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Abstract

Energy is of strategic importance in terms of economic growth, sustainable development, and environmental balance. The continuous
increase in global energy demand necessitates the development of new policies for the use of energy resources. Traditional fossil fuel-
based energy production does not offer a sustainable solution in the long term due to its environmental impacts and limited reserves.
This situation is driving countries toward the more widespread use of renewable energy sources. Alternative energy sources such as
solar, wind, hydroelectric, and geothermal energy support environmental sustainability by reducing carbon emissions and ensuring
energy supply security. However, there are significant differences among countries in terms of their rates of alternative energy use,
levels of economic development, energy policies, and infrastructure capabilities. This study aims to analyze the consumption of
electricity generated from alternative energy sources using hierarchical structure methods. In the study, topological analysis was
performed using minimal spanning tree (MST) and hierarchical tree (HT) methods, based on data on electricity consumption from
alternative energy sources in 66 countries worldwide between 1990 and 2023. The reliability of the obtained networks was tested using
the Bootstrap method. The findings indicate that developed countries lead in renewable energy use, while developing countries are
increasingly investing in this area. Additionally, a strong correlation was found between countries' energy consumption patterns and
their levels of economic development. In this context, the role of renewable energy sources in economic growth and environmental
sustainability was emphasized, and it was concluded that energy policies must be effectively managed.
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1. INTRODUCTION

Energy is one of the basic building blocks of the economic, social and environmental development of countries and has a strategic
importance worldwide. Many areas such as economic growth, industrial production, transport and daily life depend on the efficient use
of energy resources. While traditional energy sources such as fossil fuels have an important place in energy supply, the limited
availability of these resources and their environmental impacts encourage the use of renewable energy sources (Kim, 2015; Wang,
2022). At the global level, energy security is at the center of countries' foreign policies and international relations, while interruptions
in energy supply can threaten economic stability. Moreover, in line with climate change and sustainability goals, the adoption of low
carbon emission policies and increasing investments in energy transition are becoming increasingly important worldwide. Therefore,
energy is not only an economic resource, but also a factor that determines environmental and political balances (Basol, 2021; Bilgic,
2019; Cabreira et al., 2024; Dudzeviciute, 2013).

The production and consumption of electrical energy is directly related to the sustainability objectives of countries' energy policies. The
environmental impacts and limited reserves of energy production based on traditional fossil fuels force countries to turn to alternative
energy sources. Countries that utilize renewable energy sources such as solar, wind, hydroelectricity and geothermal at higher rates

10
! https://orcid.org/0000-0002-0464-3818 2 https://orcid.org/0000-0001-9302-1078




Coskun and Kantar/Bozok J Sci Vol 3 No I Page 10-19 (2025)

generally achieve significant gains in both environmental and economic terms. While increasing energy supply security, these countries
also reduce carbon emissions and comply with international climate policies. Renewable energy investments not only reduce energy
costs in the long run but also contribute to social development through their employment-generating effects (Gostkowski et al., 2021;
Hu et al., 2018; Kasperowicz, 2014). Countries with high rates of renewable energy use, such as Northern European countries, reflect
the positive effects of this transformation concretely with their strong economies, high living standards and environmentally friendly
policies. This shows that the use of renewable energy sources plays a critical role not only in terms of environmental sustainability but
also economic stability and social welfare (Eyyiiboglu et al., 2022; Zhou et al., 2017; Balzannikov, 2017; Cicea et al., 2021).

Table 1. Summary of literature studies

Country/ Independent
Authors Term Methodology Common Themes/Findings
Region Variables
Kantar and 1971 Hierarchical  structure Electricity A strong relationship was found between electricity
Keskin i 30 Asian analysis with (Minimal consumption, consumption and economic growth, and different
(2013) 2008 countries Spanning Tree) MST Gross domestic clustering structures were identified according to income
and HT methods product (GDP) groups.
1971 Electricit The statistical reliability of the linkages was tested with
Kantar et al. i} 64 world MST and HT methods, consum zon the Bootstrap method. Electricity consumption patterns
(2016) countries Bootstrap techniques ption, are categorized in detail on the basis of three different
2008 GDP . . .
income groups (low, medium, high).
Electricity
2005 consumption- Industrial Electricity consumption correlations are analyzed before
Yao et al South b L - - .
(2015) - China correlation analysis with  electricity and after the crisis and conclusions are drawn for the
2013 MST and Bootstrap consumption optimization of industrial organization.
techniques
GDP, population,
Mendonga 1990 50 major Hierarchical regression renewat?le energy It is .obsc?:rved thgt renewabl@ energy productlon is
et al. (2020) - cconomies  model production, effective in reducing CO:2 emissions, while GDP and
’ 2015 Carbon  dioxide population growth increase emissions.
(CO2) emissions
United
Bekareva et 2000 States of Panel data analysis, Renewablle CNCTEY  The contribution of renewable energy to economic
- . . consumption,
al. (2017) America cluster analysis - growth has been analyzed
2014 economic growth
(USA)
Gitana 1990 Energy While there is a strong relationship between economic
Dudzeviciit ) 13 Correlation  analysis, consumption, growth and energy consumption in countries with high
¢ (2013) 2010 countries panel data methods economic growth, energy consumption, this relationship is weak in

sectors

countries with low consumption.

In the literature, studies on the conversion of alternative energy sources into electricity emphasize the effects of renewable energy
sources on economic growth and environmental sustainability. These studies have been conducted with methods such as hierarchical
structure analysis, panel data analysis and regression models and it has been revealed that the use of renewable energy is effective in
reducing CO: emissions and contributing to economic growth. In this study, it is aimed to evaluate the data of 66 countries of the world
for the period 1990-2023 on the analysis of the relationship between energy consumption and economic growth by using the Kruskal
algorithm-based hierarchical structure methods of MST and HT with a systematic approach. In addition, the statistical reliability of the
obtained trees was tested by applying the Bootstrap method.
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2. MATERIAL AND METHODS

In this study, the data on electricity generated from alternative energy sources for the period 1990-2023 for 66 countries of the world
given in Table 2 are taken from the Organization for Economic Co-operation and Development (OECD, 2024). The connection networks
of the countries were created based on alternative energy source electrical energy data.

The correlation coefficients were transformed into the corresponding distance matrices and the networks of electrical energy consumed

from alternative energy were constructed for these countries. It is possible to create correlations between a combination of electrical
energy consumption data with a specific time window. The time window 1990-2023 is used in the study. Pi(t), Si The data on the
electrical energy used from alternative energy sources in the world countries in year t and its logarithmic change in time [t, t + 1] can be
written as follows:

Rl(t) = lnPi(t+T)—LnPi(t) (1)

where Ri(t) is the daily, weekly or monthly rate of change, depending on the system to be analyzed and the scope of the study. Pi(t) is
the value of the i'th asset at time t andt is the time series used. Using the assets obtained from Equation (1), the correlation coefficient
between asset pairs is calculated (Mantegna, 1999; Kantar, 2015).

In probability theory and statistics, correlation refers to the direction and strength of the linear relationship between two random
variables. In general statistical usage, correlation indicates how far one moves away from independence. In addition, the correlation
coefficient gives information about the direction of the variables and how they interact. It can be observed whether there is an interaction
between the variables, if there is, whether the interaction is very high or strong, and whether the observation values of one of the
observation groups increase while the other decreases or whether the values change in the same direction. If there is only one independent
variable in the correlation analysis, this type of analysis is called simple correlation analysis, and if there is more than one independent
variable, it is called multiple correlation. In scientific research, simple correlation analysis is most commonly used. Different correlation
coefficients have been developed for different situations. The best known of these is the Pearson correlation coefficient and

(RiR;) — (R;XR;) (2

Cl']' =
JCRE = RaD(RD) ~ (Ry?)

is defined as. Here, the notations (R;)(R;) and(R;R;) stand for statistical averages over time. The correlation coefficientC;; has values
between—1 < C;; < +1 and(;; = —1 , and when stands for completely opposite-correlated entities, and whenC;; = +1 stands for

completely correlated entities. IfC;; = 0, there is no relationship between assets i and j (Mantegna, 1999; Kantar, 2015).

dij = /2(1 - C;j) ©)

It's here,

i) It becomesd;; = 0 only when i=j,
i) ,d;; = dj

iii) di; < dy + dy;

d;; The metric distance has values between0 < d;; < 2. The relationship betweend;; andC;; is given in equation 2. Using Equation 3,
MST can be constructed for N entities using the N x N matrix obtained fromd; i S (Mantegna, 1999; Kantar, 2015).
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In running the analysis, the low-income group is colored in green, the lower-upper middle income group in yellow and the high income
group in red according to the classification of GDP of the countries for 2023 (World Bank List of Economies, 2025) given in Figure 3
in the MSTs, which are arranged according to the electrical energy data of the countries obtained from alternative energy sources.

Finally, an important method used in the analysis of hierarchical structures is known as the Bootstrap method. With this method, the
reliability of the links in hierarchical networks can be analyzed. Bootstrap method was developed by Efron (Efron, 1979) and was first
named as Bootstrap method in 1979.

Financial assets are selected for system analysis, and the date range to be analyzed is determined. This date range is divided into sub-
date ranges. For each sub-date range, MST and HT are created for the number of sub-ranges. All these trees are compared to determine
the number of similar links connecting financial asset pairs. A higher number of similar links between financial asset pairs increases the
reliability of these links. Conversely, a decrease in the number of similar links indicates a weakening of the reliability between financial
asset pairs.

The electric energy consumption data from alternative energy sources in countries between 1990 and 2023 were obtained from the
Energy Institute (EI, 2025). The electric energy consumption of countries from these sources during this period is presented in Figure
1. Analyzing the consumption trends of electric energy produced from alternative sources, it is observed that the curve remained
relatively stable until 2000 but started to increase rapidly thereafter, driven by rising renewable energy investments, countries’ shift
toward sustainable energy, and transformations in global energy policies (EI, 2025).
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Figure 1. Electric energy consumption of countries from alternative energy sources for the period 1990-2023 (EI, 2025)

Electricity consumption of countries from alternative energy sources for the period 1990-2023 is given in Figure 2. In countries with
developed economies, policies that encourage the use of renewable energy by moving away from fossil fuels have led to a transformation
in electricity generation. In developing countries, despite economic and technical difficulties, investments in renewable energy
infrastructure are gradually increasing. (EIA, 2024; Zarghami, 2025; Nicolli and Vona, 2019).
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Figure 2. Electric energy consumption of countries from alternative energy sources for the period 1990-2023 (EIA, 2024)

The World Bank analyses global economic differences by dividing countries into four main groups according to their per capita gross
national income levels: high income, upper-middle income, lower-middle income and low-income countries. Figure 3 shows that
according to the 2023 classification, high-income countries are mainly concentrated in North America, Western Europe, Australia and
some Asia-Pacific regions, while upper-middle-income countries are found in Latin America, Eastern Europe and certain parts of Asia.
Lower-middle-income countries are common in the northern and eastern parts of Africa and South Asia, while low-income countries
are generally concentrated in Sub-Saharan Africa and some South Asian countries (World Banks, 2025).

@B High Income [ Upper-middle Income [ Lower-middle Income ([l Low Income Not Classified

Figure 3. World Bank Group country classification by income level (World Banks, 2025)
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3. RESULTS AND DISCUSSION

An MST was created for 66 selected countries around the world for which the HT method will be applied, using correlation matrices
for electricity consumption data from alternative energy sources for the years 1990-2023. For the period 1990-2023, MSTs were created
using Kruskal's algorithm (West, 2001; Kruskal, 1956; Cormen et al., 2022). Finally, average connection clustering analysis was applied
to observe different cluster structures for HA more clearly. The coloring of the obtained MST and HT was based on the World Bank
Group country classification according to income level. Accordingly, in these trees, red represents the high-income group, yellow
represents the upper-middle-income group, and green represents the lower-middle-income and low-income groups.

Tablo 2. Names, abbreviations and flags of world countries

Country Abbreviation Flag Country Abbreviation Flag Country Abbreviation Flag

USA USA B= India IND e Egypt EGY i
Germany DEU I I Netherlands NLD = Norway NOR %E
Argentina ARG - Croatia HRV I I Uzbekistan uz e
Australia AUS Iraq IRQ e Pakistan PAK
Austria AUT e Iran IRN == Peru PER i1l
Azerbaijan AZE Ireland IRL [ | Poland POL _—
Bangladesh BGD - Spain ESP Z Portugal PRT ®

Belgium BEL B sweden SWE Bl Romunia ROU N |
United Kingdom GBR == Switzerland CHE H Egszgtlion RUS [ ]
Brazil BRA E Italy ITA I I Singapore SGP
Bulgaria BGR B Iceland ISL =|= Slovakia SVK
Czech Republic CZE B Japan JPN B Slovenia SVN e
China CHN Canada CAN B Srilanka LKA N
Denmark DNK e Kazakhstan KAZ Chile CHL |- -
Ecuador ECU mim Colombia coL B Thailand THA —
Indonesia IDN — ?A‘;E‘?doma MKD mim Taiwan TWN =l
Morocco MAR B Lwvia LVA = Turkey TUR
Philippines PHL M Lithuania LTU BB Uknine UKR _—
Finland FIN mf== Luxembourg LUX o Venezuela VEN ==
France FRA I I Hungary HUN — Vietnam VNM
South Africa ZAF BD= Malaysia MYS o= ggzlvan 5 NZ
South Korea KOR ‘@] Mexico MEX BB  Greece GRC =

The time window 1990-2023 is used in the study. Pi(t), Si are the data on the electricity consumed from alternative energy sources in

country t and its logarithmic change at time [t, t + t] can be written as follows:

Rl(t) = lnPl-(t + T) - LnPL(t)
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is of the form Here Ri(t) is defined as the logarithmic rate of change (Mantegna, 1999). Correlation coefficients between country pairs
are calculated using Equation 4.

The correlation matrix for N=66 countries given in Table 1 is constructed from 66(66-1)/2 country pairs. The distance matrix can also
be obtained using the correlation matrix (Mantegna, 1999 and equation (5) below is used to obtain the distance matrix.

dy = [2(1-Cy) ®)

The data used in this equation and given in Table 1 for the 66 countries between January 1, 1990 and December 31, 2023 are taken from
the International Institute for Electricity Consumption and Energy (EIA, 2025; EI, 2025). Here, dij is a metric distance and MST for 66
assets was obtained using a 66x 66 matrix obtained from dijs. Connectivity networks of countries based on alternative energy source
electricity data were created.

According to the classification of the countries' gross national product (GDP) for 2023 (World Bank List of Economies, 2025), which
is arranged according to the countries' electricity energy data from alternative energy sources and given in MST Figure 4, the low-
income group is colored in green, the lower-upper middle-income group in yellow and the high-income group in red.

Figure 4. Electricity consumption of countries from alternative energy sources for the years 1990-2023 MST

According to the classification of the countries' gross national product (GDP) for 2023 (World Bank List of Economies, 2025), which
is arranged according to the countries' electricity energy data from alternative energy sources and given in MST Figure 4, the low-
income group is colored in green, the lower-upper middle-income group in yellow and the high-income group in red.

According to Figure 4, there are 66 countries in total and 65 links between these countries. Each link between countries has confidence
coefficient. This coefficient was obtained by Bootstrap method. According to this method, values close to 1 indicate a strong connection
between countries and values close to 0 indicate a weak connection. USA, Canada (CAN) and Brazil (BRA) have formed a group of
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countries due to the strong economic integration between these countries (NAFTA) as well as their geographical neighborhood. A
similar situation was observed between JPN-KOR, PRT-ESP, TUR-IRN- IRQ-PAK-IDN, ARG-PER-COL, RUS-CHN as a dyadic
group.

4. CONCLUSION

This study analyses the consumption of electrical energy generated from alternative energy sources using hierarchical structure methods
and reveals the relationship between energy consumption patterns and the level of economic development. The findings show that
renewable energy consumption is more prevalent in developed economies and that these countries minimise environmental impacts by
adopting sustainable energy policies. Developing countries, on the other hand, tend to invest in renewable energy with increasing energy
demand, but progress at different speeds in this transformation process due to economic and technical constraints.

The shift away from fossil fuels in energy production towards renewable energy sources plays an important role in reducing carbon
emissions as well as ensuring energy supply security. The results obtained in this study are in line with the findings in the literature and
show that investments in renewable energy are critical for environmental sustainability. In the literature, it has been reported that there
is a strong relationship between renewable energy consumption and economic growth (Mendonga et al., 2020; Kim, 2015). Similarly,
this study shows that high-income countries consume more renewable energy and prioritize sustainability in their energy policies.

Within the scope of the study, electricity consumption patterns of countries based on alternative energy sources were classified by using
hierarchical structure analyses. It is observed that the correlation between energy consumption and economic growth is more
pronounced, especially in developed economies. However, it is observed that developing countries have increased their renewable
energy investments but have not fully realized sustainable transformation due to infrastructure deficiencies and financial constraints.
This result is in line with previous studies and reveals that energy policies are directly linked to the economic structures of countries
(Eyyiiboglu et al., 2022; Cicea et al., 2021).

In line with the results obtained within the scope of the study, the following recommendations were developed:

1. Policy Development and Incentives: Increasing state-supported incentive mechanisms for renewable energy sources will
accelerate the energy transition, especially in developing countries.

2. International Cooperation: In order to ensure sustainability in energy production, cooperation between countries should be
increased and joint energy projects should be encouraged.

3. Technological Investments: Increasing investments in renewable energy technologies will strengthen the energy supply
security of countries and reduce energy costs in the long term.

4. Data Analytics and Modelling: More widespread use of advanced modelling techniques such as hierarchical structure
analyses in the formulation of energy policies will contribute to the development of more efficient energy management
processes.

5. Financial Support Mechanisms: Expanding low-interest loans and funding mechanisms for renewable energy investments
will help developing countries transform their energy infrastructure faster.

This study sheds light on the energy policies of countries by making a topological analysis of energy consumption patterns. In future
research, it is suggested that energy relations between countries should be examined in more detail and analyzed with different
methodologies using more comprehensive data sets.
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