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Abstract: The aim of this study is to examine the empirical cointegration, long-run and short-run
dynamics and causal relationships between carbon emissions, energy consumption and economic
growth in 14 Danube region countries over the period of 1990–2019. The autoregressive distributed lag
(ARDL) bounds testing methodology was applied for each of the examined variables as a dependent
variable. Limited by the length of the time series, we excluded two countries from the analysis
and obtained valid results for the others for 26 of 36 ARDL models. The ARDL bounds reliably
confirmed long-run cointegration between carbon emissions, energy consumption and economic
growth in Austria, Czechia, Slovakia, and Slovenia. Economic growth and energy consumption have
a significant impact on carbon emissions in the long-run in all of these four countries; in the short-run,
the impact of economic growth is significant in Austria. Likewise, when examining cointegration
between energy consumption, carbon emissions, and economic growth in the short-run, a significant
contribution of CO2 emissions on energy consumptions for seven countries was found as a result of
nine valid models. The results contribute to the information base essential for making responsible
and informed decisions by policymakers and other stakeholders in individual countries. Moreover,
they can serve as a platform for mutual cooperation and cohesion among countries in this region.

Keywords: economic growth; CO2 emissions; Danube region countries; ARDL method

1. Introduction

Energy has played an important role in human development and is closely linked
to all human activities. Although fundamental to economic growth, energy production
and consumption (among other factors, such as population growth and deforestation) is
also responsible for many negative effects on the environment and human well-being,
such as climate change and global temperature rise caused by increased greenhouse gas
emissions into the atmosphere. As most energy systems are based on fossil fuels, high
energy consumption also leads to an unsustainable reduction in non-renewable fossil fuel
resources. That is the reason why these issues have emerged as central topics in global
discussions on the transition to a green economy [1–3]. The fundamental importance of
these issues to sustainable and prosperous development is likewise reflected in the EU’s
medium- and long-term planning.

Energy and resource efficiency, as well as climate protection is one of the top strategic
priorities of the EU supported by a number of long-term objectives. Present initiatives of the
EU such as the European Green Deal [4]—the EU’s instrument for achieving its ambitious
goal of carbon neutrality is a prominent example. These initiatives are complemented by
policies addressing specific pressures and sectors, such as the adoption of an EU strategy
for the integration of the energy system [5] and an EU hydrogen strategy [6] to support
decarbonisation and climate neutrality of the EU by 2050.
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In order to increase green growth and strengthen cooperation at a macro-regional
level, the European Union established the EU Strategy for the Danube Region (EUSDR)
with eleven priority areas, among them is one dedicated to energy. The Danube Region
is characterised by a divergent group of 14 countries (9 of them are EU member states, 5
are non-EU countries) concerning the level of their integration and the preconditions in
geographic, economic, cultural, and socio-demographic terms [7,8].

The Danube region is facing a number of challenges, including environmental and
energy issues (environmental degradation, energy dependence, insufficient energy in-
frastructure), as well as discrepancies in socio-economic development. As Borowsky [9]
states, the energy market, including the Danube region, experiences significant changes in
deregulation, competitiveness and efficiency. The region connects countries that are not
only highly heterogeneous in terms of their economic performance but also countries with
ultimately different energy systems, relying on uncoordinated national support schemes
and different technologies. Energy prices are high in the Danube Region compared to
other parts of Europe, mostly due to fragmented markets and overreliance on a limited
number of energy suppliers [10]. Primary energy is mainly imported, its transport is costly,
the markets are fragmented, and energy infrastructures are not well interconnected. In
addition, the Danube Region is specifically vulnerable regarding the security of supply, as
was demonstrated in January 2009 during the Russia–Ukraine gas crisis, when gas supplies
were cut. Energy production and consumption are also significant sources of environmental
pollution. A greater diversity of supply at the national level through interconnections, a
growing share of renewable energy sources and the establishment of a genuine regional
market may significantly increase energy security [9,11,12].

The Danube Region strategy addresses energy-related issues in several aspects. The
strategy devotes one of the Priority areas (PA) entirely to energy: PA2-sustainable energy,
which strives to encourage sustainable energy systems in the region. However, energy
is also closely related to PA8-Competitiveness of enterprises, of which the objective is to
improve the technical knowledge and implementation level of environmental technologies
through the presentation of the latest know-how in the area, including technologies for the
generation of energy from renewable sources.

Moreover, the strategy pillar devoted to protecting the environment also touches on
energy issues, as the energy sector is one of the main sources of air pollution in the region.

The strategy presents a platform to ensure the security of supply, to create a functioning
energy market and to realise economies of scale in investments. Regarding energy efficiency
and renewable energy, there is a significant potential still untapped. Investment in energy
efficiency measures and the support of energy from renewables (also from small and private
producers) using the potential of the region would be beneficial for the whole region and
its inhabitants.

Concerning energy infrastructure, the aim is to coordinate the long-term energy
policies as well as the national investment strategies to create win-win situations for all
countries. Contributing to the achievement of Agenda 2030’s sustainable development
goals and the climate goals specified in the Paris Agreement, to which the European Union
is strongly committed, will require careful strategic energy management, efficient use of
energy resources, and support for research and technological innovations at both regional
and national levels as well as strong cooperation between countries.

The monitoring and measuring of a country’s or region’s state of development and
assessing its progress towards sustainable energy and climate goals while maintaining
economic development plays an important role. Such outputs may foster responsible and
informed decision-making and the development or modification of strategies and policies
towards sustainability [13].

This article discusses the links between energy consumption, CO2 emissions and
the economic growth of the Danube region countries in the period 1990–2019. To assess
the relationship between these three variables, the autoregressive distributed lag (ARDL)
method was applied.
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In our study, we determine the following research hypotheses:

Hypotheses 1 (H1): We assume that in most countries of the examined region, a long-run
relationship from GDP to CO2 emissions will be demonstrated.

Hypotheses 2 (H2): We assume that in most countries of the examined region, a long-run
relationship from energy consumption to CO2 emissions will be demonstrated.

Hypotheses 3 (H3): We assume that there will also be countries within the Danube region for
which there will be no long-term relationship between the variables GDP, energy consumption and
CO2 emissions.

The paper is organised as follows. First, the previous empirical research initiatives
are reviewed, focused on assessing the relationship between economic growth, energy
consumption, and CO2 emissions production. In Section 2 we outline the research methods
and data used. The third section presents the results of the analysis, followed by the
fourth section discussing the results of the research. The last part of the article summarises
the results, points out the limits of the research and suggests the possibilities of practical
implications of the results.

2. The Literature Background

The dilemma of promoting economic growth while attempting to reduce adverse
environmental impacts and increase material and energy efficiency poses an unprecedented
challenge, as well as the opportunity for society. Most of the world’s economies are looking
for ways to support economic development without compromising the environment and
the resources it provides.

For this purpose, several concepts have been developed, including de-materialisation,
delinking, decoupling, decomposition and eco-efficiency. The basic idea of these concepts
is to “get more out of less”, i.e., use material and energy more efficiently or reduce the
quantity of material to produce the same economic value. The environmental impact
remains the same or even decreases while the economy grows or is stabilised (e.g., [11–13].

Within environmental research, these approaches have been applied to several ar-
eas, e.g., de Bruyn et al. [14], Heiskanen and Jalas [15] and Vehmas, Luukkanen and
Kaivooja [16] referred to “dematerialisation” as the delinking of economic activity from
its material base. “Decarbonisation” refers to a decreasing energy intensity of economic
activities, determined by CO2 emissions per GDP unit [17].

Within the current environmental research, these approaches have been applied in
several areas and sectors, e.g., the decoupling of resource productivity from the economic
growth [18], the decoupling of energy-related GHG emissions from economic growth [19],
the decoupling of the economic growth from the environmental impacts due to EU-28
consumption [20] and decoupling the relationship between land-use intensity and the
natural environment [21]. In the transport sector, Finel and Tapio [22] and Tapio [23]
conducted a decoupling analysis of GDP from traffic volume and carbon dioxide emissions
from transport, and Ru et al. [24] focused on the decoupling of CO2 emissions per capita
from income per capita in developed countries. More recent studies in this area were
performed by Jiang et al. [25], Zhang et al. [26], Wang et al. [27], etc. For example, Zhang and
Ke [28] assessed the sustainability of China’s forestry development, where they conducted
a macroanalysis of the linkages between forest resources, the number of employees, and
economic development in key state-owned forest areas.

These methods found a wide application, especially in the energy sector. Balcilar et al. [29]
distinguish three research strands of econometric models applied in the assessing interac-
tion between environmental degradation, energy consumption and economic growth.

(1) The energy-growth nexus is emphasising the relationship between economic
growth and energy consumption without taking into account the environmental quality
of economic development. The cointegration of the two variables has been the subject of
several studies, e.g., Apergis and Payne [30,31] reviewed the nexus between electricity and
income, as well as the nexus between energy consumption and impact. Ozturk et al. [32]
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investigated the energy-income nexus of 51 countries covering the period 1971–2005. Their
results reveal the existence of un-directional causality that runs from energy use to income
level, and the existence of bidirectional causality supported the conservation and the
feedback hypothesis. More recently, Fan et al. [33] use the log-mean Divisia index and
Tapio decoupling index to analyse the decoupling degree and driving factors of energy
consumption and economic development in the Qinghai–Tibet Plateau. Omri [34] reviewed
the literature on the nexus between economic growth and four types of energy consumption:
total energy consumption, electricity consumption, nuclear energy consumption and the
consumption of renewable energy sources. A worldwide perspective was gained by
Kan et al. [35], who assessed the decoupling states of GDP and energy use for eight typical
economies during 2000–2011. The relationship between economic growth and various
energy sources has been scrutinised by Vural [36] for renewable and non-renewable sources,
by Ozturk and Al-Mulali [37] for natural gas consumption and by Ozcan and Ari [38] for
nuclear energy consumption.

(2) The CO2-growth nexus has been explored in studies by Shahbaz et al. [39], who
investigated the economic development–carbon emissions nexus for the G7 countries
from the long-term perspective. Zhou et al. [40] performed a comparative analysis of
the relationship and influencing factors between economic growth and industrial energy-
related carbon emissions in China. The mutual relation between energy intensity and
CO2 emissions was scrutinised by Naminse and Zhuang [41], who concluded that heavy
reliance on coal consumption is possibly a dominant cause for the increase in carbon
dioxide emissions in China. In the context of the EU member states, Chovancová and
Vavrek [42] performed a spatial analysis of the resource and impact decoupling with a focus
on energy consumption, where they assessed relations among energy-related emissions,
energy consumption and the mitigation effect of renewable energy sources. Chovancová
and Tej [19] used decoupling analysis in assessing the relationship between energy-related
GHG emissions and economic growth of the energy sector in V4 countries. The differences
in the residential energy-related CO2 emissions between urban and rural regions were
assessed by Yang et al. [43] using the log-mean Divisia index and the Tapio decoupling
model. Similarly, the combination of the two methods was used by Sadorsky [44] to
study how energy-related CO2 emissions and their driving factors after the financial
crisis compared to the period before the financial crisis, comparing the results of 19 major
countries (G19), which form the core of the G20. The relationship between economic
growth and environmental pollution has also been well documented in the literature of
the environmental Kuznets curve (EKC). The EKC hypothesis postulates that when a
certain level of wealth, income and consumption is reached, the individual indicators
of environmental quality (air pollution, water pollution, deforestation) improve with
continued growth. The EKC curve capturing this development is ideally in the shape of an
inverted letter “U”. The concept of EKC in the field of energy efficiency has been applied in
works by Turner and Hanley [45]; Dogan and Turkekul [46]; Balado-Naves et al. [47], etc.

(3) The energy-CO2-growth nexus combines both approaches to investigate three-
way linkages among CO2 emissions, energy consumption and economic growth. The
dynamic causal relationship between these three variables was examined by Ang [48],
whose empirical results for France over the period 1960–2000 suggest that more energy use
results in more CO2 emissions and CO2 emissions and output have a quadratic relationship
in the long-run. In their thorough literature survey, Tiba and Omri [49] analysed the results
of more than 100 scientific papers on the energy-environment-economic nexus. More
recently, Zhang et al. [50] focused their scientific interest in the economy-carbon-energy
nexus on 50 typical developing countries. The results of their study reveal the long-run
equilibrium between carbon emissions and economic-energy variables. However, the
regression results illustrate that features of the inverted U-shaped curve of EKC theory
appear only in 7 countries. In the majority of developing countries, energy consumption
poses a positive impact on carbon emissions.
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In recent years, studies have begun to appear that add other factors to the basic trio
of economic, environmental and energy indicators. Several studies examine the impact
of urbanisation on economic growth, energy consumption and emissions; for example,
Odugbesan and Rjoub [51] examined the causality between economic growth, energy
consumption, CO2 emissions and urbanisation in MINT countries and confirmed a long-
term relationship running from economic growth, energy consumption and CO2 emissions
to urbanisation in all four surveyed countries. On the other hand, the study by Raggad [52]
brings evidence that urbanisation has a negative and significant impact on CO2 emissions
in Saudi Arabia; however, the relationship between economic growth and air pollution
was positive in both the short and the long-run. The impact of urbanisation, together
with trade openness and financial development on the energy-economy-emissions nexus,
were analysed by Farhani and Ozturk [53]. Based on their findings, the positive financial
development of Tunisia took place at the expense of increasing the levels of CO2 emissions.

Most of the research on the relationship between economic growth and energy-related
environmental issues are based at the local, national or global scales. However, to the
best of our knowledge, no previous study was performed for Danube region countries.
To narrow this gap, the present study focuses on Danube region countries to analyse
the economy-energy-emissions nexus in this cluster of countries. Moreover, the region
consists of a heterogeneous group of countries, including long-term EU members as well
as newcomers and non-EU members. Comparing their developments in economic growth,
energy consumption, and CO2 emissions can be beneficial for strengthening cooperation
and the promotion of cohesion among countries.

3. Materials and Methods
3.1. Data

The paper examines the relationship between economic growth (GDP per capita),
energy consumption per capita and CO2 emission per capita for 14 Danube region countries.
Out of the fourteen countries belonging to this cluster, we included only 12 countries in
the analysis due to the data unavailability and short time series in the case of Moldova
and Montenegro.

Time series vary from country to country. In the case of the Member States and
Ukraine, we analysed the time series 1990–2019, but due to the unavailability of data for
the countries outside the EU, these time series are shorter. In the case of Moldova and
Montenegro, the time series were too short (Montenegro GDP per capita n = 20; Moldova
energy consumption n = 11), and so, these countries were excluded from the analysis. In
the case of Bosnia and Herzegovina, Serbia and Croatia, some tests could not be performed
(failed), and the results of these 3 countries, although models were made, have a validity
problem that could not be eliminated. The World Bank’s databases (GDP per capita in
constant 2010 USD); BP Statistical Review of World Energy (energy consumption per capita
in kWh) and the Global Carbon Project (CO2 per capita in tons) were used as data sources.
Dataset is available in Supplementary Materials Section.

The descriptive statistics are presented in Table 1 where the number of observations
(N), mean, minimum and maximum values and standard deviation is calculated for each
country. The software tool Stata 15.1 was used for data processing and statistical analysis.

The time plot of carbon emissions per capita, energy consumption per capita and GDP
per capita is presented in Figure 1.
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Table 1. Descriptive statistics.

GDP per Capita Per Capita CO2 Emissions Energy Consumption per Capita

n Mean Minimum Maximum Std. Dev. n Mean Minimum Maximum Std. Dev. n Mean Minimum Maximum Std. Dev.

AT 30 36,789.24 17,634.53 68,150.11 17,892.76 30 8.286 7.439 9.594 0.617 30 46,652.33 42,664.20 50,621.48 2254.917
BH 26 3359.70 319.01 6108.51 1934.13 30 4.368 0.814 8.065 1.814 25 17,226.60 7641.65 24,397.52 4741.948
BG 30 4524.79 1148.49 9828.15 2982.73 30 6.582 5.665 8.675 0.587 30 29,741.49 26,584.99 36,510.57 2025.429
HR 25 10,560.15 4841.59 16,296.81 4056.02 30 4.506 3.481 5.696 0.622 30 21,877.24 16,847.95 24,910.58 2330.444
CZ 30 12,927.16 2896.61 23,494.60 7345.48 30 11.839 9.450 15.879 1.528 30 47,113.08 43,317.38 52,778.71 2459.065
DE 30 35,068.21 22,303.96 47,959.99 9001.18 30 10.769 8.405 13.312 1.068 30 47,967.87 43,703.38 52,872.98 2129.842
HU 29 9682.84 3350.26 16,731.82 4688.72 30 5.644 4.444 7.080 0.637 30 27,931.73 24,560.78 31,349.12 1502.863
MO 20 5711.76 1627.07 8908.93 2336.99 30 1.860 0.850 6.363 1.384 25 9517.87 7428.63 17,673.63 2247.433
ME 25 1864.02 399.62 4503.52 1322.17 30 3.012 1.971 4.195 0.609 11 21,309.14 18,880.79 26,932.86 2409.799
SR 25 4659.06 914.79 7411.84 2014.25 30 5.130 3.736 6.654 0.816 25 20,644.23 13,785.32 23,829.86 2432.372
RO 30 5479.76 1102.10 12,919.53 4076.15 30 4.736 3.818 7.207 0.787 30 21,118.14 18,010.16 31,213.36 2757.741
SK 30 11,100.08 2405.54 19,406.35 6361.32 30 7.726 6.105 11.655 1.180 30 38,001.23 32,904.99 46,765.89 3164.200
SI 30 16,883.70 6562.02 27,483.34 7143.82 30 7.689 6.547 9.006 0.674 30 38,933.52 31,935.45 45,695.76 3126.459

UA 30 2019.46 635.70 4029.71 1122.81 30 7.093 4.984 13.715 2.107 30 33,351.75 21,501.22 61,620.08 9212.049
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The Czech Republic and Germany were the largest producers of CO2 emissions per
capita in the surveyed group of countries. We recorded the lowest volume of carbon
emissions in Moldova (Figure 1a). The Czech Republic, Austria and Germany are leaders
in energy consumption per capita. In Moldova, energy consumption per capita was at its
lowest level.

GDP per capita varies significantly among Danube region countries. Austria and
Germany have the highest GDP per capita; on the opposite side of the spectrum are non-EU
countries: Ukraine, Moldova, Bosnia and Herzegovina and Serbia.

In some countries, we observe significant differences in the development of individual
variables, which was reflected in the high value of standard deviation. An example is
Austria, where the GDP grew significantly during the period under review, which can be
attributed to a highly developed industry and international tourism.

The opposite case is Ukraine, where we can observe a significant drop in all monitored
variables, which probably corresponds to the country’s poor economic situation associated
with the ongoing armed conflict.

3.2. Methodology

The theoretical and empirical literature signifies that economic growth, CO2 emissions
and energy consumption are bound together. We work with such data from fourteen coun-
tries. In line with Odugbesan and Rjoub [51], economic growth and energy consumption
are utilised in natural logarithm form. We use the abbreviations LGDPt, CO2t and LECt to
denote their values at time t.

This research utilises the unit root test of Dickey and Fuller [54], the stationarity test of
Kwiatkowski et al. [55] and the bound test for cointegration of Pesaran et al. [56], which is
extended by the critical values and approximate p-values of Kripfganz and Schneider [57].

Some time series are bound together due to equilibrium forces despite the fact that
the individual time series might move significantly. We focus on three such series, LGDPt,
CO2t and LECt. The methodology to determine this long-term impact and significance of
considered variables uses an autoregressive distributed lag (ARDL) modelling approach,
widely developed by Pesaran and Shin [58] and Pesaran et al. [56], which allows establish-
ing whether there is cointegration between the variables, even if they are of a different order.
Due to the efficient estimation of model coefficients, using model selection criteria, such as
the Akaike or Schwarz information criterion, obtains the optimal lag order. However, for
testing purposes, it is essential that the error term does not contain a serial correlation. If a
conclusion is drawn from the test, a more parsimonious model can be estimated [57].

An additional advantage of its estimation is that it allows obtaining unbiased and
efficient parameters when the presence of endogeneity and serial correlation problems is
suspected. In addition, it is more appropriate for estimating short and long term on small
samples, which is also our case.

The augmented Dickey–Fuller (ADF) test was used as the first step for the stationarity
test to ensure that none of the series used in this study is I (2).

To find a cointegration relationship between economic growth, CO2 emissions, and
energy consumption, the employed ARDL (p, q1, q2) model can be expressed as follows:

yt = c0 +
p

∑
i=1

φiyt−i +
q1

∑
i=0

β1,ix1,t−i +
q2

∑
i=0

β2,ix2,t−i + ut (1)

where p ≥ 1, q1 ≥ 0, q2 ≥ 0 are optimal lag orders for the dependent variable y and 2
independent variables x1 and x2; φ and β are coefficients; c0 is a constant; ut is the error term.
Independent variables have to be I (0) or I (1) or cointegrated. For each of the considered
countries, we estimate three ARDL models for each of the three variables LGDPt, CO2t,
and LECt in the position of the explained variable.

Error correction representation of the ARDL model serves for testing the cointegrating
relationship between variables. A bounds testing procedure allows us to find out this
relationship, regardless if the variables are integrated of the order zero or one. In this way,
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if the value calculated for the F-statistic is above the critical value of the upper limit, the
null hypothesis of no cointegration is rejected, and the existence of a long-term relationship
is concluded. On the contrary, if the F-statistic is below the critical value of the lower limit,
it implies the absence of cointegration [56].

If the cointegration relationship is confirmed, the model can be represented by an
error correction form [55]. The model can be written as follows:

∆yt = c0 − α(yt−1 − θ1x1,t − θ2x2,t) +
p−1

∑
i=1

ψi∆yt−i +
q1−1

∑
i=0

γ1,i∆x1,t−i +
q2−1

∑
i=0

γ2,i∆x2,t−i + ut (2)

where α is the speed adjustment parameter; θ-s is the long-run parameter, ψ-s and γ-s are
short-run parameters. To confirm the long-term relationship, parameter α is expected to
be negative and statistically significant. Likewise, to ensure the validity of the results of
the cointegration test, the tests of heteroscedasticity, autocorrelation and normality of the
residuals are applied. In line with Odugbesan and Rjoub [51], to test the serial correlation,
we also used the Breusch–Godfrey serial correlation LM (lagrange multiplier) test. In order
to test the heteroskedasticity, we applied the Breusch–Pagan–Godfrey test. For testing the
normality of residuals, the SW test was used. Finally, as Pesaran et al. [56] recommend, the
cumulative sum of recursive residuals (CUSUM) should be employed to determine the
stability of ARDL model.

4. Results and Discussion
4.1. Results for Unit Root Test

To avoid an unpredictable result in our time series analysis, it is necessary to use
a root unit test to determine the stationary nature of our data set [51]. Table 2 shows
the augmented Dickey–Fuller unit-root test (ADF) analysis applied on the level and on
the first difference. The time series of the GDP of Bosnia and Herzegovina is stationary
already at the level. In the case of the other countries, all of the GDP variables have a unit
root at the level and are stationary after the first differences. In the case of the variable
CO2, all countries are stationary at the first difference, and there are five countries that
are already stationary at the level, Bulgaria, Moldova, Romania, Slovakia and Ukraine.
Bulgaria and Moldova are stationary at the level also in the variable energy consumption
and in addition to them, Montenegro and Romania. It should be recalled here that the time
series of countries Moldova and Montenegro was too short to allow further analysis. As
for the first difference, all countries are also stationary in the variable CO2. Hence, a mix
of order is corroborated, but ARDL cointegration is efficient in this case due to the bound
testing. Results revealed that none of the variables used in the analysis is integrated in I (2),
in order to ensure the assumptions of ARDL [56].

Table 2. Augmented Dickey–Fuller unit-root test.

Country LGDP CO2 LEC

Level First Difference Level First Difference Level First Difference

Austria AT −0.694 −3.923 ** −1.388 −5.993 *** −2.204 −8.166 ***
Bosnia and Herzegovina BH −5.939 *** −3.081 * 0.007 −4.751 *** −1.634 −7.637 ***

Bulgaria BG −0.276 −7.166 *** −5.082 *** −6.114 *** −4.770 *** −6.148 ***
Croatia HR −1.232 −2.970 * −1.393 −6.704 *** −1.371 −5.746 ***
Czechia CZ −0.878 −5.103 *** −2.558 −5.636 *** −2.533 −5.232 ***

Germany DE −1.213 −4.551 *** −1.109 −6.339 *** −1.748 −8.602 ***
Hungary HU −1.163 −3.689 ** −2.248 −4.935 *** −2.636 −4.386 ***
Moldova MO −2.849 −2.919 * −7.396 *** −4.262 *** −4.264 *** −3.979 **

Montenegro ME 0.066 −3.688 ** −2.253 −9.797 *** −4.528 *** −6.131 ***
Serbia SR −1.382 −5.482 *** −2.483 −6.992 *** −2.642 −5.893 ***

Romania RO 0.064 −3.929 ** −3.672 ** −5.074 *** −4.337 *** −4.565 ***
Slovakia SK −2.106 −3.317 * −4.923 *** −5.491 *** −2.407 −7.161 ***
Slovenia SI −0.670 −4.936 *** −0.871 −4.888 *** −1.885 −6.057 ***
Ukraine UA −0.438 −3.364 * −5.454 *** −3.286 * −1.421 −3.762 **

Note: The significance of the ADF test is indicated by an asterisk in the table where *, **, *** denotes 5%, 1%, and 0.1% significance level,
respectively.
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Another test to verify the stationarity of the considered time series was the KPSS test of
Kwiatkowski et al. [55], using two added parameters according to Hobijn et al. (1998) due
to a small sample. According to Baum [59], the author of KPSS procedure in the software
Stata, the KPSS test has the more “natural” null hypothesis of stationarity (I (0)), where a
rejection indicates non-stationarity (I (1) or I (d)). The KPSS test may be used to confirm the
findings of an ADF test. If the result of these two tests is the same, it is convincing evidence
of stationarity or non-stationarity. Hobijn et al. [60] state, “our Monte Carlo simulations
show that the best small sample results of the test in case the process exhibits a high degree
of persistence are obtained using both the automatic bandwidth selection procedure and
the Quadratic Spectral kernel.”

The numerically presented result of the ADF test in Table 2 is supplemented by a bold
indication in case of the same result also in the KPSS test with parameters according to
Hobijn et al. [60]. It is clear from the table that the KPSS test evaluated the considered time
series as stationary more often than the ADF test. Due to the further application of the
ARDL test, the first difference is more important to us than the level. Here, in five cases
(if we no longer consider Moldovia and Montenegro, which are not further analysed), the
opposite result occurred. At the obvious significance level of 0.05, H0 stationarity in the
KPSS test is rejected. However, if we consider the significance level of 0.01, H0 is confirmed,
and we can conclude in five disputed cases that time series is stationary, as it has been
shown in the ADF test. Therefore, no series is I (2).

4.2. Results for ARDL Bound Testing for Cointegration

Table 3 carries the results of the bound test showing F-values and the lower and upper
critical F-values of Kripfganz & Schneider [57] at 5%.

The result for Austria and the same for Czechia, Slovakia and Ukraine, when CO2 is
the dependent variable, shows that there is cointegration among CO2, economic growth and
energy use. This indicates the occurrence of a long-run relationship among the investigated
variables. It implies, there is a need to estimate the error correction model to determine the
speed of adjustment in case of shock. In the case of GDP as well as energy consumption as
the dependent variables, the result from the ARDL bounds test for cointegration indicates
that there is no cointegration. Therefore, only ARDL (short-run model) was estimated.

In the case of Slovenia, two of the variables indicates cointegration when they are used
as the dependent variable, CO2 and energy consumption. In that case, the error correction
model was performed for these two models to reveal whether the long-run relationship is
significant and to determine the speed of adjustment.

However, the bound test could not verify cointegration in four countries, Bulgaria,
Germany, Hungary and Romania. Therefore, in these countries, only the ARDL (short-run
model) was estimated for each of the three variables GDP, CO2 and energy consumption
used as a dependent variable.

As for Croatia, the result from the bounds test reveals a cointegration when GDP and
CO2 are the dependent variables, while in the case of energy consumption, the bound test
failed due to the small number of data. Based on the experience and significance of the
speed-of-adjustment coefficient and LR coefficients, we decided to use the error correction
model here as well.

The same problem occurred with Serbia and Bosnia and Herzegovina. In Serbia,
only in the case of the dependent variable energy consumption, the selection of the error
correction model was verified by a bound test. Based on experience, we also opted for the
error correction model for CO2, but the insignificant results of the error correction model
for GDP directed us to the ARDL (short-run) model.

Finally, in Bosnia and Herzegovina, a bound test failed for each of the three variables
(GDP, CO2 and energy consumption) used as a dependent variable. Due to the significance
of the speed-of-adjustment coefficient and LR coefficients, we decided to apply the error
correction model in all three cases.
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Table 3. The ARDL bound testing for cointegration with Kripfganz and Schneider [57] critical values and approximate
p-values.

Country Variable F-Statistic I (0) Bound (5%) I (1) Bound (5%) Cointegration Decision

Austria AT
LGDP 4.164 4.364 5.613 No short-run model
CO2 14.306 4.366 5.666 Yes error correction model
LEC 4.820 4.378 5.935 No short-run model

Bosnia and
Herzegovina BH

LGDP crashed error correction model
CO2 crashed error correction model
LEC crashed error correction model

Bulgaria BG
LGDP 0.557 4.364 5.613 No short-run model
CO2 1.509 4.366 5.666 No short-run model
LEC 1.790 4.366 5.666 No short-run model

Croatia HR
LGDP 11.169 4.705 6.435 Yes error correction model
CO2 14.444 4.705 6.435 Yes error correction model
LEC crashed error correction model

Czechia CZ
LGDP 5.558 4.364 5.613 No short-run model
CO2 21.747 4.364 5.613 Yes error correction model
LEC 4.015 4.366 5.666 No short-run model

Germany DE
LGDP 0.442 4.364 5.613 No short-run model
CO2 0.701 4.366 5.666 No short-run model
LEC 2.372 4.366 5.666 No short-run model

Hungary HU
LGDP 1.568 4.397 5.660 No short-run model
CO2 3.046 4.407 5.778 No short-run model
LEC 2.091 4.402 5.719 No short-run model

Serbia SR
LGDP crashed short-run model
CO2 crashed error correction model
LEC 21.533 4.855 6.415 Yes error correction model

Romania RO
LGDP 1.783 4.366 5.666 No short-run model
CO2 1.162 4.373 5.828 No short-run model
LEC 2.365 4.366 5.666 No short-run model

Slovakia SK
LGDP 3.136 4.369 5.720 No short-run model
CO2 7.648 4.364 5.613 Yes error correction model
LEC 2.914 4.366 5.666 No short-run model

Slovenia SI
LGDP 0.524 4.366 5.666 No short-run model
CO2 7.538 4.366 5.666 Yes error correction model
LEC 23.935 4.364 5.613 Yes error correction model

Ukraine UA
LGDP 4.966 4.369 5.720 No short-run model
CO2 18.00 4.376 8.882 Yes error correction model
LEC 4.428 4.366 5.666 No short-run model

4.3. Estimates for Causal Relationship

On the variables that contribute to the economic growth in the Danube region coun-
tries, the results depicted in Tables 4 and 5 reveal that although in two countries, Bosnia
and Herzegovina and Croatia, CO2 emissions and energy consumption have a long-run
relationship with economic growth, the significance of the causality in Croatia could not
be established. In addition, the model for Croatia is not valid due to the problem with the
normality of random errors. Other tested models did not solve the problem either. The
ECT coefficient of the stable long-run relationship for Bosnia and Herzegovina is −0.38
and significant at 0.05. Therefore, this implies that the economic growth converges to the
long-run equilibrium by 38% in one period with the speed adjustment via the channel of
energy consumption and CO2 emissions [61].
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Table 4. Long-run statistics and Diagnostic test.

Long-Run Statistics Diagnostic Test

Dependent LGDPt CO2t LECt ECT Normality Ser. Corr Homoskedasticity Stability

Variable p-Value p-Value p-Value

AT
∆LGDPt 0.87 0.51 0.48 stable
∆CO2t −0.56 ** 10.50 *** −0.61 *** 0.10 0.76 0.82 stable
∆LECt 0.61 0.01 ** 0.41 stable

BH
∆LGDPt 0.43 *** −2.59 * −0.38 * 0.27 0.44 0.39 stable
∆CO2t 1.99 *** 3.39 * −1.10 ** 0.01 ** 0.02 * 0.39 stable
∆LECt −0.40 *** 0.25 *** −2.00 ** 0.64 0.75 0.39 stable

BG
∆LGDPt 0.61 0.49 0.02 * stable
∆CO2t 0.34 0.25 0.88 stable
∆LECt 0.46 0.63 0.78 stable

HR
∆LGDPt −3.50 45.21 −0.09 0.00 *** 0.67 0.40 stable
∆CO2t −0.80 ** 12.38 *** −0.92 ** 0.00 *** 0.19 0.40 stable
∆LECt 0.05 ** 0.08 *** −2.17 *** 0.00 *** 0.33 0.40 stable

CZ
∆LGDPt 0.76 0.09 0.41 stable
∆CO2t −1.64 *** 15.54 *** −0.64 *** 0.18 0.53 0.12 stable
∆LECt 0.65 0.92 0.71 stable

DE
∆LGDPt 0.93 0.78 0.41 stable
∆CO2t 0.07 0.41 0.47 stable
∆LECt 0.82 0.60 0.73 stable

HU
∆LGDPt 0.87 0.99 0.40 stable
∆CO2t 0.19 0.63 0.26 stable
∆LECt 0.44 0.08 0.40 stable

SR
∆LGDPt 0.00 ** 0.52 0.39 stable
∆CO2t −0.52 * 12.31 ** −1.68 * 0.00 *** 0.03 * 0.39 stable
∆LECt 0.02 0.04 ** −1.37 *** 0.00 *** 0.22 0.39 stable

RO
∆LGDPt 0.48 0.77 0.41 stable
∆CO2t 0.61 0.11 0.41 stable
∆LECt 0.15 0.73 0.05 stable

SK
∆LGDPt 0.66 0.92 0.82 stable
∆CO2t −0.38 * 7.85 *** −0.49 *** 0.05 0.99 0.29 stable
∆LECt 0.62 0.44 0.64 stable

SI
∆LGDPt 0.36 0.31 0.41 stable
∆CO2t −1.04 ** 11.41 *** −0.59 ** 0.40 0.82 0.96 stable
∆LECt 0.07 *** 0.08 *** −0.84 *** 0.99 0.10 0.19 stable

UA
∆LGDPt 0.20 0.41 0.76 stable
∆CO2t 0.39 ** 4.22 *** −0.57 *** 0.00 *** 0.65 0.41 stable
∆LECt 0.85 0.65 0.22 stable

Note: The significance of the coefficients is indicated by an asterisk in the tables where *, **, *** denotes 5%, 1%, and 0.1% significance
level, respectively.

Moreover, the results shown in Tables 5 and 6 reveal that there is also short-run
causality running from energy consumption to economic growth in both Bosnia and
Herzegovina and Croatia, whereas CO2 emissions have short-run causality to economic
growth only in Croatia.
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Table 5. Relationship between variables.

Country Long-Run Short-Run
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Table 5. Cont.
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Table 6. Short-run statistics.

Short-Run Statistics

Dependent ∆LGDP ∆CO2 ∆LEC

Variable t t−1 t−2 t−3 t−4 t t−1 t−2 t−3 t−4 t t−1 t−2 t−3 t−4

AT
∆LGDPt 0.37 0.14 −0.44
∆CO2t 1.28 ***
∆LECt 0.02 −0.04 0.06 0.15 **** 0.03 ** −0.02 −0.13 −0.06 0.23 0.43 **

BH
∆LGDPt −0.12 −0.78 ** −0.02 −0.09 0.80 ** 0.22 −0.24 −0.29 *
∆CO2t 1.55 −0.74 2.45 0.51 * −2.49 −1.26 1.10 1.57 **
∆LECt −0.30 * −0.33 ** −0.20 * −0.05 0.93 ** 0.45 *

BG
∆LGDPt −0.28 0.01 0.07
∆CO2t 0.01 0.003 6.95 ***
∆LECt 0.02 0.10 *** −0.07

HR
∆LGDPt 0.46 ** 0.47 *** −2.46 * −2.66 ** −1.83 ** −1.14 **
∆CO2t 0.42 * −0.04 −1.07 ** −5.89 ** −3.46 * −2.55 *
∆LECt 0.14 −0.10 −0.13 * −0.00 0.13 ** 0.94 * 0.64 * 0.26

CZ
∆LGDPt 0.30 −0.33 0.63 ** −0.27 * 0.06 0.06 0.15 * 1.38
∆CO2t
∆LECt 0.10 * 0.06 ** −0.14

DE
∆LGDPt 0.54 * −0.50 * 0.35 −0.39 0.37 * −3.64 *
∆CO2t 0.46 0.04 10.97 ***
∆LECt −0.03 0.08 *** −0.13

HU
∆LGDPt 0.62 ** −0.43 0.70 * −0.40 0.36 −1.47
∆CO2t 0.17 −0.04 4.80 ***
∆LECt −0.03 −0.002 −0.02 0.13 * 0.14 *** 0.04 0.08 * −0.15 −0.43 *

SR
∆LGDPt −0.88 0.17 0.50 0.21 0.22 0.52 * 0.42 * −2.52 −1.70 −0.15 −3.06 −2.30
∆CO2t 2.15 * 2.86 * 0.80 −0.21 −0.45 −11.72 −11.40 * −10.01
∆LECt 0.51 ** 0.39 *

RO
∆LGDPt 0.18 0.36 * 0.35 * −0.28 −2.13 ** 0.76 * 1.54 ** −0.49
∆CO2t 0.73 * −0.48 * −0.25 * −0.23 * 0.89 *** 3.02 **
∆LECt 0.03 0.14 *** −0.11

SK
∆LGDPt 0.45 * 0.23 * −0.49 *
∆CO2t
∆LECt −0.06 0.10 ** −0.28

SI
∆LGDPt 0.09 −0.40 * 0.07 0.09 0.08 0.11 * −0.11 * 0.62
∆CO2t 0.77
∆LECt

UA
∆LGDPt 0.27 * 0.34 ** 0.44
∆CO2t 0.59 * 0.58 * −0.31 ** −0.12 * 1.26
∆LECt 0.03 0.11 ** −0.09

Note: The significance of the coefficients is indicated by an asterisk in the tables, where *, **, *** denotes 5%, 1%, and 0.1% significance level, respectively.
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Table 6 reveals that there is also short-run causality running from CO2 emissions
to GDP in Czechia, Germany, Romania, Slovakia, Slovenia and Ukraine, and short-run
causality running from energy consumption to GDP in Germany, Romania and Slovakia,
taking into consideration only valid short-run models.

Given the long-run relationship between carbon emissions, economic growth and
energy consumption in Austria, Bosnia and Herzegovina, Croatia, Czechia, Serbia, Slovakia,
Slovenia and Ukraine, the error correction model was estimated to determine the long-run
relationship and the speed of adjustment. Table 4 shows that economic growth and energy
consumption have a stable long-run causal relationship with CO2 emissions, with good
model validity in Austria, Czechia, Slovakia and Slovenia. The error correction term (ECT)
coefficients for these countries are −0.61, −0.64, −0.49 and −0.59, respectively; all of them
are negative and statistically significant.

Additionally, for Austria, for example, the coefficient of the error correction term (ECT)
is 61%, which represents the speed of the adjustment. Therefore, this suggests that the CO2
converges to the long-run equilibrium by 61% in one period with the speed adjustment via
the economic growth and energy consumption.

In the case of Bosnia and Herzegovina, Croatia, Serbia and Ukraine, the statistical
significance of the error correction term coefficients in values −1.10, −0.92, −1.68, and
−0.57, respectively, have also been demonstrated, but there is a serious problem with the
validity of these models due to the problem with the normality of random errors. A better
model could not be found due to the short length of the input time series. If there was no
problem with validity, the result implies that in the case of shock in these countries, it will
take a long time to return back to equilibrium due to the high speed of adjustment [51].

Statistically significant short-run causality running from economic growth to CO2 emis-
sions in Austria and Romania and short-run causality running from energy consumption
to CO2 emissions in Bulgaria, Germany, Hungary and Romania were also demonstrated,
taking into account only valid short-run models.

The result of cointegration analyses, as shown in Table 3, reveals the existence of the
long-run relationship among energy consumption, economic growth and CO2 emissions in
Serbia and Slovenia. Moreover, also for Bosnia and Herzegovina and Croatia, a decision
has been made for a long-run causality. The long-run relationship was estimated for
four countries, and in these countries, the results imply a statistically significant long-run
relationship among energy consumption, economic growth and CO2 emissions. The ECT
coefficient of a stable long-run relationship for Slovenia is −0.84. Therefore, this implies
that the energy consumption converges to the long-run equilibrium by 84% in one period,
with the speed adjustment via the channel of economic growth and CO2 emissions [61].
For Bosnia and Herzegovina, the ECT coefficient is the very low value of −2.00. The result
implies that it will take a long time for the system to adjust back to equilibrium in the
case of shock, and equilibrium will be adjusted in a dampening manner [51]. For Serbia
and Croatia, a valid model could not be found due to the problem with the normality of
random errors.

The results in Table 6 reveal statistically significant short-run causality running from
economic growth to energy consumption in Austria, Czechia and Hungary. The short-run
causality running from CO2 emissions to energy consumption has been demonstrated in
all countries except Slovenia and Serbia.

The validity of each model was verified by the diagnostic tests mentioned in Section 3.2.
This implies that 26 of all 36 of the models are valid and safe to use for decision and policy-
making. The stability of the models as depicted in Appendix A implies that they all fall
within the 5% significance level boundary. The stability is proven in all models.

5. Discussion

As can be seen from Table 5, the analysis of the long-run and short-run relationship
among economic growth, energy consumption and CO2 emissions in the Danube region
countries reveal contrasting findings.
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A bidirectional long-run causality between economic growth, energy consumption
and CO2 emissions was found only in the case of Bosnia and Herzegovina, which supports
the feedback hypothesis, indicating that these three macroeconomic variables are jointly
determined and affect each other [62]. This finding corresponds with those of Liu et al. [63],
who investigated the nexus between the three variables in emerging economies of China
and India, and Odugbesan and Rjoub [51], who reported the same causality (including
urbanisation) for Mexico.

A unidirectional causality running from GDP to CO2 and energy consumption to CO2
is present in the case of Austria, Croatia, Czech Republic, Serbia, Slovakia, Slovenia and
Ukraine, supporting the growth hypothesis. This implies that economic growth, as well as
the increase in energy consumption, may result in an increase in CO2 emissions. This is
consistent with the findings of [63] for Japan and [64] for Japan and the United Kingdom,
which point out that economic growth in these countries is accompanied by an increase in
CO2 emissions. The introduction of decarbonisation and energy efficiency measures will
play an important role in these countries. A bidirectional causal relationship between these
two variables is present only in Bosnia and Herzegovina.

Going back to the hypotheses formulated in the introduction, hypothesis 1 was con-
firmed in the case of Austria, Bosnia and Herzegovina, Croatia, the Czech Republic,
Slovakia, Slovenia and Ukraine. In these countries, a long-run relationship from GDP to
CO2 has been demonstrated.

No causal relationship from long-run perspective was found between the three vari-
ables in the cases of Bulgaria, Germany, Hungary and Romania. This confirms hypothesis 3,
stating that there will be countries within the Danube region for which there will be no
long-term relationship between the variables GDP, energy consumption and CO2 emissions.
These findings imply that energy consumption and economic growth do not have a sig-
nificant effect on the production of carbon emissions. On the other hand, decarbonisation
measures in these countries would have only a minimal impact on economic growth. These
findings are consistent with Chukwunonso Bosah et al. [64], who reported similar results
for Algeria, Cameroon, Ghana, Canada, the USA, France and India.

The long-run bidirectional causal relationship was found between energy consumption
and CO2 emissions in Bosnia and Herzegovina, Croatia, Serbia and Slovenia. The long-run
unidirectional relationship was found between energy consumption and CO2 emissions
in Austria, Czech Republic, Slovakia and Ukraine. These findings support hypothesis 2,
stating that in most countries of the examined region, a long-run relationship from energy
consumption to CO2 emissions will be demonstrated.

From the short-run perspective, very heterogeneous results can be found in terms of
causality among the variables. The short-run unidirectional causality was found in Croatia,
Czech Republic, Germany, Slovakia, Slovenia and Ukraine, running from CO2 to GDP.
Bidirectional causality between the two variables is present in Romania and Serbia. A
causal relationship is absent in the case of Hungary, Bulgaria and Bosnia and Herzegovina.

Short-run unidirectional causality running from energy consumption to GDP was
found in case of Bosnia and Herzegovina, Croatia, Germany, Romania and Slovakia. This re-
sult confirms the growth hypothesis implying that an increase in energy consumption may
contribute to economic growth. Similar results are reported by Narayan and Smyth [65] for
G7 countries and by Odugbesan and Rjoub [51] for Nigeria and Indonesia.

The feedback hypothesis was confirmed in Bosnia and Herzegovina, Bulgaria, Croatia,
Germany, Hungary and Romania the in short-run, where bidirectional relationships can be
found between energy consumption and CO2 emissions, indicating that energy consump-
tion has intensified CO2 emissions in these countries. This finding is consistent with the
results of [64], who confirmed the feedback effect in some African countries, Italy, Japan
and the UK.
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6. Conclusions

The issue of the reduction in energy use, as well as meeting the decarbonisation
objectives, directly affects all European Union member states, whose vision is to reduce
energy consumption and reduce CO2 emissions in order to become the first carbon-neutral
continent. In this study, we focused on the Danube region countries, which create a very
heterogeneous group in terms of geographic, economic, cultural and socio-demographic
characteristics. Despite these differences, they have great potential to improve in many
areas, including the energy sector, where they can increase their energy efficiency, improve
energy infrastructure and foster the use of renewable energy sources. Results of the
analysis reveal heterogeneous long-run and short-run causal relationship between three
variables: economic growth, energy consumption, and CO2 emissions. Countries were split
into different categories in terms of unidirectional and bidirectional relationships among
variables. In cases where the unidirectional impact of GDP and energy consumption on
CO2 emissions has been identified, we recommend focusing on promoting energy efficiency
and increasing the share of renewable energy sources.

Like all studies, this one has its limitations. One of the most limiting factors was
the shortness of the time series in some non-EU countries, which resulted from both the
historical context and the unavailability and inconsistency of data. The authors have the
ambition to repeat the analysis several years apart when the time series will be longer,
which will also support the credibility of the models. The spectrum of variables can be
expanded in the future, e.g., by the ratio of renewables in the energy mix or the energy
dependence of countries.

The results of our research clearly point to the interconnectedness of energy, economic
growth and CO2 emissions. In the light of these findings, it is, therefore, necessary to for-
mulate and implement integrated policies that do not jeopardise the economic prosperity of
the region but at the same time ensure good environmental condition and the sustainability
of the energy system.

The results also contribute to the information base essential for making responsible
and informed decisions by policymakers and other stakeholders in individual countries
and together fulfil the objectives of the EU Strategy for the Danube Region. Moreover,
they can serve as a platform for mutual cooperation and cohesion among countries in
this region.
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Appendix A

Recursive cusum plot of dependent variable, with 95% confidence bands around
the null.
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