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Abstract: The aim of this research is to relate clean energies, CO2 emissions, and economic variables.
Relationships can be generated that characterize countries that manage to relate the use of clean
energy with GDP, economic openness, and economic growth. We employ a quantitative methodology
that utilizes clustering techniques to identify distinct groups of countries based on their susceptibility
to climate change impacts. Subsequently, we employ a generalized linear model approach to estimate
the investment behaviors of these country groups in alternative energy sources in relation to CO2

emissions and macroeconomic variables. The clusters reveal that the countries grouped in each
cluster exhibit significantly distinct behaviors among the clusters. This differentiation is grounded
in the countries under analysis, showing the evolution of the countries in terms of the use of clean
energy and the emission of CO2 in relation to macroeconomic variables. According to the conducted
research, there are different groups with differentiated behavior in terms of energy consumption
and CO2 emissions, which implies the implementation of policies consistent with the development
characteristics of the countries and how they cope with climate risk. Moreover, as a result of this
research, a recommendation for policy makers could be that sustainable and clean development
countries are based in three different sustainability dimensions: environmental, economic, and social.

Keywords: CO2 emissions; GDP; clean energy; macroeconomic variables; cluster analysis;
econometric models

1. Introduction

As per [1], the implementation of energy and environmental policies aims to contribute
to economic growth [2] while ensuring a country’s cleanliness and environmental preserva-
tion. Their research establishes that the adoption of these policies has led to a substantial
surge in per capita energy consumption, reaching elevated levels by international standards,
attributed to the prevailing industrial structure. Nevertheless, noteworthy advancements
have been observed in energy efficiency as well as carbon emissions (both per capita and
per gross domestic product (GDP) unit), as outlined in [3–5]. Furthermore, production
and trade activities consume extensive resources, exerting adverse influences on ecological
quality. According to [6], clean energies play a significant role in mitigating environmen-
tal pollution over both short and long timeframes. Furthermore, production and trade
activities consume extensive resources, exerting adverse influences on ecological quality.

Focusing on GDP as a contributor to environmental degradation, the theory of the
environmental Kuznets curve (hereinafter EKC) explains that contamination intensifies
during the preliminary stages of economic expansion until it hits a tipping point, where
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pollution decreases as income per capita rises. Another way to understand the explanatory
variables behind environmental impacts is by using the STIRPAT model. The STIRPAT
model is used with two main purposes: first, to predict environmental impacts based on
key driving forces; and second, to estimate causal effects between the driving forces. One of
the strengths of the STIRPAT model is that it does not assume a causal linkage between the
drivers that lead to the impact. The STIRPAT model encourages consideration of cultural,
institutional, and political factors as drivers of environmental impacts. Furthermore,
population and affluence can be broken down into forms that have more social meaning.
However, the full potential of the STIRPAT model and its value for unraveling and better
understanding the technology variable is not fully understood since no comprehensive
literature review is available [7,8].

The relationship among economic growth, total energy, and the consumption of non-
renewable energy sources is positively correlated, as indicated by [9,10], and exhibits a non-
linear nature, as emphasized by [11]. Furthermore, the conducted research suggests that
while developed nations can adopt energy efficiency policies without compromising growth
momentum and environmental preservation, the same methods might not be advisable for
developing nations. In the case of the latter, according to [12], it might be more preferable for
these countries to prioritize economic growth initially and address environmental concerns
subsequently [13,14]. Additionally, the long-term elasticity of GDP growth concerning
non-renewable energy consumption has been shown to be interdependent.

Through the emission of CO2 and when aiming to minimize it, according to [15],
over half of the investments in fossil fuels within the cost-minimization scenario are re-
placed by investments in nuclear capacity. Additionally, making similar investments in
nuclear capacity under the scenarios of maximizing employment and maximizing GDP also
leads to relatively substantial investments in fossil fuels, accompanied by significantly re-
duced investments in renewable energies. Moreover, as presented by [16], a unidirectional
causal relationship exists among fossil fuel consumption, trade openness, carbon emissions,
natural gas, and economic growth. These variables are considered in this investigation.
According to [17], the estimated long-term elasticities of economic growth and carbon
emissions indicate that both clean and non-clean energy consumption significantly impact
economic growth, whereas carbon emission impedes it. The same authors’ results further
reveal that economic growth, non-clean energy consumption, and the interaction between
trade openness and non-clean energy consumption drive carbon dioxide emissions [18].
However, clean energy consumption has been observed to reduce carbon emissions.
In the work of [19], they identify bidirectional causality between energy production and
carbon dioxide emissions in the long-term trajectory. Additionally, the findings of [20]
indicate that non-renewable energy deployment could be facilitated through economic
development, carbon emission, financial development, and human capital.

According to [21], a significant challenge arises from the fact that economic growth
exhibits a negative correlation with environmental quality, as the global economy heavily
relies on fossil fuels to operate [22]. Furthermore, research conducted by [23–25] has yielded
the following insights: (i) A cyclical relationship between CO2 emissions and per capita
GDP [26] is unveiled. This suggests that during the ascending phase of economic cycles,
both economic growth [27] and CO2 emissions increase. However, the latter can be forecast
by utilizing GDP as a predictive indicator on a 1- to 2-year scale. (ii) Bidirectional causality
exists over time between CO2 emissions and per capita GDP. Furthermore, in line with the
assertions of [28], real GDP and the energy growth rate exhibit a significant positive correla-
tion while displaying an insignificant negative correlation with CO2 emissions. This implies
that CO2 emissions cannot be curbed without having a detrimental impact on economic
growth. Additionally, the results underscore the need to swiftly adopt alternative sources
of clean energy to effectively mitigate CO2 emissions without affecting economic growth.

Both GDP and per capita energy consumption, as evidenced by [29], exhibit a signifi-
cant positive influence on the direct growth of residential energy consumption.
Consequently, the national economy should foster healthy and sustainable growth to
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provide an economically conducive environment for energy transition. Simultaneously,
residential consumption patterns should adopt more ecologically friendly practices to
encourage the utilization of clean energy sources. This contrasts with the assertions of [30],
which indicates that energy use exacerbates the ecological footprint. Moreover, real per
capita GDP displays an inverted U-shaped relationship with the ecological footprint in
oil-exporting countries and across the sample as a whole.

According to [17], despite the increased consumption of clean energy, a domestic
demand persists for polluting energy sources. The preference for consuming these polluting
energy sources necessitates both governmental intervention and further research efforts.

The use of electricity that is considered clean energy stands as a pivotal input for socio-
economic development, and its demand is projected to increase rapidly across the globe,
particularly in developing countries [31]. Additionally, this energy should be generated by
clean resources, such as solar, water, etc.

In accordance with [32], the advantages of relying on natural resources in an ad-
vanced economy lie in the substantial capacity and political willingness to deploy relatively
environmentally benign technologies.

Furthermore, the study by [33] and its empirical findings, linking the variables of real
GDP, financial development, and total electricity consumption, establish a causality that
runs from real GDP to total electricity consumption, and from financial development to real
GDP. Additionally, [34] indicates that the correlation between the cyclicality of clean energy
consumption and per capita GDP is more intricate across different groups of countries. As
stated by [35], energy consumption has a negative impact on GDP for the global aggregate
as well as for developing countries, but not for developed nations.

Research conducted by [36] identifies a positive relationship between financial market
development and CO2 emissions, particularly in cases where countries are undergoing low
economic growth. This implies that the effect of financial market development does not
exhibit a “boycott” relationship with CO2 emissions when countries are experiencing lower
levels of economic development, as highlighted by [37]. In this study, we also establish a
correlation between the development of small and medium-sized enterprises (SMEs) and
CO2 emissions among OECD countries.

Taking into consideration the variable of trade openness,the authors of [38] found
that foreign direct investment, trade openness [39], and carbon emissions decrease energy
demand. Economic growth and clean energies have a positive impact on energy con-
sumption. In the work of [13], economic growth and energy consumption were shown to
increase CO2 emissions, whereas financial development and trade openness mitigated them.
Additionally, according to [14], trade openness raises CO2 emissions, while urbanization
leads to their reduction. According to [40], there is a statistically significant negative
relationship between CO2 emissions and both trade openness and economic growth.

As an example, research carried out in China by [41] showed that residential CO2
emissions exhibit regional characteristics, and the effects of urbanization, energy intensity,
and price elasticities vary across the three regions. Per capita GDP is a key factor that
positively influences total residential CO2 emissions [42]. The research findings of [14]
support the argument that trade openness increases CO2 emissions, while urbanization
decreases them. This holds true for the countries under study, which are grouped within
the G7. Furthermore, Ref. [43] identified reciprocal causality between renewable energy
and CO2 emissions in Romania and Slovakia, and unilateral causality between real per
capita GDP and renewable energy in the Czech Republic, Romania, and Slovenia.

In the case of Brazil, according to [44], both pollutant emissions and trade open-
ness have positive effects within the economic growth model [45]. According to [46],
bidirectional causality exists from carbon dioxide emissions from cement production to
trade openness.

In the context of the research findings presented by [47], trade openness is indeed
identified as a cause of environmental degradation among the BRICS nations. Through the
reduction in corruption, improvement in political stability, bureaucratic accountability, and
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enhanced law and order, it is established that “institutional quality” positively contributes
to environmental sustainability [48]. The authors of [49] demonstrate through their results
that both green trade and economic complexity individually have beneficial effects on
the environment.

The relationships between the variables have been identified by different authors,
indicating that there is a relationship between clean energies and macroeconomic variables.
However, the linkage of these variables with different countries is not presented in their
research. For this reason, we present a grouping according to the variables under study
and their relationships.

According to cluster analysis, it is possible to identify four clusters: group 1 includes
countries with low susceptibility to the effects of climate change, group 2 is composed of
nations with a moderate-to-low risk profile, group 3 comprises countries facing a moderate-
to-high level of risk, and group 4 encompasses nations facing high susceptibility to the
effects of climate change.

Given the macroeconomic variables mentioned in the literature, the purpose of this
research is to analyze and understand the interrelationships and effects of these variables
on various aspects, such as economic growth, energy consumption, carbon emissions, trade
openness, and environmental sustainability. The relationship between clean energy, CO2
emissions, and macroeconomic variables will allow linking through clusters, and organi-
zation of the different countries according to the use of clean energy and CO2 emissions.
Therefore, the relationships between these variables could generate a new classification or
grouping of countries, relating sustainable development with economic development.

2. Materials and Methods

The countries assessed for their vulnerability to climate change effects may exhibit
diverse patterns in their energy investment policies. An essential aspect of this research
is the quantitative assessment of these variations, providing insight into the distinctive
strategies adopted by each country and their level of concern regarding perceived climate
change risks. We used data from 175 countries with available information on the level of
climate risk and variables in respect of alternative energy use to measure the behavior of
different groups of countries in relation to the effect of global climate change. The CO2 data
and the other data used in the research were obtained from the official World Bank website:
https://data.worldbank.org/ (accessed on 15 August 2023).

Figure 1 shows the total global CO2 emissions. We can see that global CO2 emissions
have grown very strongly since the 2000s from 4 metric tons per capita to 4.75, stabilizing
at this level in the mid-2010s. Since the Kyoto Protocol in 1997, emissions policies have
been established and each participating country has implemented public policies according
to its own development characteristics and economic objectives. To these, we can add the
sustainable development initiatives promoted by the United Nations, which imply changes
in public policies aimed at more sustainable energy systems over time.

Figure 1. CO2 emissions worldwide, measured in metric tons per capita.

https://data.worldbank.org/
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Table 1 contains the main descriptive statistics of the variables used in the research,
showing high variability in the data, which implies heterogeneous behavior of the countries
within the sample. The research variables are alternative energy use, gross domestic
product, CO2, CO2 per capita, energy use per capita, energy use per USD 1000, proportion
of urban population, imports, and exports.

Table 1. Main descriptive statistics of the sample.

Variable Mean Std. Dev. Min Max

Alternative energies 6.64% 10.28% 0% 71.54%
GDP 2.04× 1011 6.80× 1011 2.16× 107 1.63× 1013

CO2 122,128.5 562,835.1 0 1.09× 107

CO2 per capita 4.16 5.49 0 47.65
Energy per capita 2220.01 2598.29 9.57 21,420.63
Energy total per USD 1000 145.21 109.25 4.44 990.07
Urban population 48.11% 24.42% 2.07% 100%
Imports 40.23% 25.56% 0.02% 209.01%
Exports 35.07% 26.32% 0.01% 228.99%

Figure 2 shows an analysis of the main variables of the study, with the information be-
ing generated by the authors from the information obtained from the World Bank databases.
Figure 2 shows in the upper triangle the correlations between the relevant variables under
study, GDP, CO2, imports, exports, energy use per capita, alternative energy use, proportion
of people in urban areas, and total energy use as kilogram oil equivalents, showing a mea-
sure of the linear relationship between the study variables. The scatter plots are displayed
in the lower triangular part, allowing the linear and non-linear relationships between
variables to be observed. In addition, a histogram of the respective variables is plotted on
the diagonal, showing the distribution of the variables and providing information about
their stochastic behavior.

Figure 2. Correlation, scatter plots, and histograms of the main research variables.

The information contained in Figure 2 shows a strong correlation between some study
variables such as GDP and CO2, which is to be expected given that economic growth
implies higher energy use, which should have a positive impact on CO2 emissions to the
environment. We can also observe a high correlation between import and export variables,
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which is an indicator that is related to the levels of trade openness that the countries in the
sample under study have. Although one of the variables could be omitted for technical
reasons of multicollinearity, it is preferred in this case to keep both variables to carry
out an analysis of the relationship with the international trade of the countries. Another
element that has a high correlation is the relationship between energy per capita and the
proportion of the urban population; with higher levels of urbanization, higher energy levels
are required, and therefore, public policies must be able to cover this growing demand.

In this research, we employ a quantitative methodology that utilizes clustering tech-
niques to identify distinct groups of countries based on their susceptibility to climate change
impacts. Subsequently, we employ general linear modeling approaches to estimate the
investment behaviors of these country groups in alternative energy sources. This approach
enables us to gain a nuanced understanding of how countries make decisions regarding
their energy investments in relation to their perceived risks of climate change effects.

2.1. K-Means Clustering Algorithm

The first element that we develop is the classification of different countries by means
of an unsupervised methodology, finding patterns in clustering without the intervention of
researchers, which allows us to classify countries into a particular group based on objective
criteria. For the classification of countries, we use the global climate risk index (CRI) [50],
using the observed losses for the period 2000 to 2019 as a reference. This index corresponds
to the analysis of 175 countries and considers the average deaths in the period of analysis,
the sample rate per 100,000 inhabitants, and economic losses suffered in this period.

For a dataset CRI = {cri1, cri2, . . . criN}, crin ∈ R, we define k-means clustering
algorithm dependents on a set of centroids m1, m2, . . . , mM and a subset Ck ∈ C, which
contains crii as

arg min
C

N

∑
i=1

M

∑
k=1

I(crii ∈ Ck)||xi −mk||2, (1)

where I(CRI) = 1 if CRI is true and 0 if not. In particular, we employ the k-means
algorithm to determine the number of states present in the experimental data obtained in
this research [51,52]. Figure 3 corresponds to the quadratic error depending on the number
of clusters, where we can observe that as the grouping levels increase, the quadratic error
decreases, which makes it necessary to introduce a criterion by which to define the optimal
number of clusters and carry out an analysis of each one of them.

Figure 3. Quadratic error as a function of the number of clusters.

One of the criteria used for the determination of the cluster number is the elbow
method [53], where the selection of the number implies the arrival at a plateau. In this
sense, the number of clusters where flattening is observed corresponds to 4, and therefore
four different groups are observed on which differentiated analyses can be carried out.
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With this information, we can define the countries that belong to each cluster shown in
Table 2 and perform an independent analysis of them. This analysis strategy allows us
to observe the behavior of the countries according to their characteristics in the face of
climate risk, an important assumption being that the behavior of each cluster is different
and independent of other clusters. In this conceptualizing, Cluster 1 encompasses countries
with low susceptibility to the impacts of climate change, while Cluster 2 is composed of
nations exhibiting a moderate-to-low risk profile. Cluster 3 comprises countries facing a
moderate-to-high level of risk, and Cluster 4 encapsulates nations with high susceptibility
to the effects of climate change.

Table 2. List of countries and clusters to which they belong. Central African Republic (C.A.R.), Cote
d’Ivoire (C. I.), Marshall Islands (M. I.), Trinidad and Tobago (T. and T.), United Arab Emirates (U. A.
E.), Antigua and Barbuda (A. and B.), Bosnia and Herzegovina (B. and H.), Dominican Republic (D. R.),
New Zealand (N. Z.), Sierra Leone (S. L.), Solomon Islands (S. I.), South Africa (S. A.), St. Vincent and
the Grenadines (St. V. and G.), United Kingdom (U. K.), Russian Federation (R. F.), Congo, Dem. Rep.
(C. D. R.), North Macedonia (N. M.), Papua New Guinea (P. N. G.), St. Kitts and Nevis (St. K. and N.).

Country Cluster Country Cluster Country Cluster Country Cluster

Armenia 1 Belgium 2 St. Lucia 2 Burkina Faso 4
Azerbaijan 1 B. and H. 2 St. V. and G. 2 Canada 4
Bahrain 1 Brazil 2 Sudan 2 Chad 4
Barbados 1 Bulgaria 2 Switzerland 2 Comoros 4
Belarus 1 Burundi 2 Tonga 2 C. D. R. 4
Benin 1 Chile 2 Uganda 2 Denmark 4
Botswana 1 China 2 U. K. 2 Ecuador 4
Brunei 1 Colombia 2 Vanuatu 2 Eritrea 4
Cabo Verde 1 Costa Rica 2 Yemen 2 Eswatini 4
Cameroon 1 Czechia 2 Afghanistan 3 Georgia 4
C. A. R. 1 Djibouti 2 Australia 3 Ghana 4
C. I. 1 D. R. 2 Bangladesh 3 Guinea-Bissau 4
Cyprus 1 Ethiopia 2 Belize 3 Guyana 4
Egypt 1 Greece 2 Bolivia 3 Iran 4
Estonia 1 Honduras 2 Cambodia 3 Ireland 4
Finland 1 Hungary 2 Croatia 3 Israel 4
Gabon 1 Indonesia 2 Dominica 3 Kiribati 4
Guinea 1 Jamaica 2 El Salvador 3 Kyrgyz 4
Iceland 1 Japan 2 Fiji 3 Lebanon 4
Iraq 1 Kenya 2 France 3 Lesotho 4
Jordan 1 Korea, R. 2 Germany 3 Lithuania 4
Kazakhstan 1 Lao PDR 2 Grenada 3 Luxembourg 4
Kuwait 1 Latvia 2 Guatemala 3 Malaysia 4
Liberia 1 Malawi 2 Haiti 3 Mali 4
Libya 1 Mauritania 2 India 3 Mauritius 4
Maldives 1 Mexico 2 Italy 3 Morocco 4
Malta 1 Micronesia 2 Madagascar 3 Nigeria 4
M. I. 1 Moldova 2 Mozambique 3 N. M. 4
Norway 1 Mongolia 2 Myanmar 3 Panama 4
Qatar 1 Namibia 2 Nepal 3 P. N. G. 4
Seychelles 1 Netherlands 2 Oman 3 Rwanda 4
Singapore 1 N. Z. 2 Pakistan 3 Saudi Arabia 4
Surinam 1 Nicaragua 2 Philippines 3 Senegal 4
Sweden 1 Niger 2 Portugal 3 Slovak 4
Timor-Leste 1 Paraguay 2 Puerto Rico 3 South Sudan 4
Togo 1 Peru 2 R. F. 3 St. K. and N. 4
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Table 2. Cont.

Country Cluster Country Cluster Country Cluster Country Cluster

T. and T. 1 Poland 2 Spain 3 Tanzania 4
U. A. E. 1 Romania 2 Sri Lanka 3 Tunisia 4
Uzbekistan 1 Samoa 2 Thailand 3 Turkiye 4
Venezuela 1 Serbia 2 Vietnam 3 Tuvalu 4
Angola 2 S. L. 2 Zimbabwe 3 Ukraine 4
A. and B. 2 Slovenia 2 Albania 4 Uruguay 4
Argentina 2 S. I. 2 Algeria 4 Zambia 4
Austria 2 S. A. 2 Bhutan 4

2.2. Estimation Models

For the estimation of alternative energy use, we use the generalized linear model
(GLM) approach [54,55]; because the data represent proportions, traditional linear model
estimation methods are unsuitable for this task. Instead, estimation models based on
binomial distributions are a viable alternative. This model fits the linear model of the
dependent variable with a vector of covariates X, defined as

g{E(y)} = XT β, y ∼ F, (2)

where g(·) corresponds to the logit link function, and F corresponds to a binomial distribu-
tion family; β = β1, β2, β3, β4, β5, β6, β7, β8, β9, β10 corresponds to the vector of parameters
of the independent variables. Specifically, we define the model with the following variables.

• Yi,t,c corresponds to alternative and nuclear energy (% of total energy use) in country
i, in year t, from cluster c. This variable corresponds to an approximation of public
policies oriented towards the use of energies that have more environmentally sus-
tainable characteristics and that can have an effect on the control of the effects of
climate change.

• GDPi,t,c corresponds to gross domestic product (constant 2015 USD) in country i, in
year t, from cluster c. GDP allows for a scaling of the size of the economy and its
potential impact on variables related to environmental impact.

• GDPgrowthi,t,c corresponds to the growth of the gross domestic product (annual %) in
country i, in year t, from cluster c. GDP growth can be used to measure the dynamics
of the impact of country variables on the environmental impact.

• CO2 i,t,c corresponds to the amount of CO2 emitted into the environment (kt) in country
i, in year t, from cluster c. This corresponds to the scale effect of emissions, which is
related to the size and production technologies of the country.

• CO2 pci,t,c corresponds to the amount of CO2 per capita emitted into the environment
(metric tons per capita) in country i, in year t, from cluster c. This variable corresponds
to the intensity of the use of polluting technologies in the country’s production.

• Energie_pci,t,c corresponds to the equivalent in kilograms of oil used in energy con-
sumption per capita in country i, in year t, from cluster c. This variable allows us to
understand the amount of energy consumption in the respective economy.

• Energiei,t,c corresponds to the equivalent in kilograms of oil of energy consumption
per USD 1000 GDP in country i, in year t, from cluster c. This variable allows us to
understand the amount of energy consumption in the respective economy.

• Urbani,t,c corresponds to the urban population (% of total population) in country i,
in year t, from cluster c, which affects the need for energy use resulting in the use of
polluting energies to supply that need.

• Importsi,t,c corresponds to imports of goods and services (% of GDP) in country i, in
year t, from cluster c, which indicates the country’s relationship with other countries
to supply its consumption needs.
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• Exportsi,t,c corresponds to exports of goods and services (% of GDP) in country i, in
year t, from cluster c, which indicates the country’s relationship with other countries
to supply products that are created within its borders.

• Alt_En_lagi,t,c corresponds to the measured lag of the previous period of alternative
and nuclear energy (% of total energy use) in country i, in year t, from cluster c.
The lag allows us to understand that public measures or policies are characterized by
long-term investments and the marginal effects of the period are what we can measure
when considering this variable.

3. Results

In this section, we present the results of the econometric estimations for each of the
four clusters. The four models consider all the explanatory variables defined in the previous
section. Table 3 shows the results of the regression analysis estimations.

Table 3. Model estimation of Cluster 1, Cluster 2, Cluster 3, and Cluster 4.

Cluster 1 Cluster 2 Cluster 3 Cluster 4

GDP −2.58 × 10−12 *** −2.80 × 10−13 *** −9.28 × 10−13 *** 8.58 × 10−14

(−4.83) (−3.53) (−10.86) (0.47)

GDPgrowth −1.85 × 10−3 1.48 × 10−3 −7.75 × 10−3 * 2.79 × 10−3

(−0.54) (0.58) (−2.44) (1.12)

CO2 5.73 × 10−7 4.59 × 10−7 *** 8.21 × 10−7 *** 8.38 × 10−7

(0.40) (5.09) (9.77) (1.92)

CO2pc −0.091 ** −0.213 *** −0.195 *** −0.298 ***
(−2.67) (−5.64) (−4.94) (−4.65)

Energie_pc 0.32 × 10−4 * 3.75 × 10−4 *** 2.39 × 10−4 ** 5.24 × 10−4 *
(2.02) (4.48) (2.73) (2.57)

Energie −3.03 × 10−3 *** −1.55 × 10−3 ** −2.87 × 10−3 *** 0.629 × 10−3

(−5.51) (−3.10) (−8.38) (1.61)

Urban −0.024 ** 0.009 ** −0.003 0.018 *
(−2.75) (2.82) (−0.39) (2.50)

Imports 1.36 × 10−3 −6.51 × 10−3 *** −1.44 × 10−3 1.34 × 10−3

(0.47) (−3.85) (−0.60) (0.87)

Exports −0.003 0.005 *** 0.003 −0.008 ***
(−0.75) (3.48) (1.25) (−3.59)

Alt_En_lag 1.717 2.459 * 4.621 *** 5.388 ***
(1.89) (2.14) (6.79) (12.46)

Constant 0.360 −4.614 *** −1.315 −3.407 ***
(0.61) (−21.27) (−1.84) (−10.36)

N◦ of observations 650 980 590 729
t statistics in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001.

We can observe that the GDP variables in Cluster 1, Cluster 2, and Cluster 3 are
significant, with a negative sign, while in Cluster 4 the variable is non-significant. The sign
of these variables implies that a larger size of the economy has a negative impact on the
proportion of alternative energies. In the case of the GDP growth variable, they are signifi-
cant in the case of Cluster 3, with a negative sign. This allows us to deduce that the larger
economies and the growth of the economies are essentially based on polluting energies.

When looking at the CO2 level variables, we can observe significant results for Cluster 2
and Cluster 3, showing that the total emission level has a positive impact on the use of
alternative energies. However, when looking at the CO2 per capita variable for all clusters,
we observe significant results with negative signs. This shows that the higher level of
generation of polluting gases is at the expense of the proportion of non-polluting energies;
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however, a scale effect can be observed as the countries with the highest generation also
seek alternative generation.

If we look at the energy use per capita, all clusters are positive and significant.
In the case of total energy generated, Cluster 1, Cluster 2, and Cluster 3 are significant and
negative. The higher level of energy use increases the level of use of alternative energies,
with countries in search of higher-generation alternatives, and we can also observe the
scale effect with the opposite sign.

In the case of the variable defining the proportion of the urban population, we observe
Cluster 1, Cluster 2, and Cluster 4 as significant, but with different signs, which shows
different behavior depending on the cluster. When we interpret imports and exports as
the level of trade openness, we observe that in the case of Cluster 2, both variables are
significant, and in the case of Cluster 4, the export variable is significant and negative.

Finally, in Table 4, we show the variance inflation factor (VIF), which indicates the
multicollinearity effects of the research variables. We can observe serious multicollinearity
problems for the variables CO2pc and Energie_pc for the Cluster 3 and Cluster 4 models
(VIF ≥10), which implies a problem in the estimation of the variance of the model parame-
ters. Despite the multicollinearity problem, we decided to keep the problematic variables,
understanding that the main effect is a decrease in the significance level and that we can
ignore variables that are relevant for the analysis. One element to take into consideration
with the VIF analysis is that it is Cluster 3 and Cluster 4 that have this problem, being the
country clusters that present the highest level of risk on climate change effects.

Table 4. Variance inflation factors of the research variables.

Variables Cluster 1 Cluster 2 Cluster 3 Cluster 4

GDP 3.8 5.32 3.22 5.41
GDPgrowth 1.03 1.11 1.18 1.10
CO2 2.44 5.21 2.10 3.61
CO2pc 7.26 12.98 55.79 43.77
Energie_pc 7.44 14.79 63.5 54.32
Energie 1.62 1.62 1.38 2.10
Urban 3.85 2.21 4.16 2.43
Imports 7.26 4.16 4.34 5.30
Exports 9.15 4.53 4.14 6.40
Alt_En_lag 4.45 1.36 5.34 1.91

4. Discussion

The main contribution of this research is the provision of substantial evidence that
countries exhibit distinct behaviors based on how they cope with the impacts of climate
change, implying the utilization of divergent policies pertaining to alternative energy
adoption and sustainable development.

However, there is a positive effect of the evolution of the countries in terms of the use
of energy and the emission of CO2 in relation to macroeconomic variables. Thus, there are
different groups of countries with differentiated behavior in terms of energy consumption
and CO2 emissions, which implies the implementation of policies consistent with their
development characteristics.

In accordance with the authors of [9], who posit a connection between economic
growth and non-renewable energy consumption, as is also evidenced in this study, the clus-
ters indicate that the scale of the economy is linked to the repercussions of non-renewable
energy utilization. Hence, it becomes imperative to prioritize policies that advocate for the
adoption of renewable energy sources, thereby aligning economic growth with a sustainable
development agenda aimed at carbon emission reduction.

Regarding the utilization of increased energy linked to economic growth, this is shown
by [16], where a relationship exists between economic openness, economic growth, and
carbon emissions. However, this relationship is not uniform across all clusters. Strong
evidence supports this connection for one particular cluster (Cluster 2, corresponding to
countries with a low-to-medium climate change risk).
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According to [17], both GDP and per capita energy consumption exhibit a substantial
positive influence on the direct growth of residential energy consumption. This contrasts
with the findings of our current investigation, wherein the utilization of alternative energy
sources exhibits an opposite relationship to GDP; this demonstrates a significant negative
influence on alternative energy usage. Both these observations lead us to infer that the
energy growth trajectory across different countries is intertwined with the utilization of
polluting energy sources.

The research results show that improvements in economic performance and public
acceptance could be the key triggers to encourage stakeholders in respect of sustainable
and clean development. The outcomes serve as a reference by which to enhance the overall
decision-making process of industry stakeholders. Governments could adopt the recom-
mendations to design policies and incentives that encourage the adoption of clean energy in
real industry operation to spur economic development, without neglecting environmental
well-being and jeopardizing social and economic benefits. Another way to provide recom-
mendations for government policy making could be through investment-based policies
delivered by governments, which may be more effective than production-based policies.
However, the two could complement each other in order to form a welcoming and sustain-
able renewable energy microgrid market, which is not only relevant in economies based on
the growth of GDP.

5. Conclusions

The research results confirm the existence of a dependence of CO2 emissions on
macroeconomic indicators such as gross domestic product, exports, imports, and different
alternative uses of energy. The conclusions of this study are as follows: the higher the GDP
growth of the countries in the sample, the lower their use of alternative energies. The greater
the amount of CO2 emitted into the environment, the more alternative energies used by
countries in the sample. The more CO2 per capita emitted into the environment, the lower
the use of alternative energies by the countries in the sample. Finally, the greater the number
of import levels for the countries in the sample, the lower the use of alternative energy.
Based on the associated cluster and the level of climate change risk, the macroeconomic
behavior varies.

Our findings have significant implications for academics, policymakers, and in-
vestors. Many of the countries considered in this research are rich in renewable resources.
Therefore, government policymakers should encourage investors to promote the use of
alternative energies. Wind, solar, or other potential renewable energy sources should be
considered priorities for electricity generation.

Additionally, and from the perspective of decision-making policies at the governmen-
tal level, the governments of many countries are making efforts to reduce CO2 emissions
through regulatory measures. Environmental pollution from CO2 emissions is not only
an environmental problem, but also an economic one, as discussed and presented in
this research.

Regarding limitations and future directions, it should be noted that other variables
also affect the level of CO2 emissions and alternative energy use; these were not taken
into account in this research. As such, for the purposes of further research, it would be
worth considering a larger dataset comprising not only macroeconomic indicators, but
also social indicators, sustainability, community implications, technological, and other
determinants. This would enable the identification of a multifactorial set of the most
influential determinants and the development of tools for effective public and private
decision making in the field of solving environmental problems related to CO2 emissions
and the impact on the use of alternative energies. In methodological terms, in future
research and as a way to integrate both elements used in this research, it is proposed to use
clusterwise regression as a way to build cluster datasets, where the countries’ clusters are
characterized by their specific regression coefficients in a linear regression model.
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