consumption and the dynamics of economic growth have become the subject of
interest in many studies and scientific publications. A review of numerous articles in this
area has been prepared and classified by Payne J.E. [36,37]. On the other hand, Menegaki
A.N. presented a meta-analysis of 51 studies in this area, which included all the significant
results published over the last two decades, and compared them with global data from
1949. As part of the conclusions of the analyzes, he emphasized that the long-term elasticity
of GDP growth in relation to energy consumption was influenced by has the econometric
method used, the type of data used, and the number and type of variables. In addition,
the results of the research indicated that there is still a need for research in this area,
especially in developing countries, and the selection of a larger number of variables for the
models [38]. In this regard, the constructed models also began to include a variable related
to CO2 emissions, which was to illustrate the relationship between economic development
and climate change. This was due to the development of the Kuznets Environmental Curve
concept, which assumed a non-linear relationship between the level of CO2 emissions
and the change in GDP [39,40]. The relationships between economic growth, energy, and
environmental pollution were the subject of research in the following years, including
Ang [41], Soytas [42], Jalil and Mahmud [43], Zhang and Cheng [44], Chang [45], Shahbaz
and Lean [46].

Subsequent studies that were published focused on the interaction between economic
growth, energy consumption, and CO2 emissions. The development of scientific research
in the discussed area also contributed to the extension of the research apparatus with
more and more complex econometric models. As a result, numerous scientific publications
appeared, among which these works deserved attention: Apergis and Payne [47], Bartleet
and Gounder [48], Arouri et al. [49], Papiez [50], Jóźwik, Gavryshkiv and Gruszecki [21],
and Litavcová and Chovancová [51]. Econometric analyses of the interrelationships of
variables such as GDP, CO2 emissions, and energy consumption have been carried out
all over the world, covering different countries, time periods, and using more and more
refined econometric methods.

New conclusions were also developed by studies conducted by Acaravci and Oztruk,
on the basis of which, using Granger causality tests, a bi-directional relationship between
the level of energy consumption and the level of CO2 emissions was demonstrated. An
additional effect of these studies was to show that scientific interests were tilted towards
the role of energy as a factor responsible for stimulating economic growth and also to study
the direction of causality between these analyzed variables [52]. In addition, Kalimeris
P., Richardson C., and Bithas K. have pointed to new evidence explaining the complex
relationship between energy consumption and the rate of economic growth using Granger
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causality analysis [53]. A novelty was the research carried out by Menyah and Wolde-
Rufael, who used a modified version of the Granger causality test in their works. As a
result of the analysis, the authors found that there was both a short-term and long-term
relationship between the studied variables, while there was a positive and statistically
significant relationship between the emission of pollutants and the rate of economic growth.
An additional conclusion from the research was the confirmation of the existence of uni-
directional Granger causality from pollutant emissions to the level of economic growth and
from energy consumption to the level of economic growth and from energy consumption
was the cause of CO2 emissions [54]. Odugbesan and Rjoub, on the other hand, in addition
to economic growth, CO2 emissions, energy consumption, also included the urbanization
variable in examining the interdependencies in the MINT countries (Mexico, Indonesia,
Nigeria, and Turkey) for econometric modeling. All of those countries showed a long-
run cause-and-effect relationship from economic growth, energy consumption, and CO2
emissions to urbanization [55].

Other researchers, using data for different countries and economic areas, through
the use of methods related to the study of causality in the Granger sense, showed the
existence of couplings of different directions of action, between economic growth, energy
consumption, and CO2 emissions [56–60].

The presented review of the current state of research shows that there is a fairly large
collection of studies and analyses related to the issues raised, developed from the use of
different data sets, econometric methodology, research periods, and countries and regions
of the world. At the same time, a limited number of studies conducted for the Visegrad
Group countries is noticeable. The review of the current state of considerations indicates
that only single papers dealing with the V4 countries have been published, which include,
inter alia, articles by the authors Krkošková [61], Streimikiene and Kasperowicz [62],
Simionescu [63]. Papież, using the data for the years 1992–2010, showed the existence of
long-term relationships between the level of economic growth, CO2 emissions, and the
level of energy consumption (panel analysis) [50].

Therefore, it became justified to examine the multidirectional relationships between
the level of economic growth, energy consumption, and CO2 emissions in the V4 countries
using econometric models and using relatively up-to-date data. This is due to the fact
that the traditional econometric models used in the literature review often did not take
into account the interdependence of the variables (bi-directional relationship). In order to
capture the indicated interdependencies, a new research approach was applied, which so
far has been rarely used for the Visegrad Group countries.

For this purpose, the following model was used in this study: VECM and VAR (vector
auto regressive) developed, among others by Ch. A. Sims [64], which are an alternative to
the classical multi-equation model with interdependent equations. The methods used are
based on the work of Sims, who indicated that VAR models could be used in three different
areas:

(1) forecasting economic time series;
(2) construction and evaluation of economic models;
(3) assessing the consequences of alternative economic policy actions.

In addition, this work supplements the current state of research with new results
for the countries included in the Visegrad Group. These countries, due to their historical,
economic and political conditions, after joining the EU (2004), faced the conditions of the
market economy and, to a varying degree, coped with these changes.

3. Data and Methods

As part of the research, the relationship between economic growth (GDP per capita),
CO2 emissions per capita, and the level of energy consumption per capita in the V4
countries were analyzed. Time series for the surveyed countries covered the period 1992–
2015, which was imposed by the availability of data for V4 countries (N = 24 for each
country). The data used for the analysis was published annually, which was related to the
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frequency of the statistical information provided. The beginning of the research period was
determined by the availability of data for the countries in question. The first values of the
variables used were published in 1992, while the last complete set covered 2015 at the time
of preparing the publication.

The source of the data used in the analysis were the resources of the OECD database.
Statistical data analysis was prepared using the R language and Rstudio software, version
1.4.1106, while the stationary tests, VAR and VECM models were prepared using the Gertl
software, version 2021b.

In the first stage of the research, the basic descriptive statistics for the tested time series
were compiled (Table 1). The analysis of basic statistics showed that the obtained results
were varied, which proved different conditions in the countries studied. These differences
were demonstrated by the high value of the standard deviation obtained for the analyzed
data.

Table 1. Descriptive statistics.

GDP per Capita

Country N Minimum Maximum Median Mean Std. Dev.
Czech Republic 24 19,456.20 33,909.31 26,118.64 26,640.23 4868.67
Poland 24 10,420.52 26,534.72 17,250.98 18,048.15 4918.18
Hungary 24 15,533.26 26,777.47 22,159.48 21,107.78 3733.35
Slovak Republic 24 12,193.29 29,927.68 19,120.52 20,448.55 5749.14

Energy consumption per capita

Country N Minimum Maximum Median Mean Std. Dev.
Czech Republic 24 3782.89 4491.52 4100.28 4142.28 192.08
Poland 24 2314.20 2680.10 2511.79 2503.15 108.34
Hungary 24 2271.95 4233.04 2507.88 2584.54 360.55
Slovak Republic 24 2943.19 3504.48 3317.75 3299.14 150.69

Per capita CO2 emissions

Country N Minimum Maximum Median Mean Std. Dev.
Czech Republic 24 9.2311 12.8397 11.7497 11.2420 1.0438
Poland 24 7.5200 9.2469 8.2054 8.2606 0.5201
Hungary 24 4.1901 6.0191 5.6385 5.4005 0.5484
Slovak Republic 24 5.6616 8.3287 7.2750 7.0514 0.6955

The first analyzed variable was CO2 emission (in metric tons per capita), the time
series of which is presented in Figure 2. In the group of analyzed countries, the largest
producers of CO2 per capita were the Czech Republic and Poland. The lowest CO2 emission
among the V4 countries was recorded in Hungary. At the same time, there was a noticeable
decrease in CO2 emissions over the studied period in all analyzed countries. In the period
1992–2015, CO2 emissions per capita decreased to the greatest extent in Slovakia (a decrease
by 30.75%), while the lowest in Poland (decrease by 18.68%). The smaller drop in CO2
emissions in Poland was related to the fact that it is the only country in the study that does
not have a nuclear power plant and generates energy from burning fossil fuels, mainly
coal. In the remaining countries of the V4 group, nuclear power plants were operated in
the analyzed period, while RES had a similar share in the energy balance.
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Figure 2. A plot of CO2 emissions per capita for V4 countries in 1992–2015.

In the analyzed period, the Czech Republic remained the largest consumer of energy
per capita (kg of oil equivalent per capita), and Poland the smallest. In the years 1992–2015,
the highest decrease in energy consumption in the analyzed countries was recorded in
Slovakia (by 11.93%), while the lowest was in Hungary (a decrease by 1.95%). At the same
time, in the long term, a downward trend was noticeable in all countries (Figure 3).
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Among the surveyed countries, the highest increase in gross domestic product per
capita was recorded in Poland (an increase of 154.64% in 1992–2015) and Slovakia (an
increase of 145.44%). GDP per capita in Hungary and the Czech Republic increased in
the analyzed period by 171.89 and 174.18%, respectively. Selected countries in the years
1992–2015 were characterized by stable growth of GDP per capita. The most stable rate
of GDP growth was in Poland, where the average annual growth rate was 4.16% and
in Slovakia 4.03% annually. The lowest GDP growth took place in Hungary, where the
average annual rate was 2.42% (Figure 4).
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Figure 4. A plot of GDP per capita for V4 countries in 1992–2015.

Data on the correlation between the studied variables are presented in Table 2 and
visualized in Figure 5. The results show that there is a relationship between the studied
variables. For the CO2 variable and GDP per capita data, the correlation coefficient took
negative values. Additionally, a negative correlation occurred in the case of energy con-
sumption and GDP per capita in Slovakia, which was the only such observation in the
analyzed group of countries. There was also a positive correlation between the level of
energy consumption and CO2 emissions; in the Czech Republic, the index had the lowest
value (0.265), while the highest value was the index for Poland (0.655) and Slovakia (0.759).

Table 2. The matrix of correlation coefficients for the analyzed variables.

Czech Republic Hungary

Variable GDP Energy CO2 Variable GDP Energy CO2
GDP 1 PKB 1

Energy 0.147313 1 Energy 0.034715 1
CO2 −0.81403 0.265309 1 CO2 −0.67659 0.540726 1

Poland Slovak Republic

Variable GDP Energy CO2 GDP Energy CO2
GDP 1 PKB 1

Energy 0.055587 1 Energy −0.55726 1
CO2 −0.70715 0.655194 1 CO2 −0.89196 0.759503 1
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4. Methodology

According to the works of Odugbesan and Rjoub [55] and Litavcová and Chovan-
cová [51], the variables GDP per capita and the level of energy consumption were loga-
rithmized and the following abbreviations used: l_Country_GDP, l_Country_E, and the
level of CO2 consumption, as Country_CO2 (where Country was a prefix for the analyzed
country: (CZ, Czech Republic; PL, Poland; SL, Slovakia; HU, Hungary).

In the first stage, the analyzed variables were tested for stationarity. According to
the review of the available literature, long-term versions of economic models should
correspond to the stationary state [65,66].

The a priori presupposition that the studied variables are stationary may be connected
with the problem of apparent regression, as the time series of economic quantities are
usually non-stationary. Time series stationarity was tested using many statistical tests.
The authors used the extended Dickey-Fuller test (ADF) and the Kwiatkowski–Phillips–
Schmidt– Shin (KPSS) test [67–69].

According to the ARDL limit test proposed by Pesaran et al. [70], the authors ensured
that none of the series used in the study were integrated I (2) by carrying out stationarity
tests.

In order to determine the cointegration between the analyzed variables, the ARDL (p,
q1, q2) model was used, which was written as:

Yt = γoi +
p

∑
(i=1)

δiYt−i +
q

∑
(i=0)

βiXt−i+ ∈it (1)

where “Yt” is a vector, the Xt variables are allowed to be i(0) or i(1) or cointegrated; β and δ
are coefficients; γ is the constant; i = 1, . . . , k; p and q are optimal lag orders; ∈it is a vector
of the error terms.
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For each of the V4 countries, we estimated three ARDL models, for each of the three
variables: l_GDP, CO2, and l_E in the position of the explained variable. In a situation where
there is cointegration according to Pesaran, the model could be written as follows [70]:

Yt = γoi +
p

∑
(i=1)

δiYt−i +
q

∑
(i=0)

βiXt−i + λETCt−1 ∈it (2)

If the cointegration relationship is confirmed, the model can be analyzed by an error
correction model [71]. The error-correction form of the ARDL model separates the ad-
justment coefficient to deviations from long-run equilibrium, long-run coefficients, and
short-run coefficients.

After determining the type of dependence, the authors, using VAR and VECM model-
ing in Gretl, estimated the equations and developed dependency schemes.

5. Results and Discussion

Despite the strong relationship between the variables, the authors calculated the
stationarity of the analyzed data to ignore the apparent regression. Information on the
level of data integration was necessary for the application of the ARDL model because
the study of long-term relationships with this model is based on the assumption that the
variables should be first degree I(1) or zero degree I(0) integrated series. The results of the
Augmented Dickey–Fuller (ADF) and Kwiatkowski–Phillips–Schmidt–Shin (KPSS) tests
are presented in Tables 3 and 4.

Table 3. Unit Root Test—ADF Test Results.

Variable

Original Variables First Differences

ADF
Integration

ADF Test for
A Variable

with An
Intercept

ADF Test for
A Variable

with
Intercept

and Trend

ADF Test for
Increments

with the
Intercept

ADF Test for
Increments

with A
Trend

CZ_CO2 0.9724 0.3128 2.41 × 10−5 0.0001883 I(1)
HU_CO2 0.8924 0.5237 3.15 × 10−4 0.001896 I(1)
PL_CO2 0.394 0.4561 0.000469 0.00295 I(1)
SL_CO2 0.9252 0.1077 0.000002 0.000018 I(1)
l_CZ_E 0.5948 0.9434 0.001913 0.008127 I(1)
l_HU_E 0.03096 0.9036 0.006705 0.0002757 I(1)
l_PL_E 0.3307 0.6457 0.000943 0.005263 I(1)
l_SL_E 0.5774 0.9521 0.003079 0.006764 I(1)

l_CZ_GDP 0.7667 0.2915 0.009775 0.04901 I(1)
l_HU_GDP 0.7173 0.1545 0.03495 0.1103 I(1)
l_PL_GDP 0.3218 0.1516 0.09633 0.03306 I(1)
l_SL_GDP 0.7861 0.4392 0.01446 0.04863 I(1)

The results of the two tests confirm that the analyzed variables (except for the KPSS test
for the variables l_HU_E and l_PL_E) were integrated in the first degree I(1). Stationarity
tests enabled the use of ARDL model analysis (bound testing). The Pesaran, Shin, and
Smith Cointegration Test was used to verify the hypothesis. For the purposes of the test,
the following hypotheses were adopted:

Hypothesis 5 (H5). There is no cointegration between the dependent variable.

Hypothesis 6 (H6). There is a cointegration between the dependent variable and the independent
variables.
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Table 4. Unit Root Test—KPSS Test Results.

Variable
KPSS Test for the

Variable
(p Value)

KPSS Test for 1st
Differences

(p-Value)
KPSS Integration

Critical Val. 0.462

CZ_CO2 0.637008 0.09983 I(1)
HU_CO2 0.576822 0.16810 I(1)
PL_CO2 0.495913 0.11425 I(1)
SL_CO2 0.669881 0.10066 I(1)
l_CZ_E 0.12902 0.15263 I(1)
l_HU_E 0.437966 0.54019 I(0)
l_PL_E 0.12648 0.10586 I(0)
l_SL_E 0.555051 0.21454 I(1)

l_CZ_GDP 0.688504 0.10937 I(1)
l_HU_GDP 0.665321 0.11963 I(1)
l_PL_GDP 0.706934 0.25673 I(1)
l_SL_GDP 0.700959 0.11065 I(1)

As part of the indicated test, the critical values of the regressors I(0) and I(1) were
estimated at the significance level of 0.05. Where the value of the F > I(1) statistic, the
hypothesis H0 should be rejected. For each of the studied countries, it was checked whether
the H0 hypothesis was true when individual variables were dependent variables. Table 5
contains the results of the F-test and the lower and upper critical value of the F-statistic at
the level of 5% (according to the methodology of Kripfganz and Schneider [72,73].

Table 5. The ARDL bound testing for cointegration with critical values.

Country Dep. Variable F-Statistics I(0) I(1) Cointegration Decision

Poland (PL)
GDP 1.71338 3.538 4.428 NO short-run model

CO2 5.79441 3.538 4.428 YES ECM (error correction
model)

Energy 6.56082 3.538 4.428 YES ECM (error correction
model)

Hungary (HU)
GDP 2.43395 3.538 4.428 NO short-run model

CO2 25.4136 3.538 4.428 YES Estimate ECM (error
correction model)

Energy 3.447 3.538 4.428 NO short-run model

Czech Republik
(Cz)

GDP 3.05207 3.538 4.428 NO short-run model
CO2 3.48921 3.538 4.428 NO short-run model

Energy 2.92498 3.538 4.428 NO short-run model

Slovakia (SV)
GDP 2.129 3.538 4.428 NO short-run model
CO2 2.43360 3.538 4.428 NO short-run model

Energy 2.80193 3.538 4.428 NO short-run model

The obtained results indicated that cointegration occurred in the case of the stud-
ied variables for Poland and Hungary. For Poland, the test showed the existence of a
relationship when the dependent variable was the level of CO2 emissions per capita and
the other independent variables. In the second case, cointegration occurred when en-
ergy consumption was the dependent variable, and CO2 and GDP were the independent
variables.

In the case of Hungary, cointegration occurred only when the dependent variable was
the level of CO2 emissions, and the exogenous variables were GDP and energy consumption
per person. The conducted test showed only short-term relations in the case of the Czech
Republic and Slovakia.
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In the next stage of the study, the long-term connection between individual variables
was estimated. The long-term connection was investigated within the vector model of the
VECM error correction s.

The results of the estimation are presented in Table 6 and Figure 6. Among the
analyzed variables that contributed to economic growth in the V4 countries, only in
the case of Poland, CO2 emissions per capita and energy consumption per capita had
a long-term relationship with economic growth. No long-term causality was identified
for Slovakia; The ECT was −0.04, but the parameter is not statistically significant. CO2
emissions per capita did not affect GDP in the Czech Republic, and in the case of Hungary,
only the level of energy consumption per capita had an impact on the GDP level.

The ECT coefficient defined as a coefficient of a stable long-term relationship for
Poland was negative; it was −0.09 and was significant at 0.01, which indicates the conver-
gence of the model to the long-term equilibrium. ECT was 9% and this represents the speed
of the adjustment. Therefore, this implies that the GDP per capita for Poland converged
to the long-term equilibrium by 9% in one period with the speed adjustment via the CO2
per capita and energy consumption. In the case of Poland, a uni-directional short-term
relationship was also shown, indicating the impact of the variables: energy consumption
per capita and CO2 emissions on the level of GDP per capita.

Given the results obtained, a prudent economic policy should be pursued to reduce
energy consumption and CO2 emissions without detriment to economic growth. The Polish
economy, which is highly dependent on energy production from fossil fuels (mainly hard
coal and lignite), contributes to significant CO2 emissions.
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Table 6. The ARDL bound testing for cointegration with critical values.

Country Dep.
Variable

Short-Run Statistics Long-
Run

Statisticsl_GDP CO2 l_EC

t-1 t-2 t-3 t-4 t-5 t-1 t-2 t-3 t-4 t-5 t-1 t-2 t-3 t-4 t-5 ECT

PL
l_GDP 0.5 0.37 −0.66 0.53 −0.09 −0.25 ** 0.24 0.04 0.13 −0.35 ** 2.96 ** −2.58 −0.3 −0.76 2.53** −0.09 ***

CO2 −1.07 4.88 −12.88 −0.02 1.38 −7.27 −0.53 1.11 4.91 ** −2.69 67.62 ** −0.9 −11.89 −38.8 ** 18.08 −1.17 ***
l_E −0.22 0.79 −1.31 −0.16 0.17 −0.77 ** −0.06 0.04 0.55 ** −0.29 7.29 ** −0.06 −0.76 −4.26 ** 1.9 −0.12 ***

HU
l_GDP 0.67 −0.12 0.39 −0.13 0.05 −0.02 −0.02 −0.06 −0.69 0.21 0.17 0.24 −0.07 *

CO2 5.47 −7.78 4.49 1.8 0.64 0.42 0.27 0.01 −8.56 ** 2.9 −3.47 −0.93
l_E −0.31 −0.27 1.18 −0.04 0.17 ** 0.07 0.01 −0.09 −1.11 * −0.03 −0.28 0.68

CZ
l_GDP 2.36 * −0.21 0.36 0.19 −0.3 0.03 0.03 −0.01 0.02 0.16 ** −1.29 −1.07 0.5 −0.58 −2.41 **

CO2 23.41 2.98 −2.61 −0.79 −4.88 0.38 0.51 0.28 0.55 2.22 −20.11 −18.79 6.59 −9.77 −28.54 −1.55 **
l_E 2.67 0.22 0.25 −0.17 0.02 0.08 * 0.07 0.06 0.09 0.22 * −2.26 * −1.58 −0.08 −1.47 * −3.53 * −0.04

SV
l_GDP 0.74 *** −0.05 −0.04 0.02 0.16 −0.18

CO2 0.76 −3.5 ** −0.58 *** 0.11 0.02 −1.95 ** −1.38 **
l_E −0.03 0.52 *** 0.01 0.05 *** 0.03 −0.19

The significance of the coefficients is indicated in the tables where *, **, *** denotes 5%, 1%, and 0.1% significance level. l_GDP, log of the gross domestic product; CO2, CO2 emissions per capita; l_E, log of energy
consumption per capita.
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However, it should be noted that this result is below the OECD average, where it
averaged 10 tonnes per capita in 2021. In 2012, Poland exceeded the OECD average in terms
of renewable energy production—in Poland it was around 8.5 percent of all generated
energy, and in the entire OECD—about 8 percent, but it is below the average for the EU
countries.

The results indicate that the decarbonization of the Polish economy will be a huge
challenge requiring numerous expensive investments, because natural conditions are not
conducive to the production of energy from water turbines, and the number of sunny hours
is only 1.4–1.9 thousand annually. An additional factor complicating the transformation
are the small natural gas deposits.

Taking into account geopolitical factors and the need to diversify sources, this will
have an impact on the increase in the cost of obtaining the raw material [74].

Poland also does not have any nuclear power plants, which is a difference compared
to other V4 countries. Despite many attempts to build nuclear energy in Poland, all projects
are still in the concept phase. All these factors mean that the Polish energy sector is the
worst in terms of the use of ecological resources compared to the countries of the V4. In
2018, the share of coal in electricity production exceeded 77% (in 2020, 73%), compared to
7% obtained from natural gas combustion. Wind, solar and other renewable energy sources
together accounted for 13%, and other sources for 3%. Emissions in Poland arise mainly
in five sectors and areas of the economy: industry, transport, buildings (e.g., heating),
agriculture, and energy. Achieving carbon neutrality will require additional investments,
the value of which over the next 30 years will cost nearly EUR 380 billion (EUR 10–13 billion
annually), representing 1–2% of GDP [74].

However, decarbonization may be an opportunity for the Polish economy, mainly
by improving the trade balance, creating new jobs (development of infrastructure, low-
emission technologies), and in the long term, it may increase the innovativeness of the
economy. It should also be noted that the Polish government adopted a resolution: “Energy
Policy of Poland until 2040”, which provides, inter alia, commissioning of a nuclear
power plant with a capacity of approx. 1–1.6 GW by 2033, and the energy transformation
framework is based on three pillars: a fair transition, a zero-emission energy system, and
good air quality.

In the case of Hungary, only the long-term relationship was confirmed, suggesting the
impact of the energy level per capita on economic growth. ECT was−0.07, which represents
the speed of the adjustment. This means that Hungary’s per capita GDP converged to
the long-run equilibrium by 7% in one period with the speed adjustment via the energy
consumption. For a short period of time, for Hungary and Slovakia, the impact of CO2
and energy consumption on the level of GDP per capita was not confirmed, while the
conclusions were completely different in the case of the Czech Republic, where both
analyzed variables had an impact on the level of economic growth.

The results of the study also showed interesting relationships between the interaction
of the level of energy consumption and CO2 emissions. In the long run, only in the case of
Poland was the bi-directional correlation confirmed. The ECT coefficient (endogenous CO2
variables) was −1.17 and was significant at 0.01, which indicates the model’s convergence
to long-term equilibrium. ECT was 117%, and this represents the speed of the adjustment.
Therefore, this implies that CO2 per capita for Poland converged to the long-term equilib-
rium by 117% in one period with the speed adjustment via the GDP per capita and energy
consumption.

The ECT coefficient (endogenous E variable) was −0.12 and was significant at 0.01,
indicating the model’s convergence to long-term equilibrium. The error correction term
(ECT) was 12%, and this represents the speed of the adjustment. Therefore, this implies
that EC per capita for Poland converged to the long-term equilibrium by 12% in one period
with the speed adjustment via the GDP per capita and CO2. In the short term, correlations
between CO2 levels and energy consumption were confirmed for the three analyzed
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countries: Poland, Hungary, and Slovakia. For the Czech Republic, only a uni-directional
correlation from CO2 to E has been demonstrated.

The obtained results are influenced by the structure of energy production in individual
countries. In Hungary, the RES accounts for a small share of electricity generation and is
dominated by biomass producers. Unlike Poland and the Czech Republic, conventional
electricity generation comes mainly from nuclear power (49.3%), natural gas (about 25%),
and coal (8.5%) [75]. In addition, Hungary obtains approximately 10% of the electricity it
produces from renewable energy sources (2018). Hungary has the sixth-lowest greenhouse
gas emissions per capita in the EU due to a favorable energy mix, including nuclear energy,
gas, and a high rate of electricity imports [76].

As for the impact of the level of economic growth on CO2 and E, the results presented
in Table 6 show that only in the case of Poland did economic growth have an impact on CO2
and E in the long term. No long-term causality was identified for Hungary and Slovakia.
Economic growth had a long-term effect on CO2 emissions in the Czech economy. This
economy also showed a short-term, uni-directional relationship in terms of the impact of
the GDP variable on the variables: CO2 and E. The Czech Republic also had the highest
CO2 production per capita (over 9.7 tonnes in 2016) and the highest energy generated per
capita (3.86 kg per capita). The value of the indicated variables was related to the highest
level of GDP per capita among V4 countries.

In terms of the structure of electricity production, the Czech Republic, like Poland,
based its energy mix on energy derived from the combustion of fossil fuels (hard coal
and lignite), which generated 47% of the energy produced. Nuclear energy accounted for
35%, and renewable energy for 12%. At the same time, the plans assumed by the Czech
government focus on wind energy, which should cover 1/3 of the country’s electricity
demand by 2030 [77].

Thus, as in the case of the Polish economy, the Czech Republic will have to deal with
the closure of coal-fired power plants, the decommissioning of mining, and significant
investments in renewable energy in the coming years [78].

Slovakia, like the Czech Republic, is considered to be one of the most energy-consuming
economies in the EU countries. However, unlike Poland and the Czech Republic, Slovakia
covers 55% of its electricity needs through nuclear power plants, 21% through coal-fired
power plants, 14.4% hydroelectric power plants, and 8.9% through the use of renewable
sources [79].

6. Conclusions

For the most improving countries, and in fact, all countries that need to grow better
both energy access and affordability, deploying the right strategies and making the suitable
energy investments to support economic growth is crucial.

The results of the analysis using the ARDL model indicate long-term relationships
between carbon dioxide emissions per capita and other model variables (GDP per capita,
energy consumption per capita) only in the case of Poland and Hungary, and the long-dated
relationship between the energy level and other variables only in case of Poland.

In addition, the results of the research after the evaluation of the VECM model are
different, which proves that the analyzed economies of the V4 countries and their energy
policy are significantly differentiated. Although these countries had a similar economic
structure after 1989, they were characterized by a different diversification of energy pro-
duction sources. Poland, which is the largest of the V4 countries in terms of area and
population, has not built a nuclear power plant. In other V4 countries, nuclear energy was
already present before 1989, so after the economic transformation, these countries were
able to base energy production mainly on the basis of this technology. Poland, on the other
hand, still had to base the generation of electricity on the basis of conventional, and at the
same time, highly polluting sources. These factors meant that only for Poland is there a
bi-directional long-dated correlation between the analyzed variables.
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The results obtained in the study confirmed the assumed hypotheses for Poland: H1,
H2, and H3. In the short term, bi-directional causality has been found between CO2 and E,
while uni-directional causality is from energy consumption and CO2 emissions towards
economic upturn. Hence, the H4 hypothesis was also confirmed.

Estimating the long-term causation for the Czech Republic shows a long-term uni-
directional causal relationship from economic growth to CO2. Thus, the H1 hypothesis was
confirmed. The hypotheses H2 and H3 were not confirmed. At the same time, a short-term
uni-directional causality running from E and CO2 to GDP and from CO2 to E was found,
confirming the H4 hypothesis.

In the case of Hungary, only a uni-directional long period relationship from E to
economic growth (GDP per capita) was found. Thus, confirming the assumed hypothesis
H2. At the same time, a short-term bidirectional causality between E and CO2 was found,
as confirmed by the H4 hypothesis.

For Slovakia, no long duration relationship was found between the studied variables.
At the same time, a short-term bidirectional causality between E and CO2 and a uni-
directional causality from GDP to E and CO2 was found. Therefore, only hypothesis H4
was confirmed. The range of long-run and short-run relationships for individual countries
is presented in Figure 6.

Summarizing the results of the research conducted by the authors on economic upturn,
the level of energy consumption per capita and environmental degradation expressed as
the level of CO2 consumption per capita in the V4 countries, allowed for the formulation
of the following conclusions: the differentiation in both the level of economic growth and
the interdependence between the studied variables was shown; the economic growth of
countries resulted, inter alia, from changes in the structures of economies and integration
with the EU, where in recent years it was higher than the countries of the “old” Union;
V4 countries still have high CO2 emissions compared to other EU Member States and
the EU average; long-term cointegration connection between CO2 emissions and GDP
were confirmed in the case of Poland (bi-directional relationship) and the Czech Republic
(uni-directional relationship), while the relationships between the E level and GDP in
the case of Poland (bi-directional relationship) and Hungary (uni-directional relationship)
may determine both the economic growth to transformation in the energy sector, but also
the desire to reduce greenhouse gas emissions may affect the rate of economic growth.
In the long term, for Poland, there was also a bi-directional relationship between CO2
and E; studies of the short-term impact of GDP per capita on CO2 emissions per capita
and GDP per capita on energy consumption per capita indicate a causal relationship only
in the case of Slovakia. In the case of Poland and the Czech Republic, the short-term
relationship runs from CO2 to GDP per capita and from E to GDP per capita. No short-term
relationship has been confirmed for Hungary; the short-term bi-directional correlation
between the level of CO2 emissions and the level of energy per capita was confirmed
for three V4 countries (Poland, Slovakia, Hungary). In the case of the Czech Republic,
a uni-directional relationship was confirmed, in which CO2 emissions influenced the
consumption of electricity.

The varied results of the research for the V4 countries, in relation to other authors,
indicate the need for further analyzes, also with the inclusion of additional variables and
the latest statistical data. The results obtained should also be constantly confronted with
the changing goals of climate policy, the decarbonization process, and the global conditions
for the functioning of economies. It is also particularly important to monitor changes
related to the economic recovery resulting from the elimination of the effects of the global
COVID-19 pandemic. These transformations may affect the obtained results in the future,
therefore, research in the area discussed in this article should be constantly developed.

The results lead to the conclusion that solving the problem of environmental degra-
dation while ensuring a high rate of economic growth requires individualized policies in
individual countries, as each country has developed its priorities, which are the result of
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its geographical location, the abundance of mineral resources (large coal resources in the
Czech Republic and Poland), the structure of the economy, etc.

The issue of reducing energy consumption and achieving the goals of decarbonization
with a relatively high rate of economic growth is that it directly affects all EU Member
States. Despite the regional differentiation of the V4 countries, it is necessary to formulate
and implement an (also) integrated policy that emphasizes the economic prosperity of the
EU, but at the same time gives an opportunity to protect the environment and an efficient
energy system. There are also large variations in renewable energy across the countries
studied. In nations such as the Czech Republic and Hungary, the environmental awareness
of the inhabitants is high, which translates into an increase in pro-ecological investments.
In Poland and Slovakia, public opinion is less favorable to investments in renewable energy,
which contributes to the strong position of the mining industry [80].

A chance for the V4 countries are the EU funds for investments. The decarbonization
policy will require not only significant investments, but also the complete elimination of
hard coal and lignite mining. In the short term, this will shift into a slowdown in economic
growth and an increase in the cost of living of households. Therefore, it is important to
prepare appropriate strategies in advance, which will reduce the negative effects of the
transformation. The V4 countries, being EU members, should therefore use the potential to
change and diversify energy sources. As shown by the data relating to Western European
countries, the long-term energy transformation contributes to the improvement of energy
efficiency, modernization of infrastructure, and development of renewable energy sources.
At the same time, these changes can be a driving force for the next decades, ensuring
long-term economic growth through sustainable development.

The most limiting factor in that article was the short time of the time series. In addition,
due to the fact that the authors used the data of official statistics, it was possible to obtain
complete and comparable data for the analyzed countries to 2015. In the future, as longer
time series become available, it would be desirable to conduct research covering longer
periods. Future research should also take into account other factors that have emerged in
recent years and whose impact on the data will not be visible until the future.
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