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Abstract: The use of electricity from non-renewable sources increases environmental impacts. There-
fore, several countries have committed to increase the use of renewable sources. Considering the
importance of the Group of Twenty (G20), this article aims to identify trends in renewable electricity
supply in these countries. The data collected are from the International Energy Agency (IEA) between
1990 and 2020. The methods measured the production of each type of electricity in the G20 matrices
and identified the influence of the population, Gross Domestic Product (GDP), and CO, emissions
in renewable electricity production using multiple linear regression. In terms of results, Brazil and
Canada have the most renewable electricity matrices and higher per capita renewable production
than non-renewable. Saudi Arabia presented the smallest renewable matrix throughout the analyzed
period. All 20 countries have varied electrical production, with different amounts of solar, wind,
hydro, biomass, geothermal, and tidal energy. Countries with the highest GDP are not necessarily the
largest producers of renewable electricity. Hydroelectric energy, the biggest highlight in renewable
production, is making room for other sources such as wind and solar, which grew the most in terms
of participation in the electrical matrices. The waste, geothermal, and tidal energy participation have
shown a timid but constant growth.

Keywords: energy supply; renewable energy; renewable electricity generation; renewable electricity;
group of twenty

1. Introduction

Electricity plays an extremely important role in the productive sector and in the life of
society. It is crucial for a constant development to ensure the supply of the necessary energy
for society to maintain wellbeing and productivity [1]. To date, electricity represents a large
part of the energy used by society, and its importance and use continues to rise along with
the trend of increasing population and urbanization [2]. Electricity has been flagged as the
most important commodity traveling across the boundaries of local energy systems in the
future [3]. The global demand for electricity is expected to double by 2050 [4], and much
of this growth is expected to come from developing countries [5]. Thus, the increasing
demand for electricity, and the depletion of fossil fuels, call for actions in an attempt to
decarbonize electricity systems. This matter has led to ongoing debates between industries
and governments due to pressures imposed by society and environmentalists to reduce
GHG emissions [6].

On top of not being environmentally preferable, fossil sources, such as coal, are
likely to be extinguished by excessive use, therefore governments in several countries are
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already implementing new policies in order to not provide support/financing for coal
power generation. In 2021, the UN’s Climate Action Summit brought together several
countries, where many of them made new commitments to cease using coal power, and
major international banks committed to effectively end all international public financing of
new coal power initiatives by the end of 2021 [7]. However, since 2015, the Paris Agreement,
adopted by 196 Parties at COP 21 in Paris, has been part of an international treaty on climate
change aimed at limiting global warming to well below 2 degrees Celsius, preferably to
1.5 [8]. As a response to that, some renewable energy sources have grown considerably in
recent years.

Environmental impacts associated with the generation of electricity have been a
subject of concern and have pushed debates on clean practices [9]. Due to the highly
intermittent nature of wind and solar power, a certain quantity of dispatchable capacity
will likely also be required in the future [10]. In the context of the energy transition, a
few challenges have been preventing the uptake of grid-integrated renewable electricity-
generation technologies, such as costs of electricity supply and upgrading transmission
infrastructure to accommodate energy generators [11].

It is well-established in the literature that renewable energy sources contribute to
decarbonization and consequently are drivers for the transition to a cleaner world in terms
of GHG emissions. Nonetheless, an analysis not yet addressed in the scientific literature
is the generation of renewable energy in The Group of Twenty (G20). This appears to be
an important research gap. Therefore, this study seeks to answer the following research
question: What are the trends in electricity generation from renewable sources in the G20
countries? To that end, this paper aims to identify trends in electricity generation from
renewable energies in the G20 countries.

The G20 countries have a great impact on both the world’s economic development
and the global greenhouse effect [12]. The countries included in the Group are: Argentina,
Australia, Brazil, Canada, China, France, Germany, Japan, India, Indonesia, Italy, Mex-
ico, Russia, South Africa, Saudi Arabia, South Korea, Turkey, the United Kingdom, the
United States, and the European Union. In this sense, an analysis of electricity generation
from renewable sources in these territories seems to be important to assess their history
and trends.

Studies with the same perspective as this one have also been published in recent litera-
ture. [13] assessed the influences of renewable electricity generation in ASEAN-5 countries,
i.e., in the Southeast Asian nations (Indonesia, Malaysia, the Philippines, Thailand, and
Vietnam) during the period 1985-2016. In addition, [14] documented the historical growth
of the wind energy industry and articulated projections for increased installed capacity
from different agencies in China, the US, and the European Union. However, no studies
were found covering the investigation of the trends for renewable electricity generation
in the G20 countries. Therefore, this can be considered the novelty and significance of
this study.

This study is structured as follows: this first section presents the initial considerations
of renewable electricity sources and the G20 countries, and shows the motivations to
conduct this research. Section 2 provides a literature review on the theories underlying this
research. Section 3 depicts the methods and data used to build this study. Section 4 shows
the analysis conducted for the G20 countries in terms of renewable energy generation and
presents the main trends in clean energy generation per country, and presents the influence
of population, GDP, and CO, emission indicators. Finally, Section 5 outlines the main
conclusions, limitations of the present study, and suggestions for further research.

2. Literature Review

The increase in energy demand has resulted in a large exploration of energy alterna-
tives, as non-renewable sources have reigned for a long time. Climate change and other
environmental impacts, to which the emissions from fossil fuels are widely recognized as
key contributors [15], make for a great concern in the 21st century. The exploration of non-
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renewable sources, such as fossil fuels, has contributed to a range of environmental impacts,
and also to foreign dependency at times [16]. On that note, on the one hand, increasing
energy efficiency of equipment and processes can help reduce impacts [17]. However, on
the other hand, it can be argued that this might lead to greater consumption as a rebound
effect. Switching to renewable sources has been signaled as a better alternative, as the
emissions resulting from electricity generation can be brought down when transitioning to
them [3], and this type of energy is considered to be an opportunity for such changes [18].

The transition to a climate-neutral economy by 2050 is an urgent necessity [19],
therefore, agreements within the international community seeking to reduce GHG emis-
sions [20] have forced governments to begin initiatives to produce electricity from renew-
able sources [21] and also several locations in the European Union [22], although differences,
geographical location, country size, political circumstances, and a number of other factors
need to be considered to migrate from non-renewable sources to renewable ones [23].

Ambitious goals aiming to increase the share of renewables in the energy mix have
been set by a range of nations [24], both in the search for greater energy security and
to ensure energy supply [25]. The European Union, for instance, in its 2050 roadmap,
signaled a sustainable future achieved by means of energy from renewable sources and
progressive service electrification [26], which challenges the current system of power grids
that only work if under balanced demand and supply [25]. Moreover, it has been noted
that renewable electricity generation positively impacts economic growth [16], however,
financial incentive policies as well as democratic governance are needed for effective
renewable energy aids [27].

Each type of renewable source is distinguished by its uniqueness of the physical
specificity and differences in technological solutions [28]. The potential of renewable energy
is greater than that of non-renewable energy [29], but currently renewable energy sources
provide only approximately 15-20% of the energy demand worldwide, even though all
renewable energy sources (including solar energy, eolian, hydropower, biomass, geothermal
energy, and wave-tidal energy) provide 3078 times the current global energy needs [16].
The renewable sources (i.e., the feedstock) that can be used to produce electricity range
from solar (through thermal, photo-chemical, and photo-electric means) to hydropower,
wind, geothermal, tidal power, and biomass. The installed capacity of renewable electricity
has been showing an increasing worldwide trend since 1990, because it is permanent and
reduce or even eliminate the dependency on foreign supply [30], and the installed capacity
to take advantage of all of these potential sources (solar, hydro, biomass, geothermal,
and wave-tidal) will increase by 2050 [16]. While electricity from hydropower has been
reckoned as the most efficient among the renewable sources and registering negligible
GHG emissions, solar and wind are becoming increasingly significant contributors but are
still dependent on (and limited by) the level of technology readiness (i.e., efficiency of the
existing technology) and the intermittent nature of these sources [21].

In that regard, investing in only one or a couple of sources might not be enough or
even wise both for the environment and for the economy. Diversifying the renewable
sources for generating electricity is an adaptation mechanism driven by climate change
conditions, and it can help minimize fluctuations in energy supply [31]. Nevertheless,
the volume of energy to be produced in a given area depends on (and is limited to) the
capacity of the transmission network of that respective area [32], and therefore adequate
transmission/distribution networks also need to be accounted for. On that account, much
research has been conducted worldwide, seeking to assess the potential of different sources
for generating renewable electricity. [33] show that even waste can become a renewable
source of electricity, under a circular economy concept. The authors report that in the
water and wastewater treatment industry, in Australia, the use of waste in the wastewater
to be treated can be used to produce biogas and subsequently, electricity. However, the
potential for such use is still untapped. In 2018, 18% (279 GWh/y) of the electricity demand
of the Australian water industry was generated from on-site renewable sources, where
the most representative were biogas from anaerobic digestion of wastewater and sewage
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sludge (67%) and hydropower (30%). Furthermore, [34] show that there are waste-to-energy
pathways that can contribute to reducing the amount of waste to be disposed of while
helping meet energy needs.

Reference [35] presented an assessment of the potential of solar rooftop photovoltaics
using big data machine learning and geospatial analysis. Their results showed that the
cost of attaining the potential is lowest in India (66$MWh~!) and China (68$MWh 1), with
the USA (238$MWh ') and UK (251$MWh ') representing some of the costliest countries.
Moreover, [36] investigated the spatial-temporal heterogeneity and dynamic evolution
mechanism of renewable electricity penetration using the data of the European Union (EU)
during 2001-2017.

Rooftop solar photovoltaics currently account for 40% of the global solar photovoltaics
installed capacity [35], and the remainder represents solar thermal heating and water
heating, off-grid solar energy system, hybrid solar energy system, and others. In the
case of wind turbines, currently they provide approximately 6-7% of the global electricity
supply [37]. Denmark, for instance, has achieved remarkable success in renewable energy
development over the last several decades, since the country mostly depends on wind
energy [38], with 48% of its energy mix being from wind, [39]. Moreover, in the US,
California is a state recognized for its innovative energy policy, mainly for the adoption
of large amounts of solar panels in recent years [40]. Also in the US, [41] used life cycle
assessment and revealed that deployment of renewable electricity generation devices to
off-grid remote locations for electricity generation can have the same, or less, environmental
impact as urban grid systems.

In fact, many studies and many researchers have followed a unique path in energy
generation—to be clean and/or renewable. Although many sources are considered renew-
able, it might vary depending on the control of use and renewability of their generation and
availability. Therefore, the transition to a cleaner world seeking carbon neutrality is urgent.

3. Methods and Data

To meet the proposed research objective, the procedures of the present research were
divided into 4 phases, as shown in Figure 1.

Data collection Analysis of Final
and processing results conclusions

Figure 1. Research phases.

PHASE 1—Review of the literature

The first phase comprised a literature review in order to identify previous studies
on the topic. Searches were conducted in the Scopus and Web of Science databases on
November 22, 2021, using the following keywords: Energy Supply; Generation of Renew-
able Electricity, and Renewable Electricity. Results were sorted by document type (article)
and language (English). Duplicate articles were then eliminated, resulting in 91 documents.
These were assessed by reading titles and abstracts, resulting in 27 articles that contributed
to the elaboration of the theoretical foundation and complemented the discussion of results.
As not all G20 countries featured in the studies from the literature search, the authors used
cross-referencing from a snowballing approach based on the articles in the final portfolio.
Nonetheless, when no study on renewable electricity was identified in a given G20 country,
complementary searches were conducted on the Google Scholar database, considering the
keywords “renewable electricity” and the name of the country under analysis.
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PHASE 2—Data collection and processing

The main analysis of this study focused on the renewable electricity production of
the G20 countries. Therefore, data were collected from the electric energy matrices of the
G20 members: Argentina, Australia, Brazil, Canada, China, France, Germany, Japan, India,
Indonesia, Italy, Mexico, Russia, South Africa, Saudi Arabia, South Korea, Turkey, the
United Kingdom, the United States, and the European Union [42].

The data were collected on the website of the International Energy Agency—IEA [43],
presenting solid information on electricity, as it is composed of 30 member countries and
other associates who help in this compilation of available information. Furthermore, using
data from the same source generates value and robustness, enabling comparisons between
countries and years, in addition to greater reliability, given the standardization of data.

The IEA presents data in GWh of electricity for all countries in the world, as well
as for continents and economic groups. Thus, the data of each member of the G20 was
individually accessed, seeking the composition of the electrical matrix in the indicators
called “Energy Supply and Electricity Generation by Source”. Data covering the years
between 1990 and 2020 were collected, aiming at a temporal comparison and making it
possible to identify the existence of trends in this period.

The electricity production of a country is directly related to its demand, therefore,
the population indicator can be considered an influencing factor in the production of
electricity. Furthermore, the use of electricity from renewable energy sources contributes
to the reduction of CO; emissions, which is one of the biggest factors responsible for the
aggravation of the greenhouse effect. Thus, it is in the interest of both private organizations
and especially governments to invest and encourage investments in renewable energy
sources [28]. Thus, another influential indicator in the generation of renewable electricity
is the GDP, based on the premise that richer and more developed countries, compared to
poorer countries, are more concerned with the environment and can invest more heavily
in sustainable energy sources [28]. Thus, to deepen the analysis, the variables Population,
Gross Domestic Product, and CO, emissions were included.

The population value of each country was determined according to the United Na-
tions [44]. Regarding the population of the European Union, a survey was carried out of
all its member countries according to the date of entry and exit of each one in the group,
according to information from the European Union [45].

The World Bank website was used to collect the values (in current US$) referring to
the Gross Domestic Product (GDP) [46]. The values corresponding to CO, emissions (in
Mt) were collected from the IEA. It is worth mentioning that the analysis related to CO,
emissions was considered until the year 2019, since in 2020 data from all G20 countries
were not available.

PHASE 3—Analysis and discussion of results

The data were compiled using Excel and the main analysis focused on the share of
each renewable electricity source in gross electricity production, which can be written
as follows:

Xt = (ESt x 100%)/ GESt 1)

where:

Xt—percent participation of the type of electricity in the total production of the electricity
matrix of the country for the period ¢;

ESt (Electricity Supply)—amount of production of each type of electricity in the country in
period t, (GWh);

and

GESt (General Electricity Supply)—total amount of electricity produced in the country for
the period t (GWh).

The analysis was performed for each type of electricity in relation to the total pro-
duction of the matrix in each country in the years analyzed. The total percentage of the
electricity matrix that comes from renewable sources was also identified. The total amount
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produced from each source of electricity in each country was also considered in relation to
the total produced by the G20. In the analysis considering the G20 data, the values corre-
sponding to Italy, France, and Germany were subtracted, as they were already included in
the European Union data, thus avoiding double counting.

Finally, IBM SPSS Statistics 28.0 was used to identify the influence that the variables
population, CO; emission, and GDP have on the production of renewable electricity, and for
this purpose, a multiple regression was performed. The main goal was to check which of the
independent variables had greater influence on the dependent variable. The assumptions
of linearity between variables, homogeneity of variances, and absence of multicollinearity
were verified in order to perform the regression. After performing the regression, it was
possible to identify how variables influence the production of renewable electricity and
which one was the most relevant.

As CO, emissions data for all G20 countries in the year 2020 were not available in the
IEA, the period from 1990 to 2019 was considered in the CO, emissions analysis and in the
statistical analysis.

PHASE 4—Final conclusions

From the analysis of the results, it was possible to determine the final conclusions
of the article, identifying the highlights and, consequently, responding to the proposed
research objective.

4. Analysis and Discussion

This section presents, in addition to the analysis of the individual renewable electricity
production of each G20 country, the population, GDP, and CO, emission indicators, in
order to identify which ones have an influence on the production of renewable electricity
in the G20.

4.1. Analysis and Discussion of G20 Contributions to Renewable Electricity Generation

As a result of this analysis, according to the IEAs and data described in the methodol-
ogy of this paper, this section presents the percentages of renewable electricity generation in
the G20 countries, a ranking of countries from greatest to smallest contribution of renewable
sources in the country’s electricity generation, and a description of each individual nation.

In 2020, only six countries had a renewable percentage in their electricity matrix
lower than in 1990, namely Brazil, Argentina, Mexico, India, Indonesia, and Korea (see
Figure 2). Brazil, despite showing the greatest reduction (17.7%), remained in first place
in the composition of renewable electricity generation among all G20 countries. One of
the smallest efforts to generate renewable electricity is in Saudi Arabia. The country did
not have any source of renewable electricity in 1990, with a participation of only 0.1%
of renewable sources in 2020. In addition, Mexico, India, and Korea, even with lower
production of renewable electricity, compared to 1990, showed growth when compared
to 2010. In this sense, Figure 2 shows the amount (in percentage) of renewable electricity
generation in the G20 countries between 1990 and 2020.

The countries that stood out in terms of percentage increase in the participation of
renewable sources in their electricity matrix between 1990 and 2020 were Italy (18.9%)
and Germany (33.1%), both belonging to the European Union, which increased electricity
generation renewable by 32.7%. In addition to these, the United Kingdom showed a
considerable growth of 31.6%.

From the data in Figure 1, it is possible to obtain the ranking of countries regarding the
renewable percentage in their electricity matrix in 2020 (Figure 3). Thereafter, a description
of each individual nation presenting the main sources and historical data is presented.
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Figure 2. Percentage of renewable electricity generation in G20 countries (1990-2020).

Brazil

75.1%

Canada 66.4%

European Union 45.1%

Turkey

40.6%

Germany 37.6%

Italy

36.6%

United Kingdom

33.9%

China 28.0%

Argentina 24.2%

France 23.7%

Australia 21.3%

Russia Federation 20.3%

Japan 19.5%

United States 19.1%

Mexico 18.8%

India 18.4%

Indonesia

south Africa [ 62

5.1%

12.3%

Korea

Saudi Arabia | 0.1%

0.0% | 0 100.0%

50.0%

Figure 3. Ranking of G20 countries according to the participation of renewable sources in the
country’s electricity generation (in 2020).
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Among the G20 countries in 2020, Brazil was the one with the most renewable elec-
tricity matrix, with 75.1%; of this, 63.8% came from hydroelectric plants, 9.18% from wind,
1.73% from solar, and 0.37% from waste electricity. Thus, this follows a trend that has been
observed for a very long time, since the electricity mix in Brazil is heavily influenced by
renewable sources, especially hydropower [31]. Although the renewable percentage is
considerable and prominent among the G20 countries, this value has decreased in relation
to 1990, when renewable production corresponded to 92.8% of the matrix—this value comes
entirely from hydroelectric plants. Even though the country has reduced the proportion
of renewable electricity within its matrix over the years, there was the inclusion of new
renewable types, such as wind, solar, and energy generation from waste. Even though
discrete, there are data on the start of wind electricity production from 2005 with 93 GWh,
increasing to 57,051 GWh in 2020.

Electricity from solar sources presented a mild 59 GWh in 2015, increasing to
10,750 GWh in 2020. As the predominance of electricity comes from hydroelectric plants,
periods of drought can justify possible fluctuations in its production, which reinforces the
country’s need to diversify its production by investing in other renewable sources. Besides
that, as the climate in the region is dependent on a series of conditions such as atmospheric
pressure, air temperature, and humidity [47], solar power, for instance, can be affected by
cloudiness and other factors [31-48]. Nonetheless, despite the concern with climate change
issues, there have been efforts towards diversifying the sources of renewable energy [49].
Moreover, the study of [31], focusing on the northeastern region of the country, points to a
decrease in the annual amount of energy from small hydropower plants due to prioritizing
the supply of water to the population and for irrigation purposes, whereas an opportunity
has been noted for the exploration of solar power. Furthermore, the same potential for
electricity generation from solar power has been observed in the southern region of the
country [50].

Canada, in 1990, had 61.6% of renewable composition in the electrical matrix, having
an increase of only 4.8% in 3 decades. Of the 66.4% of renewable electricity in 2020, the
predominance is hydroelectric (60.03%), in addition to modest wind (5.63%), solar (0.67%),
and waste (0.05%) production. A certain stability in renewable production between 1990
and 2010 is remarkable, with a more notable increase in 2020. The increase is justified by
the reduction in production from coal (17.1% in 1990 to 4.9% in 2020) and oil (3.4% in 1990
to 0.8% in 2020), in addition to the inclusion and growth of new renewable sources such as
wind and solar. Despite this, it is worth mentioning the increase in the use of natural gas
(2% in 1990 to 11.1% in 2020). Despite being constant over the last 3 decades, another point
of relevance is production from nuclear power plants, representing 15.3% in 2020. [51] show
that the 1% increase in renewable energy consumption in Canada reduces CO, emission
by 0.061%. In addition, the use of renewable sources combined with nuclear increases this
proportion, because even the nuclear source is not considered renewable; it is classified as
clean energy due to the non-emission of greenhouse gases, thus making it another option
for reducing other polluting sources.

The European Union ranks third among the G20 members, with 45.1% of renewable
composition in the electricity matrix in 2020. This share increased considerably compared
to 1990, when it was 12.4%, coming mainly from hydroelectric plants (11, 9%). Other
renewable sources, even with lower production, were already present, e.g., waste (0.3%),
geothermal (0.12%), wind (0.03%), and tide (0.02%). In 2020, these percentages increased:
hydroelectric plants were responsible for 16.08% of electricity generation; wind stood out
as the main renewable source with 19.94%, while solar accounted for 6.67% of the matrix.
Residues increased to 2.11%, but geothermal and tides remained below 1% each, at 0.28%
and 0.02% respectively. The European Union is a group made up of 27 countries, of which
Italy, Germany, and France also participate individually in the G20. Thus, the data analyzed
from the European Union correspond to the sum of the production of renewable electricity
in the 27 countries. Although the renewable energy sources in the EU have essential
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meaning in the position of innovations [52], the Group is not at the top of the ranking of
members of the G20 for renewable sources.

Turkey ranks fourth in the composition of renewable electricity in its matrix, accord-
ing to Figure 3. In 1990, the participation of renewable sources was 40.4%, mainly from
hydroelectric plants (40.23%) and a small share of geothermal (0.14%). In 2020, renewable
production remained practically the same (40.6%), but other renewable sources were in-
cluded. In addition to hydroelectric (25.58%) and geothermal (3.25%), the country produced
electricity from wind (8.09%), solar (3.69%), and waste (0.01%) sources. However, the study
of [53] predicted that the share of hydropower in the electricity mix will decrease until
2030 due to Turkey facing extreme water stress in the coming years [54], and thus it is
recommended that the Turkish government incentivize the increase of other renewable
sources. Even with a considerable renewable production and diversification of production
over the years, Turkey produces a relevant percentage of electricity from coal, correspond-
ing to 34.79% in 2020. This reinforces the need to improve renewable production in order
to reduce the consumption of coal, which, in addition to being non-renewable, is highly
polluting due to the high emission of methane.

Next, Germany has an electrical matrix with a non-renewable predominance (62.4%).
Data indicate that in 1990, only 4.5% of electricity production was from renewable sources
(hydro, wind, and waste), thus showing the country’s investments in renewable diversifica-
tion over the last 3 decades. In 2020, electricity from wind sources stands out with 22.5%,
followed by solar 8.69%, hydroelectric 4.27%, waste 2.13%, and geothermal, with 0.04%.
However, the German government has set climate policies and ambitious energy targets; by
2050, the country must reduce GHG emissions by 80% (compared to 1990 levels), and 80% of
electricity must be supplied by renewable sources [55]. Nevertheless, currently the predom-
inance of electricity production is similar to Turkey, as coal is the biggest contributor in the
matrix with 25.46%, which is a negative factor when it comes to renewable diversification.

Also part of the European Union, Italy occupies the sixth position in the ranking of
the most renewable countries of the G20, with a total of 36.6% of the renewable electricity
matrix, divided into 17.25% hydroelectric, 8.86% solar, 6.64% wind, 2.14% geothermal,
and 1.72% waste. A considerable renewable diversity compared to 1990 when production
was 17.7% generated only by hydroelectric and geothermal. Furthermore, compared to
non-renewable, renewable production grew 2.68 times in this period, which practically
maintained the number of GWh produced. It also reduced coal production by approxi-
mately half: 35,762 GWh in 1990 to 13,064 GWh in 2020. Oil-derived production had an
even more significant reduction, from 102,719 GWh in 1990 to 9771 GWh in 2020. However,
the country comprises its largest production from natural gas, which was 48.9% in 2020
and only 18.33% in 1990; it is a necessary for reflection as this is not a source of renewable
electricity. [56] estimate, based on the optimization of capacity expansion, that by 2050, it
will be possible to generate more than 80% of electricity from renewable sources, without
considering CO; reduction incentives. If there are incentives aimed at reducing CO,, the
estimate reaches 90%. This is mainly because the cost of renewable technologies tends to
reduce over the years, favoring the estimated expansions.

The United Kingdom is in 7th position with 33.9% of renewable production in its
electricity matrix. In 1990, the matrix was predominantly non-renewable (97.7%, as there
was only a small presence of hydroelectric plants (2.25%) and waste (0.07%). Even with
the proportion coming from hydroelectric plants remaining stable, the renewable scenario
presents positive changes over 3 decades. The eolic participation has been gaining promi-
nence [57], representing 24.18% of the electricity mix in 2020, followed by solar energy
(4.09%), waste (3.15%), and hydroelectric (2.52%). In addition, coal was the predominant
source in the territory’s electricity matrix until 2019; in 2020, it represented only 1.98%, with
natural gas being the largest generator with 36.49%. This demonstrates that investment in
new, less-polluting sources raises positive expectations for the country in terms of reducing
the use of non-renewable resources in the future.
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In 8th place, China stands out in the increase of renewable production, with about
126,788 Gwh in 1990 and 2,087,603 GWh in 2020, with a considerable 1546.53% increase.
However, non-renewable production also increased from 536,418 GWh to 5,379,240 GWh,
growing 927.71%. Thus, in 2020, electricity from renewable sources accounted for 28% of
the matrix coming from hydroelectric plants (18%), wind (6.3%), solar (3.6%), and waste
(0.1%), with the predominant amount of electricity coming from a non-renewable source,
coal (67.16%). In 2018, China produced 366 TWh from wind energy, 177.5 TWh from solar
energy, and 90.7 TWh from other renewable sources [58].

The other G20 countries had a renewable composition in the electricity matrix below
25% in 2020. Argentina, in 9th position, had 24.2%, with hydropower being the main
source (16.74%), followed by wind (6.49%) and solar (0.93%). This shows the need for
investments to diversify renewable sources and increase the production of those already
used, because in terms of GWh produced in the last 3 decades, renewable production
grew by 93.05% while production from non-renewable sources had a growth of 234.32%.
The energy sector of Argentina is predominantly reliant on fossil fuels, therewith, it has
aggravated the environmental quality by amplifying the nation’s energy production-based
carbon emission levels [59].

The French electricity mix, which is represented by low carbon intensity owing to the
dominance of nuclear energy and hydroelectricity, is also unique in the EU [60]. In 2020,
France produced 23.7% of its electricity from renewable sources. The largest production
comes from hydroelectric plants (12.53%), with wind (7.64%), solar (2.55%), waste (0.84%)
and, to a lesser extent, tidal sources (0.09%) and geothermal (0.02%). However, the country
predominantly generates energy from a nuclear source (66.46%).

In 11th position is Australia, which increased its renewable production from 9.6%
in 1990 to 21.3% in 2020. In 1990, the source was predominantly hydroelectric, but in
2020 the highest contribution was from solar power (7.9%), followed by wind (7.7%)
and hydroelectric (5.7%). However, the predominance is non-renewable, coming from
coal (54.88%) and natural gas (20.82%). Nevertheless, it is noteworthy that renewable
production had an increase of 280.2% when compared to non-renewable (48.85%) in the
last 3 decades. Historically, electricity markets were designed to transport electricity from
large, decentralized power stations to the cities and centers of energy demand [11], and
solar PV has been the main new source of renewable electricity since 2013 [61]. Thus, the
country has targeted efforts, but still has other unexplored sources that can help reduce the
use of non-renewable electricity, such as investing in energy from waste.

Next in the ranking is Russia, which presents 20.3% of electricity generation from
renewable sources, mainly from hydroelectric plants (19.74%), with the presence of other
sources, such as waste (0.27%), solar (0.17%), wind (0.1%), and geothermal (0.04%) being
incipient. Despite this, the generation in GWh from non-renewable sources had a reduction
of 5.6% between 1990 and 2020, while renewable sources went from 165,945 GWh in 1990 to
220,605 GWh in 2020, an increase of 32.9%. To help increase the participation of renewable
energy in their national mix, the Russian government has introduced an auction system (by
Decree No. 449) [62], where projects with an installed capacity greater than 5 MW can enter
the tender annually and aims to secure 5.9 GW of additional capacity by renewables by
2024 [63].

Japan occupies the 13th position in the production of renewable electricity in the G20,
with 19.5%, an increase of 8.1% compared to 1990. The main renewable productions are
from hydroelectric sources (8.6%) and solar (7.6%). However, the country still produces
electricity mainly from coal (30.39%) and natural gas (37.73%). Considered one of the
largest energy importers in the world, approximately 96% of the primary energy supply
at the national level, the need for Japan to invest in renewable energies is reinforced, in
order to reduce the use of polluting sources. In addition, after the Fukushima accident
in 2011, the country has a goal of reducing the use of nuclear energy by 2030, which is
possible given the variety of renewable resources that the country has, and it depends on
the Japanese government to stimulate the development of available renewable sources [64].
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With similar proportions in renewable energy production, Japan, the United States,
and Mexico occupy the 13th, 14th, and 15th positions, with shares of 19.5%, 19.1%, and
18.8%, respectively. Renewable production is given mainly by hydroelectric, solar, and
wind sources, but the predominance is non-renewable from natural gas. In addition, coal
is still used considerably in Japan (30.39%) and the United States (20.03%), and the latter
also has significant production from a nuclear source (19.36%). Innovation has played a
key role in solar and wind expansion in the US [65] and in Japan [64].

Though a majority of the Indian population does not have access to convenient energy
services [66], the country has made significant progress in renewable energy in the last few
years [67]. In this sense, India has a predominantly non-renewable electricity matrix, with
coal being the prominent source, reaching 72.46% in 2020. From a renewable perspective,
the matrix presents 18.4% of electricity produced by hydroelectric plants (10.4%), wind
(4.11%), solar (3.81%), and waste (0.1%).

Countries such as Indonesia, South Africa, Korea, and Saudi Arabia have the smallest
participation of renewable sources in their electricity matrix. In 2020, Indonesia produced
35,511 GWh of renewable electricity, generated mainly from hydro and geothermal sources,
compared to 252,472 GWh of non-renewable energy. Thus, only 12.3% of production comes
from renewable sources, against 87.7% from non-renewable sources and mainly from coal
(62.81%). However, given the potential for producing energy from renewable sources in
the country, it is predicted that renewable energy will replace conventional energy in the
future, as non-renewables continue being depleted year-by-year [68]. On top of hydro and
geothermal power, other sources have also been subject of investigation and testing in the
country, such as biogas from landfill waste [69] and solar power [70].

South Africa, which has long been dependent on fossil fuels, mainly because of the
coal reserves in the country that aided cheap electricity generation [21], reached a mark
of 87.7% of its electricity production in 2020 coming from this source. Renewable sources
represent only 6.9% of the matrix, composed of hydroelectric (2.3%), wind (2.5%), and
solar (2.1%). There has been an increase in the contribution of solar and wind to the total
energy produced in South Africa, whereas geothermal energy has been left out altogether,
despite its potential in the region [21]. Considering the renewable production in GWHh, in
1990, the production was 2851 GWh, increasing by a considerable 477.3% in 2020, when
the production was 16,458 GWh. Meanwhile, in the same period, the growth in GWh of
non-renewable production was 36.7%.

In penultimate place in the ranking of the G20 countries in 2020, South Korea produced
5.1% or 30,180 GWh of renewable electricity, predominantly from solar sources (3.11%),
against a substantial 556,150 GWh from non-renewable sources, mainly derived from coal
(38.66%), nuclear (27.32%), and natural gas (25.82%) [71] highlight that incentive policies, as
well as the value of oil, are influencing factors in the dissemination of renewable energy in
South Korea. Despite the predominant solar source, South Korea is a country of four seasons
and thus the generation fluctuates throughout the year [72], which reiterates the need to
diversify the renewable matrix by also investing in the development of other sources.

Finally, Saudi Arabia has a high availability of fossil resources, and this has increased
their energy generation from such sources and their GHG emissions [73]. Currently, there
are no specific regulations or policies on renewable energy technologies [74]. The country
had 0.1% of renewable electricity production in 2020, coming from solar sources. The
predominant production in the country is from natural gas (56.4%) and oil (43.49%).

In fact, the G20 countries strongly contribute to renewable electricity generation in the
world. However, this can still be improved, mainly in terms of reducing the use of fossil
sources, such as coal, nuclear, and natural gas.

Initially, a positive highlight between 1990 and 2020 is the 251.58% increase in re-
newable electricity production against an 81.44% increase in non-renewable electricity.
With emphasis mainly on solar and wind production, in 1990, 752 GWh of solar elec-
tricity was produced predominantly in the US and 3993 GWh of electricity from wind
power was produced predominantly in the US in addition to the European Union. These
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numbers increased considerably for a production of 790,727 GWh from solar sources and
1,613,733 GWh from wind sources in 2020, as with the exception of Saudi Arabia, the other
19 members of the G20 started to produce or increased their production from these types
of energies. In this sense, Figure 4 shows the production of renewable electricity between
1990 and 2020 in the G20 countries. The primary axis represents wind, solar, geothermal,
waste, and tide sources. The secondary axis represents hydro.
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Figure 4. Quantity of renewable electricity production (GWh) in the G20 countries (1990-2020).

Another considerable increase is the production of electricity from waste, at 403.78%.
This source, in 1990, represented most of the production (98.6%) in the USA (65.3%) and
in the European Union (33.2%), and within this group, especially Germany (20.5%). In
2020, only Saudi Arabia and Africa did not seem to produce energy from this source, all
other countries have already made efforts in this direction. The production of energy from
hydroelectric power plants had an increase of 108.2% in the same period of 1990-2020. Less
prominently are geothermal and tidal energy, each representing, in 2020, 59,406 GWh and
972 GWh, respectively. For each country analyzed, the European Union (32.7%), Germany
(33.1%), the United Kingdom (31.6%), and Italy stand out with more than a 15% increase
in the renewable electrical composition of the respective matrices (18.9%). The biggest
reductions were in the electricity matrices of Brazil (17.7%) and Argentina (11.4%).

4.2. Population, GPD, and CO, Emissions

Also analyzed was the relationship between the amount produced in GWh of each
member of the G20 in relation to the total produced by the group. The largest producers of
renewable electricity in GWh in 2020 were: China (34.5%), the European Union (17.7%),
and the United States (13.45%), totaling 65.7% Thus, even though they are not the countries
with the most renewable electricity matrices in the G20, they are the largest producers in
terms of quantity of renewable GWh. A variable directly related to the amount of electricity
produced is the population number of each country. Therefore, Figure 5 shows the amount
of renewable and non-renewable electricity production, in MWh, per inhabitant, in the G20
countries in the 1990s and 2020s.
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Figure 5. Electricity production (MWh) per habitant in the G20 countries in 2020.

In 2020, the highlight is Canada, and even though it is in the second position of
renewable composition in the electricity matrix, the country is the largest producer of
renewable electricity per capita, approximately 11.19 MWh. Next, but with a big difference,
are Germany and the United States, with 2.63 and 2.47 MWh per capita, respectively.
Brazil, despite being the country with the most renewable electricity matrix, ranks 6th in
terms of per capita electricity production. Korea, even occupying the penultimate position
in the renewable portion of its matrix, occupies the 15th position with 0.58 MWh per
capita. Consequently, Saudi Arabia is the most incipient country in renewable electricity
production per inhabitant (0.01 MWh). However, the positive highlights are Canada and
Brazil, as they are the only countries where renewable production per capita is greater than
non-renewable production.

The increase in the production of renewable electricity and, consequently, its use, favor
the reduction in CO, emissions. Thus, Figure 6 presents a comparison between electricity
production in relation to CO, emission in the G20, between 1990 and 2019.
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Figure 6. Electricity production and CO, emission in G20.



Sustainability 2022, 14, 2084

14 of 21

120,000
100,000
80,000
60,000
40,000
20,000
0

600,000
500,000
400,000
300,000
200,000
100,000

0

250,000
200,000
150,000
100,000
50,000
0

400,000
320,000
240,000
160,000
80,000
0

1990 —

199 E—

1995 -
00
05
0

1990

Argentina

—_— 2015 m— \

2015
2019

) — —— 2019 E——

Saudi Arabia

2010 —

2000 s—
2005 s—

1995 s

2015 —

20

2019 —

1000

600
400
200

g88

200
100

400

200
100

The growth in CO; emissions over the last decades is notable, being more pronounced
between 2000 and 2010 and starting to reduce with more emphasis from 2015, a period that
also increased the production of renewable electricity. The reduction in CO, emissions,
as well as the greater generation of renewable electricity from 2015 onwards, may be
a consequence of the Paris agreement, signed in 2015, also by the members of the G20.
In order to identify the countries that have the most impact on CO, emissions in the
G20, Figure 7 presents the individual comparison between electricity production and
CO, emissions.
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Figure 7. Individual Electricity production and CO, emission in countries of G20.

Canada, despite being the second country that generated the most renewable electricity,
does not show a reduction in CO, emission. In fact, it is the country with the highest CO,
emission per capita in 2019, with a total of 0.0000152 Mt. The other countries that stand
out in terms of emission growth between 1990 and 2019 are China, India, Indonesia, and
Turkey. Russia showed a reduction only from 1990 to 1995, remaining practically constant
since then. Countries such as Australia, Korea, and South Africa showed greater growth in
emissions until 2010, and from then on, they practically maintained the amount of metric
tons of CO, emitted into the atmosphere. The highlights in reducing CO, emissions since
1995 are concentrated in the United States, United Kingdom, Italy, European Union and
France. Even so, in 2019, the United States emitted 0.0000145 Mt per capita, being the
3rd country with the most emissions per capita in the G20. In addition to these, as of
2015, Argentina, Brazil, Japan, Mexico, and Saudi Arabia have substantially reduced their
emissions. The biggest highlight, in terms of reduction, is Germany, which is the only
country that has been reducing its CO, emissions since the beginning of this analysis (1990).

Considering absolute numbers, China was the largest emitter of CO, in 2019, with
a total of 9919.1 Mt, and Argentina was the country with the lowest emission (162.2 Mt).
However, the population difference between countries influences not only the demand for
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electricity, but also the amount of CO; emitted. Thus, Table 1 presents the total and per
capita CO; emission of the G20 countries in 2019.

Table 1. Total and per capita CO, emission of the G20 countries in 2019.

Country CO, Emission (Mt) CO; Per Capita (Mt)
Canada 571 0.0000152
Australia 380.7 0.000015
United States 4744.5 0.0000145
Saudi Arabia 495.2 0.0000144
Russia Federation 1640.3 0.0000114
Korea 585.7 0.0000113
Japan 1056.2 0.0000084
Germany 644.1 0.0000078
South Africa 433.6 0.0000074
China 9919.1 0.0000071
European Union 2993.5 0.0000067
Italy 309.3 0.0000052
United Kingdom 3422 0.0000051
Turkey 366.4 0.0000044
France 293.9 0.0000044
Argentina 162.2 0.0000036
Mexico 4194 0.0000033
Indonesia 583.4 0.0000022
Brazil 411 0.0000019
India 2310 0.0000017

The countries with the lowest emissions per capita are Indonesia, Brazil, and India,
with India emitting approximately 88.82% less CO, per capita compared to Canada. An-
other relevant comparison is between Brazil and Canada, even though the two are the
largest producers of renewable electricity, Brazil emits 87.5% less CO, per capita. Thus,
countries with higher emissions should, in addition to investing in more renewable energy
sources as a whole, review the most polluting sectors.

Therefore, to reduce greenhouse gas emissions, mainly CO,, investment in more
sustainable means of energy generation is necessary. In view of this, it was analyzed
whether the countries that have the most renewable electricity matrix are also those with
the highest gross domestic product. Table 2 presents the GDP and the percentage of
renewable sources in the electricity matrix of G20 countries in 2020.

Brazil and Canada, despite being the countries with the most renewable electricity
matrix in 2020, do not have the highest GDP, occupying the 14th and 11th positions,
respectively. The European Union, in addition to having the second highest GDP of the
group, also has one of the matrices with the highest renewable composition in 2020. The
United States and China, despite having the 1st and 3rd highest GDP among the members
of the G20, occupy respectively the 14th and 8th positions among the most renewable
matrices. Thus, the countries with the highest GDP are not necessarily the ones with the
highest percentage of renewables in their matrices.

To provide greater robustness to the analyses presented and to identify whether the
population, GDP, and CO; emission have an influence on the production of renewable
electricity in the G20 countries, a multiple linear regression was performed (Figure 8).
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Table 2. GDP and renewable percentage of the electricity matrix in the G20 in 2020.

Count GDP % Renewable Sources in the
Yy (Current US$) Electrical Matrix

United States 2.09 x 1013 19.10%

European Union 1.53 x 10'3 45.10%

China 1.47 x 1013 28.00%

Japan 5.06 x 1012 19.50%

Germany 3.85 x 10'2 37.60%

United Kingdom 2.76 x 1012 33.90%

India 2.66 x 1012 18.40%

France 2.63 x 1012 23.70%

Ttaly 1.89 x 1012 36.60%

Canada 1.64 x 1012 66.40%

Korea 1.64 x 1012 5.10%

Russia Federation 1.48 x 1012 20.30%

Brazil 1.44 x 1012 75.10%

Australia 1.33 x 1012 21.30%

Mexico 1.07 x 1012 18.80%

Indonesia 1.06 x 1012 12.30%

Turkey 7.20 x 10! 40.60%

Saudi Arabia 7.00 x 101! 0.10%

Argentina 3.89 x 10'! 24.20%

South Africa 3.35 x 101! 6.90%

Correlations
Renewable_Energy Population =~ CO2_Emission

Pearson Correlation ~ Renewable_Energy 1 0.52 0.805
Population 0.520 1 0.632
CO2_Emission 0.805 0.632 1
GDP 0.717 0.287 0.759
Sig. (1-tailed) Renewable_Energy . <0.001 <0.001
Population 0.000 . 0.000
CO2_Emission 0.000 0.000 .
GDP 0.000 0.000 0.000
N Renewable_Energy 140 140 140
Population 140 140 140
CO2_Emission 140 140 140
GDP 140 140 140

Model Summary b
Adjusted | Std. Error of | R Square Sig. F
R Square | the Estimate | Change Change
1 0.825%|  0.681 0.674 148074.633 0.681 96.896 3 136 <0.001

a. Predictors: (Constant), GDP, Population, CO2_Emisson

Model R R Square F Change df1 df2

b. Dependent Variable: Renewable_Energy

Figure 8. Multiple linear regression.
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One of the requirements of multiple linear regression is the absence of multicollinearity.
This means that there cannot be a high correlation between the independent variables.
Analyzing the table, it can be seen that the correlations are moderate. While there is a 0.805
correlation between renewable energy and CO, emissions, this is not a perfect correlation.

The value of R (0.825) shows a strong correlation between the independent variables
and the dependent variable.

The value of R squared (0.681) indicates the percentage of variation in the dependent
variable that is explained by the independent variables. Model 1 explains 68.1% of the
data variation.

The Durbin-Watson test checks for residuals, i.e., a difference between the predicted
value and the observed value. To consider independent residuals, the value must be close
to 2 and the acceptable value is between 1.5 and 2.5. Thus, in this analysis, the value of
1.661 is in agreement.

Based on the ANOVA results (Figure 9), the analysis must be complemented by two
different hypotheses:

ANOVA®
Model Sum of Squares df Mean Square F Sig.
1 Regression  6.374 x 10" 3 2.125x 10" 96.896  <0.001P
Residual 2.982 x 10" 136 2.193x 101
Total 9.356 x 10™ 139

a. Dependent Variable: Renewable_Energy

b. Predictors: (Constant), GDP, Population, CO2_Emisson

Figure 9. ANOVA results.

HO: current model fit = model fit without predictor;

H1: current model fit # model fit without predictor.

As p is less than 0.05, it appears that including the predictors improves the quality of
the model.

Since multiple linear regression was used to verify whether CO, emission, GDP, and
population are able to predict the generation of renewable energy, the analysis resulted in a
statistically significant model [F (3.136) = 96.896; p < 0.001; R2 = 0.681]

From the identification of the weight of each variable in the analyzed model (Figure 10),
non-standardized coefficients were identified, i.e., coefficients that are in the variable’s
unit of measure. From the weight that each independent variable has in the model, non-
standardized coefficients are identified, i.e., coefficients that are in the variable’s unit
of measure. The beta is the standardized coefficient, so you can compare it with the
different coefficients.

Coefficients?
Standardized
Unstandardized Coefficients — Coefficients Collinearity ~ Statistics

Model B Std. Error Beta t Sig. Tolerance VIF
1 (Constant) 6203.919 16149.014 0.384 0.701

Population 8.606 x 10° 0.000 0.116 1.715 0.089 0.513 1.948

CO2_Emission 73.387 14.562 0.501 5.040 <0.001 0.237 4.219

GDP 2.003x10° 0.000 0.304 3.772 <0.001 0.362 2.763

a. Dependent Variable: Renewable_Energy

Figure 10. Weight of variables in the analyzed model.
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CO, emission and GDP have a p less than 0.05, which indicates that they have non-zero
coefficients, so they are relevant to the model. The population and constant do not have
a p less than 0.05. The value given as a coefficient is not statistically different from zero.
Looking at the standardized coefficient (Beta), CO, emission has a coefficient of 0.501,
which means it is a stronger predictor. The regression beta is the value that determines the
angle of the regression line. The beta value determines how much the predictor variable
impacts the outcome variable. The higher the value of the beta modulus (ignoring the sign),
the more influential it is on the values of the outcome variable.

There is no multicollinearity because the ‘tolerance’ values in the table are all greater
than 0.1. Also, if the value of VIF is less than 10, there is no multicollinearity.

5. Conclusions

As countries and governments determine and support decarbonization in the electric-
ity sector, it will be increasingly necessary to perform research and encourage the use of
electricity from renewable sources. In this sense, this study sought to identify trends in
electricity generation from renewable energies in G20 countries.

It was identified that use of renewable sources has been growing, thus presenting a
positive trend. The main sources of rising participation in the electricity mix within the G20
countries are wind and solar, whereas hydropower continues to grow in absolute terms
(i.e., the quantity of electricity produced from such source) but seems to be decreasing
in proportion in the mix. Electricity from waste has been explored, but it is still incipi-
ent. Geothermal and tidal power are timidly rising but depend on location and climatic
conditions, thus their uptake might remain low compared to other sources that are more
easily available. Nonetheless, the concerns with the depletion and exhaustion of reserves
of non-renewable sources have also always been in the background.

The main factor for the use of renewable electricity sources has been pointed out as
the need to reduce greenhouse gas emissions, mainly CO,, thus seeking to decarbonize the
electricity matrix.

It was also identified that CO;, as well as the population and GDP indicators, is one
of the influencing factors in the production of renewable electricity. From the increase
in production and consequently the use of renewable electricity by the population, the
amount of CO, emitted into the atmosphere is consequently reduced.

Although GDP influences the increase in the participation of renewable sources in
a country’s electricity production, the results present that the countries with the highest
GDP are not necessarily those with the highest percentage of renewable electricity in the
electricity matrix. Therefore, new studies can expand this analysis, considering other
factors that may impact production such as geographic location, climate, and technological
development, among others.

Among the limitations that this study presents, the survey was carried out only on the
production of the electricity and the composition of the electricity matrix. Future studies
can complement this analysis by evaluating the consumption of renewable electricity,
whether countries consume everything that is produced, and imports and exports, in order
to identify other opportunities. Also, further research can analyze the CO; emission of
each type of energy and thus identify which sectors and countries contribute with the
greatest emissions.

This study’s results can be used to encourage public policies towards greater sustain-
ability of electricity systems by: (i) fomenting further research via universities that also
focuses on the development and improvement of cleaner energy production technologies;
(ii) serving as basis for further investigations towards the development of regulations in
the energy sector, and; (iii) supporting concrete action to reduce the non-renewable sources
and facilitate financing for renewable sources.
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