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Abstract: In this article, we investigate the impact of “Renewable Electricity Output” on the green
economy in the context of the circular economy for 193 countries in the period 2011–2020. We use data
from the World Bank ESG framework. We perform Panel Data with Fixed Effects, Panel Data with
Random Effects, Weighted Last Squares-WLS, and Pooled Ordinary Least Squares-OLS. Our results
show that Renewable Electricity Output is positively associated, among others, with “Adjusted
Savings-Net Forest Depletion” and “Renewable Energy Consumption” and negatively associated,
among others, with “CO2 Emission” and “Cooling Degree Days”. Furthermore, we perform a cluster
analysis implementing the k-Means algorithm optimized with the Elbow Method and we find the
presence of four clusters. In adjunct, we confront seven different machine learning algorithms to
predict the future level of “Renewable Electricity Output”. Our results show that Linear Regression
is the best algorithm and that the future value of renewable electricity output is predicted to growth
on average at a rate of 0.83% for the selected countries. Furthermore, we improve the machine
learning analysis with a Deep Learning approach using Convolutional Neural Network-CNN but the
algorithm is not appropriate for the analyzed dataset. Less complex machine learning algorithms
show better statistical results.

Keywords: environmental economics; general; valuation of environmental effects; pollution control
adoption and costs; recycling

1. Introduction

In the following article, we analyzed the value of renewable energy in the context of
the circular economy considering the need to create greater sustainability and resilience of
global energy systems. The dataset used for the analysis is the “Environmental, Social and
Governance-ESG” of the World Bank [1]. However, as part of the large dataset, the variables
relating to energy production in 193 countries for the period 2011–2020 were mainly
analyzed. The circular economy paradigm requires attention to all phases of production and
consumption in all countries globally. However, notoriously, the possibility of triggering
economic growth processes, economic development, and the achievement of potential
productivity, in all countries, requires energy consumption. In fact, the consumption of
energy worldwide always tends to grow despite crises and regardless of the application of
technological innovation to energy production methods.

However, the need to grow in income could push countries to use highly polluting
energy sources such as non-renewable carbon-based energy sources. In this sense, the
question of the energy sustainability of economic growth becomes an objective of economic
policy both nationally and internationally. In fact, governments are in the need to guarantee,
on the one hand, growth and prosperity to their nation, and on the other hand, they must
respect the international cooperation agreements that are oriented to the reduction of CO2
emissions to reduce overheating globally. In this sense, the so-called Paris Agreements [2]
and the Conference of Parties 27-COP27 [3] recently held in Egypt, try to impose ambitious
environmental policy at country level to combat climate change.
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One of the methods that can increase the propensity to the circular economy in the
context of the sustainability of economic growth processes is renewable energy. In fact,
renewable energy tends to be positively associated with the reduction of CO2 emissions
and the reduction of temperature. Furthermore, since the renewable energy production
methodologies require the use of a sort of production, decentralization also derives the
possibility of offering energy at reasonable prices even in regional, local, and rural areas
that in the past would not have had the opportunity to participate in the energy production.

However, the use of renewable energy is certainly not free from criticism or economic
and technological limitations. In fact, as reported in paragraph two relating to the analysis
of literature, there are empirical studies that have shown how economic growth is more
compatible with the use of non-renewable energy sources rather than renewable energy
sources. This dynamic can be understood because for a country it is certainly easier and
faster to grow in GDP through pollution especially if it is a developing country that intends
to fit into the ranks of medium and high-income countries.

However, these methodologies of economic growth are very risky as they generate
pollution and relevant negative externalities at the environmental level that weigh both
on the national population and on the global energy balance. It, therefore, derives the
need to find new solutions, and new economic policies, which keep together economic
growth, respect for the environment, need to grow energy consumption, with the reduc-
tion of CO2 emissions. One of the methodologies to achieve compatibility between the
sustainability of the circular economy and economic growth consists of the growth of
renewable energy production. Renewable energy can also have further positive effects at
the country level by changing the mentality either of producers or consumers relating to
the impact of productive and consumption choices on the environment. This change of
mentality and public sensitivity can have an impact especially in developing countries and
in new industrialization countries to facilitate an overall passage to the circular economy,
operating as a cultural and value reform supported by the positive experience relating to
the production and renewable energy consumption. Although there are certainly models
of economic growth that have hypothesized the total passage also of medium-high income
economies to the circular economy through the exclusive use of renewable energy, it is
known that renewable energy still has limitations in the ability to be a useful tool to support,
alone, the productivity of an industrialized country.

However, it is very probable that new technologies that can effectively use the forces
of nature to generate energy without the emission of CO2, in a compatible way for the
environment are very probable through the investment of research and development.
R&D can promote new technology to support renewable energy production for cities, the
manufacturing industry, as well as means of transport [4].

The development of renewable energy, therefore, becomes the essential element to
guarantee the sustainability of the economic growth of countries and to allow a full transi-
tion to the circular economy.

The article continues as follows: In the second paragraph, a brief analysis of the
literature is presented, which analyzes the relationship between the use of renewable energy
and the sustainability of economic growth. In the third paragraph, an econometric model is
presented for the esteem of the determinants of the production of renewable energy. In the
fourth paragraph, the clusterization with the k-Means algorithm optimized with the Elbow
Method to investigate the presence of groupings among the 193 countries analyzed in terms
of renewable energy production. The fifth paragraph presents a prediction with algorithms
of Machine Learning-ML to identify a path of possible development of renewable energy
production, the sixth paragraph contains a Deep Learning Analysis with Convolutional
Neural Network-CNN, and the seventh paragraph concludes.
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2. Literature Review

A brief analysis of the literature is presented below, which, above all, takes into consid-
eration the relationship between the production of renewable energy and the sustainability
of economic growth processes.

Ref. [5] verify the existence of a positive relationship between the value of financial
inclusion, globalization, the reduction of carbon dioxide emissions, and the presence
of energy from renewable sources. Ref. [6] establishes a positive relationship between
economic development and renewable electricity consumption in the Baltic region using
data for the period 1992–2011. Ref. [7] analyzes the presence of a causal link between
renewable energy, non-renewable energy, and economic growth for 26 OECD countries. The
author concludes by arguing that economic growth policies should encourage renewable
energy to facilitate GDP growth and increase energy independence at the country level.
Ref. [8] consider the relationship between renewable energy production and Gross Domestic
Product-GDP in 36 OECD countries over the period 2001–2015. The authors verify the
existence of a negative relationship between GDP growth and an increase in the production
of renewable energy. This report suggests that economic growth and development of
renewables do not necessarily go hand in hand, especially in countries with medium-high
per capita income.

Ref. [9] investigate the existing relationships between CO2 emissions, renewable
electricity consumption, non-renewable electricity consumption, and economic growth
in Algeria in the period between 1980 and 2012. The results show that in the long run,
economic growth and the consumption of energy that is not renewable have a negative
effect on the quality of the environment, while the use of renewable energy positively
impacts the quality of the environment. Energy consumption is produced by economic
growth. However, to improve the environmental condition in Algeria, it is necessary to
invest in renewable energy by generating positive effects also in terms of reducing CO2
emissions. Ref. [10] analyze the relationship between renewable energy consumption, non-
renewable energy consumption, economic growth, and CO2 emissions in Mediterranean
countries in the period between 1980 and 2014. The authors verify the presence of a negative
relationship between the use of renewable energy, CO2 emissions and economic growth. It
follows that if on the one hand, the use of renewable energy can reduce CO2 emissions, on
the other hand it is not certain that it is compatible with a program of economic growth in
the short term.

Ref. [11] analyze the relationship between renewable energy production, GDP growth,
and CO2 emissions in Pakistan. The results show that in the long run CO2 emissions,
renewable energy production, and GDP growth increase together. The authors suggest
that economic policies be applied to increase the production of renewable electricity and
reduce CO2 emissions in Pakistan. Ref. [12] consider the positive impact that the ecological
transition and the switch to a fully renewable energy production system could have on the
Dutch economy. The authors estimate that the transition to renewable energy could create
50,000 new jobs by 2030 and increase Gross Domestic Product by 1%. Ref. [13] confirm
the presence of a positive relationship between both renewable and non-renewable energy
production in terms of economic growth for 174 countries between 1980 and 2012.

Ref. [14] underline the need to strengthen and facilitate the transition to fully sus-
tainable and renewable energy-based production energy systems globally. The energy
transition to a system completely free from carbon sources is considered a necessary ob-
jective to respect the limits of growth of global temperatures established in international
agreements and treaties. Ref. [15] analyzes the positive relationship between the production
of renewable energy and the reduction of CO2 emissions in South America over the period
1980–2010. Ref. [16] verify the presence of a positive relationship between renewable energy
production, CO2 reduction and gross domestic product growth in a panel of 84 countries
between 1991 and 2012. Ref. [17] consider the perverse effects that the political economic
incentive for renewable energy installations has had on households in Germany. In fact,
federal government subsidies for renewable energy production have pushed up prices.
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Poor households have been faced with higher energy prices. The authors suggest solutions
to combine the growth in the price of renewable energy with the need to offer subsidies to
households.

Ref. [18] considers the impact of the energy transition to renewable energy from a
regional perspective. The method of investigation is bibliographic. The analysis starts from
the idea that since renewable energies have a degree of reduced energy density, a significant
change in the areas in which renewable energy is produced above all, at a regional, local,
and rural level, is derived. Effects in terms of employment, supply chains, and value are
thus detectable and are achieved at the regional and local levels. Ref. [19] analyze the
impact of renewable energy in terms of economic growth in 38 countries in the period
between 1990 and 2018. The results show the presence of a positive relationship between
renewable energy production and economic growth. The authors suggest implementing
actions at the international, governmental, and intergovernmental levels to increase the
production and consumption of renewable energy.

Ref. [20] show the presence of a positive relationship between the usage of renewable
energy and the ability to apply the principles of the circular economy. A circular economy
promotes renewable energy consumption and production [21]. Ref. [22] shows how biomass
energy if a tool to enforce circular economy principles [23,24]. Ref. [25] consider the role
of renewable energy consumption and production in promoting a circular economy in
the context of the Georgescu–Roegen theoretical approach [26]. The combination between
circular economy and renewable energy is a strategic tool to achieve the Sustainable
Development Goals-SDG [27]. An efficient technological design of renewable energies is
essential to provide sustainable energy to communities oriented to a circular economy [28].
Nevertheless, circular economy principles should inspire renewable energy, too. In this
sense, it is necessary to calibrate the relationship between the extraction rate of renewable
energy and the regeneration rate of renewable resources [29]. Ref. [30] promote bio-
hydrogen as a new renewable energy source able to boost the passage from the traditional
economic system to the circular economy model. Ref. [31] suggest the application of
wastewater treatment and technology to implement the energy transition toward a circular
economy. Ref. [32] afford the question of the shift toward renewable energy in a country
like Russia, which is an exporter of oil and other pollutant natural resources. Renewable
energy operates as an instrument to improve the transition toward a circular economy in
China [33] reducing emissions in the short and long run [34].

There is skepticism about the possibility to apply a circular economy, even with renew-
able energies, in developing countries such as Bangladesh [35]. The negative relationship
between the price of non-renewable energy and renewable energy has a relevant role in
promoting the energetic transition of China toward a circular economy [36]. Renewable
energy induces a reduction in CO2 emission even in more advanced countries in terms
of complexity index suggesting the existence of a positive relationship among circular
economy, environmental sustainability, and knowledge-oriented economic systems [37].

Countries that have a greater level of renewable energy production suffer less from
energy vulnerability [38]. Policymakers play an essential role in creating the institutional
framework and the economic incentives to enforce the passage from a traditional and
pollutant economy to a circular and more sustainable economy through the promotion of
renewable energy [39]. New forms of renewable energy can boost the passage toward a
more circular economy such as the bioconversion of biomass into biofuels and bio com-
modities [40]. Many OECD countries, such as Ireland, Luxembourg, and Norway, are
investing in renewable energy and in the reduction of municipal waste and CO2 emissions
to promote the shift toward sustainability and circular economy [41]. Ref. [42] find the
presence of a positive association among renewable energy output, GDP growth, and the
reduction of CO2 emissions in Switzerland, a case that confirm the validity of the Envi-
ronmental Kuznets Curve-EKC. Renewable energy is positively associated with economic
development and the transition toward a more sustainable economy in Switzerland [43].
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The development of the renewable energy sector, especially the bioenergy industry, requires
an increase in governance indicators especially in Western Europe [44].

The possibility to accomplish a Renewable Energy Transition-RET depends on a set
of variables that are strongly related to the social, economic, institutional, and human
capital at the country level and that requires a more conscious and green-oriented political
economy [45]. Investment in Research and Development can promote the transition toward
a renewable energy output system [46]. Even high-pollutant countries, such as China,
have targeted carbon neutrality thanks to renewable energy sources [47,48]. However, the
energy transition of China toward sustainability and a circular economy not only implies
the change from non-renewable to renewable energy, but it also requires the change from a
centralized to a de-centralized form of energy production [49]. Renewable energy can foster
economic growth and financial development even in low-per-capita-income countries [50].
There is a positive relationship among renewable energy consumption, economic growth,
and financial development [51]. The ability of renewable energy output to sustain the
energy demand of advanced countries can be estimated with appropriate probabilistic
functions and algorithms [52].

To promote energy transition it is necessary to respect cultural and institutional values
at the country level. For example, the application of an Anglo-Saxon definition of energy
transition for the Chinese economy is not efficient while the orientation toward a “guanxi”
method could generate better effects [53]. The negative relationship between economic
growth and sustainability persists even in Europe, despite the European green political
economy that has financed renewable energy production and has created the conditions
for the application of the circular economy [54]. The shift toward a circular economy
in an ecomodernist political environment also requires financial incentives to improve
the profitability of private investments [55]. The empirical analysis of the relationship
among economic growth, renewable energy production, and urbanization shows that
EKC holds for China [56]. The energy transition requires also political economies able to
change the structure of incentives and can start with a price guarantee for renewable energy
providers in order to sustain initial investments in the sector, as in the case of Germany [57].
The development of a more efficient renewable energy sector at the country level also
requires investment in smart grids [58,59]. However, the intermittence of renewable energy
production can produce inefficiency in the grid at the national and local levels [60]. Different
Energy Storage Technologies-ESTs can solve the question of fluctuations in the production
of renewable energy, such as Li-ion batteries, even if the high cost of Li-ion batteries
impedes their widespread application [61]. Furthermore, energy storage improves the
usage of renewable energy output and consumption [62]. Another solution to promote a
better energy transition is to invest in micro-grid based [63] on multi-energy sources [64].
In any case, the risk of intermittence of renewable energy output should be computed
adequately in energy planning even at the local level [65]. Smart grid based on multi-energy
sources can either reduce the level of either reduce the cost of energy [66]. The increase in
renewable energy output and consumption requires a more flexible power system [67].

The reduction in total energy consumption is essential to connect renewable energy
output to economic growth [68]. The price of wind power has a negative impact on wind
power generation, while the local demand can strengthen wind energy production [69].
However, in countries with low per capita income, i.e., Eastern African countries, there
is a negative relationship between economic growth and non-renewable energy produc-
tion [70]. Furthermore, the shift to a 100% renewable energy system can be too costly to
implement [71]. The Integrated Energy System-IES can solve the question of uncertainty in
the production and pricing of renewable energy [72]. The substitution of non-renewable
energy with renewable energy consumption can happen only in the long run, even in the
case of an increase in the price of oil, coal, and natural gas [73]. A probabilistic approach
can solve the question of renewable energy output variability and the issues related to the
stability of the distribution system [74].
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As evident, the analysis of the literature tends to confirm the presence of a positive
relationship between the growth of renewable energy production and the reduction of CO2
emissions. However, the relationship between the growth of the production of renewable
energy and growth of the gross domestic product is ambiguous, at least in the long run. It
should be considered that almost all the articles analyzed apply analytical methodologies
aimed at investigating the presence of causal relationships between the variables. Further-
more, the ambiguity of the metric results about the relationship between renewable energy
production and economic growth rate depends on the fact that the analyzed data fail to
incorporate that the implementation of the new economic policies arranged internationally
to combat climate change is likely to be incorrectly and reduce CO2 emissions. Table 1
synthesizes the references by main themes.

Table 1. Synthesis of the Literature Review by Main Themes.

Synthesis of the Literature Review by Main Themes

Main Themes References

Renewable Energy Output, Economic Growth, and Economic Development [5–14,16,17,19,35,43,50–52,68,70].

Renewable Energy Output and CO2 Emissions [15,37].

Renewable Energy Output and Energy Transition [18,32,33,36,38,43,45,46,48,49,53,54,57,60–67,71–74].

Renewable Energy Output and Circular Economy [20–22,25,27–29,31,41].

Theoretical Framework [4,26].

Renewable Energy Output, Policy Making, and the Institutional Reforms [39,44,58].

Renewable Energy and Environmental Kuznets Curve-EKC [42,56].

New Renewable Energy Sources [30,40].

Methodology [75–81].

3. The Econometric Model to Estimate the Determinants of Renewable
Electricity Output

An econometric analysis is then carried out for the estimation of the determinants
that affect the facilitation of the production of renewable energy. The data used refer
to 193 countries worldwide in a 10-year period between 2011 and 2020. The data were
analyzed with the following econometric techniques, namely: Panel Data with Fixed Effects,
Panel Data with Random Effects, Pooled Ordinary Least Squares-OLS, and Weighted Least
Squares-WLS. The use of data in panel format was necessary due to the structure of the
data used. In fact, the data analyzed do not consist only of a historical series, nor are
they observations relating to countries in a single reference period. On the contrary, it is a
dataset that combines on the one hand the historical series, consisting of 10 years, and on
the other hand the number of observations from the countries, equal to 193 units. The result
is a matrix that measures 193 × 10 and which therefore needs to be analyzed using Panel
Data models that are precisely suitable for data structures that have both a historical series
depth and a heterogeneity of individual observations. Table 2 contains the description of
the variables.

Table 2. Description of the Variables.

Description of the Variables

Variables Description

Renewable Energy Output Renewable electricity is the share of electricity generated by renewable power plants in total
electricity generated by all types of plants.

Access to electricity
(% of population)

Access to electricity is the percentage of population with access to electricity. Electrification
data are collected from industry, national surveys, and international sources.
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Table 2. Cont.

Description of the Variables

Variables Description

Adjusted Savings: Natural
Resources Depletion (% of GNI);

Natural resource depletion is the sum of net forest depletion, energy depletion, and mineral
depletion. Net forest depletion is unit resource rents times the excess of roundwood harvest

over natural growth. Energy depletion is the ratio of the value of the stock of energy
resources to the remaining reserve lifetime (capped at 25 years). It covers coal, crude oil,

and natural gas. Mineral depletion is the ratio of the value of the stock of mineral resources
to the remaining reserve lifetime (capped at 25 years). It covers tin, gold, lead, zinc, iron,

copper, nickel, silver, bauxite, and phosphate.

Adjusted Savings: Net Forest
Depletion (% of GNI)

Net forest depletion is calculated as the product of unit resource rents and the excess of
roundwood harvest over natural growth.

Agricultural land (% of land area)

Agricultural land refers to the share of land area that is arable, under permanent crops, and
under permanent pastures. Arable land includes land defined by the FAO as land under

temporary crops (double-cropped areas are counted once), temporary meadows for
mowing or for pasture, land under market or kitchen gardens, and land temporarily fallow.
Land abandoned as a result of shifting cultivation is excluded. Land under permanent crops

is land cultivated with crops that occupy the land for long periods and need not be
replanted after each harvest, such as cocoa, coffee, and rubber. This category includes land

under flowering shrubs, fruit trees, nut trees, and vines, but excludes land under trees
grown for wood or timber. Permanent pasture is land used for five or more years for forage,

including natural and cultivated crops.

Agriculture, Forestry, And Fishing,
Value Aided (% of GDP)

Agriculture, forestry, and fishing corresponds to ISIC divisions 1–3 and includes forestry,
hunting, and fishing, as well as cultivation of crops and livestock production. Value added
is the net output of a sector after adding up all outputs and subtracting intermediate inputs.
It is calculated without making deductions for depreciation of fabricated assets or depletion

and degradation of natural resources. The origin of value added is determined by the
International Standard Industrial Classification (ISIC), revision 4. Note: For VAB countries,

gross value added at factor cost is used as the denominator.

CO2 emissions (metric tons
per capita)

Carbon dioxide emissions are those stemming from the burning of fossil fuels and the
manufacture of cement. They include carbon dioxide produced during consumption of

solid, liquid, and gas fuels and gas flaring.

Cooling Degree Days
A cooling degree day (CDD) is a measurement designed to quantify the demand for energy
needed to cool buildings. It is the number of degrees that a day’s average temperature is

above 18 ◦C.

Electricity Production from Coal
Sources (% of Total)

Sources of electricity refer to the inputs used to generate electricity. Coal refers to all coal
and brown coal, both primary (including hard coal and lignite-brown coal) and derived

fuels (including patent fuel, coke oven coke, gas coke, coke oven gas, and blast furnace gas).
Peat is also included in this category.

Electricity production from coal
sources (% of total)

Sources of electricity refer to the inputs used to generate electricity. Coal refers to all coal
and brown coal, both primary (including hard coal and lignite-brown coal) and derived

fuels (including patent fuel, coke oven coke, gas coke, coke oven gas, and blast furnace gas).
Peat is also included in this category.

Energy use (kg of oil equivalent
per capita)

Energy use refers to use of primary energy before transformation to other end-use fuels,
which is equal to indigenous production plus imports and stock changes, minus exports

and fuels supplied to ships and aircraft engaged in international transport.

Forest Area (% of Land Area)
Forest area is land under natural or planted stands of trees of at least 5 m in situ, whether

productive or not, and excludes tree stands in agricultural production systems (for example,
in fruit plantations and agroforestry systems) and trees in urban parks and gardens.

Fossil fuel energy consumption
(% of total) Fossil fuel comprises coal, oil, petroleum, and natural gas products.
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Table 2. Cont.

Description of the Variables

Variables Description

PM2.5 Air Pollution, Mean Annual
Exposure (Micrograms for

Cubic Meter):

Population-weighted exposure to ambient PM2.5 pollution is defined as the average level of
exposure of a nation’s population to concentrations of suspended particles measuring less
than 2.5 microns in aerodynamic diameter, which are capable of penetrating deep into the
respiratory tract and causing severe health damage. Exposure is calculated by weighting

mean annual concentrations of PM2.5 by population in both urban and rural areas.

Renewable energy consumption (%
of total final energy consumption)

Renewable energy consumption is the share of renewable energy in total final
energy consumption.

The following equation was explicitly estimated:

RenewableElectricityOutputit
= α1 + β1(AccessToElectricity)it
+ β2(AdjustedSavingNaturalResourcesDepletion)it
+ β3(AdjustedSavingsNetForestDepletion)it
+ β4(AgriculturalLand)it
+ β5(gricultureForestryAndFishing)it
+ β6(CO2Emissions)it + β7(CoolingDegreeDays)it
+ β8(ElectricityProductionFromCoalSources)it
+ β9(EnergyUse)it + β10(ForestArea)it
+ β11(FossilFuelEnergyConsumption)it
+ β12(PM2.5AirPollution)it
+ β13(RenewableEnergyConsumption)it

where i = 193 and t = 10. Table 3 synthetizes the statistical results of the econometric models.

Table 3. Econometric Models to Estimate the Value of Renewable Electricity Output.

Econometric Models to Estimate the Value of Renewable Electricity Output

Fixed Effects Random Effects Pooled OLS WLS

Coefficient p-
Value Coefficient p-

Value Coefficient p-
Value Coefficient p-

Value Average

Coefficient −4.8818 *** −4.7345 ** −4.3324 ** −4.3417 ** −4.5726

A2 Access to electricity
(% of population) 0.0746 *** 0.0754 *** 0.0778 *** 0.0777 *** 0.0764

A3
Adjusted savings:
natural resources

depletion (% of GNI)
−0.1776 *** −0.1755 *** −0.1699 *** −0.1623 ** −0.1713

A4
Adjusted savings: net

forest depletion
(% of GNI)

1.0051 *** 1.0117 *** 1.0226 *** 1.0134 *** 1.0132

A5 Agricultural land (%
of land area) −0.0637 ** −0.0663 ** −0.0742 ** −0.0753 *** −0.0699

A6
Agriculture, forestry,

and fishing, value
added (% of GDP)

−0.1629 ** −0.1612 ** −0.1561 ** −0.1280 ** −0.1520

A11 CO2 Emissions (metric
tons per capita) −0.9580 *** −0.9370 *** −0.8780 *** −0.7845 *** −0.8894

A13

Cooling Degree Days
(projected change

in number of
degree Celsius)

−7.1791 * −7.8559 ** −9.7376 *** −8.7400 ** −8.3781
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Table 3. Cont.

Econometric Models to Estimate the Value of Renewable Electricity Output

Fixed Effects Random Effects Pooled OLS WLS

A16
Electricity production

from coal sources
(% of total)

−0.0869 ** −0.0906 ** −0.1004 *** −0.0745 ** −0.0881

A19 Energy use (kg of oil
equivalent per capita) 0.0018 *** 0.0017 *** 0.0016 *** 0.0013 *** 0.0016

A22 Forest area
(% of land area) 0.0945 *** 0.0890 *** 0.0735 *** 0.0595 ** 0.0792

A23
Fossil fuel energy

consumption
(% of total)

0.2148 *** 0.2173 *** 0.2239 *** 0.2176 *** 0.2184

A46

PM2.5 air pollution,
mean annual exposure

(micrograms per
cubic meter)

0.0868 ** 0.0878 *** 0.0914 *** 0.0751 ** 0.0853

A57

Renewable energy
consumption (% of
total final energy

consumption)

0.4902 *** 0.4881 *** 0.4831 *** 0.4849 *** 0.4866

Note: * = p-value ≤ 0.05; ** = p-value ≤ 0.01; *** = p-value ≤ 0.001.

Based on the analysis it appears that the value of Renewable Electricity Output is
negatively associated with:

• cooling degree days: is a variable that considers the quantification of the demand for
energy necessary to cool buildings. From a metric point of view, consider the number
of grades of the average temperature above 18 ◦C. There is a negative relationship
between the value of renewable energy production and the Cooling Degree Days
value [82]. In countries where there is greater production of renewable electricity, there
is also less demand for energy necessary to cool buildings. This relationship could
certainly be true for some countries that are particularly efficient from an energy point
of view in northern Europe where the number of days having a temperature above
18 degrees Celsius tends to be lower. However, this report, regardless of geographical
considerations, can also indicate the positive contribution that the presence of renew-
able energy production sources offers against global warming. Energy consumption is
positively associated with both heating and cooling temperatures. In particular, the
energy cost of cooling buildings should not be underestimated. Above all because the
places in the world that are most populated are also the places in the world where
temperatures tend to be higher. For this reason, if the number of Cooling Degree Days
increases, it is possible to save on energy costs. The situation results in a reduction of
renewable energy consumption.

• CO2 emissions: considers carbon dioxide emissions, i.e., those deriving from the com-
bustion of fossil fuels and the production of cement. They include carbon dioxide
produced during the burning of solid, liquid, and gaseous fuels and gas flaring [83].
There is a negative relationship between the production of carbon dioxide and the
production of energy from renewable sources. This negative relationship allows us
to support the possibility of combating global warming through the efficient use of
renewable sources. At present, renewable energies certainly cannot fully replace the
value of energy production from traditional sources. However, the possibility of
reducing CO2 emissions allows energy economic policy to effectively use renewable
energy as a tool to combat emissions and reduce pollution, especially in urban areas,
also having positive impacts in terms of public health for the population.

• Adjusted savings: natural resources depletion (% of GNI): is the sum of net forest depletion,
energy depletion, and mineral depletion. Net forest depletion is the unit resource
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rent multiplied by the excess harvest of timber more than natural growth. Energy
depletion is the ratio of the value of the stock of energy resources to the remaining
life of the reserve. It covers coal, crude oil, and natural gas. Mineral depletion is the
ratio of the stock value of mineral resources to the remaining life of the reserve [84].
There is therefore a negative relationship between the value of the depletion of natural
resources and the value of renewable energy production. This report indicates that by
effectively increasing the production of renewable energy it is possible to reduce the
consumption of natural resources and thus safeguard the environment.

• Agriculture, forestry, and fishing, value aided (% of GDP): is a measure of the impact of
agriculture, silviculture, and fishing in terms of GDP [85].There is a negative relation-
ship between the value of the percentage of GDP produced by the primary sector
and the value of the growth of renewable energy production. This relationship can
be understood considering that for example the production of renewable energy is
often placed in a zero-sum game with agriculture. For example, solar energy often
occupies the same spaces and is built on the same land that could be dedicated to agri-
culture. However, this is not only the motivation for this negative relationship. There
is also another one that is worth above all for the countries of northern Europe and
for medium-high income countries. In fact, generally, medium-high income countries
tend to have a value of agriculture as a percentage of very reduced GDP, and generally
less than 4% if not even 3%.

• Electricity production from coal sources (% of total): is the share of electricity produced
using coal. Coal means all coal and lignite, both primary fuels including hard coal and
lignite-lignite, and derivative fuels including proprietary fuels, coke oven coke, gas
coke, coke oven gas, and blast furnace gas. Peat is also included in this category [86].
There is a negative relationship between the value of electricity generation from
coal and the value of generation from renewable energy. This relationship allows
us to identify a zero-sum game between the production of energy from renewable
sources and the production of energy from coal. However, it is not possible to imagine
a complete substitution of renewables with coal, at least considering the current
conditions of the technology applied to renewable sources. However, the report
certainly indicates that investing in renewables can make it possible, within certain
limits, to reduce the production of energy from coal.

• Agricultural land (% of land area): represents the amount of land devoted to agriculture
as a percentage of available land in each country. There is a negative relationship
between the value of land available in each country for cultivation and the value of
renewable energy production [87]. This relationship tends to reinforce the hypothesis
of the presence of a zero-sum game between agriculture and the value of renewables.
The motivation lies in the fact that obviously where the renewable energy plants are
installed it is not possible to proceed with the exercise of land cultivation. However, it
must also be considered that especially for the countries of Northern Europe, obviously,
the percentage of land dedicated to agriculture tends to be small, while the areas
destined for wind, geothermal and solar plants can be very large and productive.

In addition, the value of “Renewable Electricity Output” is positively associated with:

• Energy use (Kg of oil equivalent per capita): considers energy consumption as the use
of primary energy before transformation into other end-use fuels, equal to domestic
production plus imports and changes in stocks, minus exports and fuels supplied
to ships and aircraft engaged in international transport [88]. There is a positive
relationship between energy consumption and investment in renewable energies.
Evidently, renewable energy contributes to the production of energy at the local level
and therefore generates an increase in available energy and related consumption. It is
also true that energy consumption tends to be ever-increasing in almost all countries.
However, certainly having greater quantities of energy available certainly also allows
us to sustain greater consumption. Furthermore, renewable energy is often produced
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in rural locations and, therefore, also at the distribution level, it allows for an increase
in consumption capacity even in territories that otherwise would be almost isolated.

• Access to electricity (% of population): is a variable that considers access to electricity
as the percentage of the population that has access to electricity. Electrification data
are collected from industry, national surveys, and international sources [89]. There
is a positive relationship between the value of access to electricity and investment in
renewable energy production. Obviously, the growth in energy production makes it
possible, especially in rural areas, for access to electricity to reach people who were
previously excluded from it. This is especially true for countries that have low per
capita incomes and are in Africa or South Asia. Obviously, the possibility of producing
energy even in the vicinity of rural, peripheral areas further increases the inclusiveness
of renewable sources. Renewable energies, therefore, become a tool for reducing social
and economic inequality, allowing the population of many countries to access the use
of electricity.

• Forest area (% of land area): it is a variable that considers the forest area or the land
under natural woods or trees planted with at least 5 m in situ, whether productive
or not, and excludes woods in agricultural production systems and trees in parks
and urban gardens [90]. There is a positive relationship between the value of forest
area and the investment in renewable energy production at the country level. This
relationship is since the installation of renewable energy production stations generally
does not take place in forest areas. In fact, renewable energies do not use any of the
products that directly or indirectly can be obtained from the exploitation of forests as
an input. For this reason, it is possible to develop renewable energy and at the same
time make sure that the forest area also grows thanks to the cultural effects induced
by renewables.

• PM2.5 air pollution, mean annual exposure (micrograms for cubic meter): considers expo-
sure to environmental PM2.5 pollution is defined as the average level of exposure
of a nation’s population to concentrations of airborne particles measuring less than
2.5 microns in aerodynamic diameter, which are capable of penetrating deeply into
the respiratory tract and cause serious damage to health [91]. There is a positive
relationship between the value of renewable energies and the growth of pollution due
to the presence of PM2.5. This relationship may be since the presence of renewable
energy sources by itself does not automatically eliminate other polluting sources of
energy production or some methods of energy production that generate PM2.5 as in
the case of fossil fuel-powered transport. It follows that especially in countries charac-
terized by the presence of densely populated urban areas, there can be a simultaneous
growth in investment in the production of renewable energy and a growth in pollution
from PM2.5.

• Fossil fuel energy consumption (% of total): represents the energy consumption from
fossil fuels as a % of the total energy consumption [92]. There is a positive relationship
between the value of investment growth in renewable energies and the value of energy
consumption from fossil fuels. This motivation is because, in general, the countries
that have access to the production of renewable energy, even if they are countries with
a medium-low per capita income, can experience forms of economic growth. And
this economic growth can, for example, be accompanied by the diffusion of means of
transport such as cars, motorcycles, and buses and, therefore, by an increase in the
use of fossil fuels. In fact, the process of economic development that leads a country
to grow in the level of income is extremely expensive from an energy point of view
and therefore also requires the use of fossil energy sources both for the production
purposes of the industries and for the consumption purposes of the families.

• Renewable energy consumption (% of total final energy consumption): is a variable that
considers the consumption of renewable energy in the total final energy consump-
tion [93]. Obviously, there is a positive relationship between the value of renewable
energy production and the consumption of renewable energy at the country level. This
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relationship represents a kind of tautology. In fact, if there is greater production of
renewable energy, and therefore the share of renewable energy out of the total energy
produced increases, as well as the share of renewable energy consumed out of the
total energy consumed. Furthermore, it must be considered that this relationship is
practically immediate for those renewable energy installations which are connected
to domestic users, and which therefore support the capacity of families to consume
energy. However, this relationship has limitations. For example, to meet the demands
of cities and energy-intensive industries it can be very difficult to act with the supply
of renewable energy. Therefore, it is probable that this relationship, although veri-
fied at the country level, may then encounter limitations if analyzed at the local or
regional level.

• Adjusted savings: net forest depletion (% of GNI): is calculated as the product of unit
resource rents and the excess log harvest over natural growth [94]. There is a rela-
tionship between the value of the growth of investment in renewable energy and the
growth of net impoverishment. This relationship may appear counterfactual, however,
it can be better understood because most of the countries that have invested heavily in
renewable energies are also developing countries in which the primary sector is very
relevant. In addition, since forestry activity is a primary type of extractive activity,
it is probable that, at least for most middle-low-income countries, there is a positive
convergence between net impoverishment and the growth of renewables. However,
this relationship tends to change once countries reach the upper-middle per capita
income level due to the reduction in the relative contribution of the primary sector
including timber harvesting.

We used the 13-variable regression model with the aim of investigating the variables
connected to the environmental economics contained in the World Bank database entitled
ESG-Environment Sustainability Governance. The thirteen variables that were used were
chosen on the basis of statistical significance within the dataset analyzed. Certainly, the
variables included in the ESG World Bank dataset do not exhaust the complex environ-
mental and geographical variables and factors that can have an impact on the production
of renewable energy. An analysis that goes beyond the dimension of nations and instead
considers the geographical dimension from an environmental point of view would probably
also be necessary. In fact, the parts of the territory that are included in the geographical
definition of a nation can be very heterogeneous in terms of the endowment of natural
resources useful for renewables, while on the contrary, parts of the territory belonging
to different countries can show high levels of homogeneity. However, the possibility of
considering these geographical factors at the level would require a shift of the analysis
from the national dimension to the regional dimension.

4. Clusterization with the k-Means Algorithm Optimized with the Elbow Method

In the following analysis, a method is applied using the k-Means algorithm opti-
mized with the Elbow Method (Figure 1). The application of a method of clusterization
is necessary for a database consisting of 193 countries characterized by enormous hetero-
geneity from an economic, social, institutional, and geographical point of view. In this
way, clusterization allows the presence of groupings that can be due to a composite set of
environmental economic policy choices that put together economic, geographical, financial,
and technological elements. Generally, the Silhouette coefficient is used to optimize the
K-means algorithm. However, due to the excessive polarization of the data, the use of the
silhouette coefficient appeared excessively simplifying, manifestation of the existence of
only two Clusters in a context of 193 countries. This analysis initially attempted would
have simply represented a contrast between two blocks of countries, namely rich countries
and poor countries. To grasp the greatest heterogeneity in the dataset, it was chosen to
use the Elbow method that highlights four clusters (Figure 2). Specifically, the following
clusters were identified, namely:
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• Cluster 1: Angola, Belize, Cambodia, Canada, Congo Rep., Croatia, Denmark, Ecuador,
El Salvador, Eswatini, Fiji, Gabon, Ghana, Guatemala, Guinea, Honduras, Latvia, Mada-
gascar, Mali, Montenegro, Myanmar, Nicaragua, Panama, Peru, Portugal, Rwanda,
Sierra Leone, Sri Lanka, Suriname, Sweden, Switzerland, Venezuela, Vietnam, Zim-
babwe;

• Cluster 2: Algeria, Antigua and Barbuda, Australia, Azerbaijan, Bahamas, Bahrain.
Bangladesh, Barbados, Belarus, Benin, Botswana, Brunei Darussalam, Bulgaria, Burk-
ina Faso, Chad, Comoros, Cuba, Cyprus, Czech Republic, Djibouti, Dominican Re-
public, Egypt, Eritrea, Estonia, Finland, Gambia, Grenada, Guinea-Bissau, Guyana,
Haiti, Hungary, Indonesia, Iran, Iraq, Israel, Jamaica, Japan, Jordan, Kazakhstan,
Kiribati, Korea Rep., Kuwait, Lebanon, Liberia, Libya, Malaysia, Maldives, Malta,
Marshall Islands, Mauritania, Micronesia, Moldova, Monaco, Mongolia, Morocco,
Nauru, Netherlands, Niger, Oman, Palau, Poland, Qatar, San Marino, Sao Tome and
Principe, Saudi Arabia, Senegal, Seychelles, Singapore, Solomon Islands, Somalia,
South Africa, South Sudan, St. Kittis and Nevis, St. Lucia, Syrian Arab Republic,
Thailand, Timor-Leste, Tonga, Trinidad and Tobago, Tunisia, Turkmenistan, Tuvalu,
Ukraine, United Arab Emirates, United States, Yemen Rep;

• Cluster 3: Afghanistan, Albania, Andorra, Austria, Bhutan, Brazil, Burundi, Cameroon,
Central African Republic, Colombia, Congo Dem. Rep., Ethiopia, Georgia, Iceland,
Kenya, Kyrgyz Republic, Lao PDR, Lesotho, Liechtenstein, Malawi, Mozambique,
Namibia, Nepal, New Zealand, Norway, Paraguay, Sudan, Tajikistan, Togo, Uganda,
Uruguay, Zambia;

• Cluster 4: Argentina, Armenia, Belgium, Bolivia, Bosnia and Herzegovina, Cabo Verde,
Chile, China, Cote d’Ivoire, Dominica, Equatorial Guinea, France, Germany, Greece,
India, Ireland, Italy, Korea, Dem. People’s Rep., Lithuania, Luxembourg, Mauritius,
Mexico, Nigeria, North Macedonia, Pakistan, Papua New Guinea, Philippines, Roma-
nia, Russian Federation, Samoa, Serbia, Slovak Republic, Slovenia, Spain, St. Vincent
and the Grenadines, Tanzania, Turkey, United Kingdom, Uzbekistan, Vanuatu.
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Considering the value of the median of the clusters, it results that Cluster 3-C3 is equal
to an amount of 91.63, while Cluster-C1 is equal to an amount of 54.64 units, Cluster-C4
is equal to an amount of 25.41 units and Cluster 2-C2 equal to an amount of 1.47. The
following ordering of the clusters is, therefore, derived: C3 > C1 > C4 > C2. From a
geographical point of view, we can see that it is above all the countries with low per capita
incomes that have the greatest percentage of electricity production from renewable sources.
However, this condition can be better explained by considering that countries that have
low per capita incomes are in the following situation:

• have probably not invested sufficiently in traditional forms of energy production due
to lack of infrastructure;

• being African and Asian countries, they are in the climatic conditions to optimize the
advantages of renewable energies.

However, there are of course exceptions. For example, in Cluster 3-C3 which is the one
that has the greatest value in terms of presence of renewable energy production, there are
also Liechtenstein, Norway, Austria, New Zealand, and Iceland. It is obviously a presence
that needs to be explored. In the case of Austria, most of the renewable energy is produced
by hydroelectricity, followed by solar, biomass, solar and geothermal. Also, in Norway, the
main source of energy is hydroelectricity, followed by solar and thermal energy. Finally,
Iceland manages to produce geothermal and wind energy. However, we must consider that
Austria, Norway, Iceland are small countries, and their energetic demand is smaller with
respect to other more populous high-income countries.

It is also relevant to afford the question of the relationship between the demand for
CO2 in the industrial sector in OECD countries and the percentage of renewable energy
output as a percentage of the total energy produced. We have analyzed the relationship
between CO2 emissions in the industrial sector and renewable energy output for OECD
countries. Specifically, first of all, a cluster analysis is performed with the application of the
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k-Means algorithm optimized with the Elbow Method to verify the presence of clusters in
terms of CO2 emissions in the industry sector in OECD countries. Subsequently, for each
cluster, a comparative analysis was carried out with the level of Renewable Energy Output-
REO to verify the presence of a general positive or negative trend through a graphical
representation method.

In particular, the variable used to approximate the “CO2 emissions embodied in
domestic final demand, by source country and industry”. The variable is calculated in
millions of tons. A clustering with k-Means algorithm is therefore carried out by applying
the Elbow method. The analysis shows the presence of 4 clusters (Figure 3).
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The clusters are composed as follows:

• Cluster 1: Taipei, Thailand, Netherlands, Argentina, Malaysia, Kazakhstan, Belgium,
Greece, Vietnam, Czech Republic, Malta, Iceland, Philippines, Brunei Darussalam,
Switzerland, Cambodia, Cyprus, Luxembourg, Hong Kong, Latvia, Costa Rica, Aus-
tria, Israel, Romania, Estonia, Lithuania, Slovenia, Colombia, Chile, Croatia, Tunisia,
Sweden, Denmark, Slovakia, Peru, Bulgaria, Portugal, Singapore, New Zealand, Ire-
land, Finland, Hungary, Morocco, Norway,

• Cluster 2: Japan, Russia, India, Germany;
• Cluster 3: Poland, South Africa, Turkey, Spain, United Kingdom, Indonesia, Saudi

Arabia, Brazil, Italy, South Korea, Canada, Australia, France, Mexico;
• Cluster 4: China, USA.

The value in millions of tons, specifically it is possible to identify the following ordering
of the clusters, namely: C4 = 6886.2 > C2 = 1264.25 > C3 = 460.2 > C1 = 61.6. It therefore
follows that from the point of view of the emissions produced in the industrial sector, China
and the USA have very high values of eliminate pollution from industry, i.e., a value equal
to about 40% among the countries considered in the OECD dataset.

As can be seen from the analysis, it appears that the relationship between the per-
centage of renewable energy production and CO2 emissions in the industrial sector, with
reference to 2015, is negative for the first and second clusters (Figures 4 and 5), tends to
be zero for the third cluster (Figure 6), and is positive for the fourth cluster (Figure 7).
Probably the countries that have a greater balance between the level of CO2 emissions from
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the industrial sector and the level of renewable energy output are the countries of cluster 3.
It follows that between renewable energy output andCO2 emissions from industrialization,
it is not necessarily a negative relationship. There are some countries, such as for example
the countries of cluster 3, which manage to invest in the production of renewable energy
despite the presence of CO2 emissions from the industrial sector.

The ability of countries to invest in renewable energy output can be considered
as a function of a series of socio-economic factors that comprehend also demographic
and cultural elements. However, overall, the investment in renewable energy output
at the global level is the consequence of the development of a green conscious and the
implementation of green political economies. In this sense, it is not sufficient to consider
the economic consequences and incentives for the implementation of renewable energy
sources. In effect, the promotion of political movements that are centered on the fight
against climate change has a positive impact on the improvement of renewable energy
output at the global level. The idea of environmental sustainability and circular economy
together with the application of Cost-Benefit Analysis and worst-case scenario oriented
to visualize and compute the negative and adverse consequences of climate change are
powerful and useful tools to promote renewable energy outputs even in high developed
and pollutant countries.
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5. Machine Learning and Predictions

Below is a comparison between seven different Machine Learning algorithms for
the prediction of the future value of renewable energy production. The algorithms were
evaluated based on their statistical capacity measured based on the maximization of the
R-Squared and the minimization of the following statistical errors or: Mean Absolute
Error-MAE, Mean Squared Error-MSE, Root Mean Squad Error-RMSE. Table 4 shows the
statistical results.

Table 4. Statistical Results of the Machine Learning Estimations for the Prediction of the Level of
Renewable Energy Output.

Statistical Results of the Machine Learning Estimations for the Prediction of the Level of
Renewable Energy Output

Algorithms R2 MAE MSE RMSE

ANN 0.98422639 0.02228206 0.00142588 0.03770677

PNN 0.97436019 0.02498706 0.00227416 0.04768785

Gradient Boosted Trees
Regression 0.9972516 0.00755937 0 0.01506067

Tree Ensemble Regression 0.99801866 0.00950504 0 0.01510399

Linear Regression 0.99999811 0 0 0

Polynomial Regression 0.99886986 0.00154827 0 0.01084067

Simple Regression Tree 0.99316964 0.01540092 0.001 0.02543195
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The algorithms were trained with 70% of the data while the remaining 30% were
used for the actual prediction. The following order of Machine Learning algorithms for
predictive performance was therefore obtained or:

• Linear Regression with a payoff equal to 4;
• Polynomial Regression with a payoff equal to 7;
• Gradient Boosted Trees Regression with a payoff value of 11;
• Tree Regression Ensemble with a payoff value of 12;
• Simple Regression Tree with a payoff value of 17;
• ANN-Artificial Neural Network with a payoff value of 21;
• PNN-Probabilistic Neural Network with a value of 25.

Table 5 contains the ranking of machine learning algorithms based on predictive
performance.

Table 5. Ranking of Algorithm for Predictive Performance.

Ranking of Algorithm for Predictive Performance

Rank Algorithms R2 MAE MSE RMSE SUM

1 Linear Regression 1 1 1 1 4

2 Polynomial Regression 2 2 1 2 7

3 Gradient Boosted Trees Regression 3 3 1 3 10

4 Tree Ensemble Regression 4 4 1 4 13

5 Simple Regression Tree 5 5 2 5 17

6 ANN-Artificial Neural Network 6 6 3 6 21

7 PNN-Probabilistic Neural Network 7 7 4 7 25

Therefore, using the best performing algorithm or Linear Regression (Figures 8 and 9)
it is possible to predict the following values for the countries indicated, i.e.:

• Antigua and Barbuda with an increasing variation from an amount of 0.10 up to a
value of 0.11 units or equal to 0.01 equivalent to 10.00%;

• Armenia with a change of an amount of 28.20 units up to a value of 28.18 units or
equal to a change of −0.02 units equal to −0.07%;

• Bahrain and Barbados which in 2020 recorded 0.00% of renewable energy production
remain in their condition without further investing in the growth of energy produced
through renewables;

• Belarus with a diminutive variation from an amount of 0.74 units up to a value of
0.72 units or a variation equal to −0.02 units equal to −3.303%;

• Botswana with a change of an amount of 0.04 units up to a value of 0.07 units or equal
to a value of 0.03 units equal to a value of 64.33%;

• Brazil with a variation from an amount of 76.24 units up to a value of 76.21 units or
equal to a variation of −0.03 units equal to a value of −0.04%;

• Brunei Darussalam with a variation from an amount of 0.05 units up to a value of
0.06 units or equal to a value of 0.01 units or equal to a variation equal to a value
of 28.00%;

• Burkina Faso with a variation from an amount of 11.66 units up to a value of 11.65 units
or equal to a value of −0.01 units equal to a value of −0.11%;

• Burundi with a value of 85.53 units up to a value of 85.40 units equal to a value of
−0.13 units equal to a value of −0.15%;

• Cabo Verde with a variation from an amount of 18.48 units up to a value of 18.49 units
or equal to a variation of 0.01 units equal to a value of 0.03%;

• China with a variation from an amount of 22.01 units up to a value of 22.99 units or
equal to a variation of 0.98 units equal to an amount of 4.45%;
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• Colombia with a variation from an amount of 72.98 units up to a value of 72.97 units
or equal to a variation of −0.01 units equal to a variation of −0.01%;

• Comoros with zero variation and a value of renewable energy production equal to 0;
• Congo with a variation from an amount of 99.79 units up to a value of 99.76 units or

equal to a value of −0.03 units equal to a value of −0.03%;
• Czech with a zero change in absolute value and a marginal change in percentage value

equal to 0.02 for a total value of renewable energy produced equal to 10.69%;
• Dominica with a diminutive variation from an amount of 20.52 units up to a value of

20.49 units or equal to a variation of −0.03 units equal to a value of −0.16%;
• Dominican Republic with a zero change in absolute value and an amount of renewable

energy production equal to a value of 13.25%;
• El Salvador with an increasing variation from an amount of 59.34 units up to a value

of 59.35 units or equal to a value of 0.01 units equal to a variation of 0.02%;
• Eritrea with a variation from an amount of 0.52 units up to a value of 5.53 units or

equal to a variation of 5.01 units equal to an amount of 963.08%;
• Eswatini with a variation from an amount of 46.93 units up to a value of 46.95 units or

equal to a variation of 0.02 units equal to an amount of 0.04%;
• Gabon with a variation from an amount of 42.93 units up to a value of 42.40 units or

equal to an amount of −0.53 units in absolute value equivalent to −1.23%;
• Georgia with an increasing variation from an amount of 78.78 units up to a value of

78.79 units or equal to a value of 0.01 units equal to a value of 0.01%;
• Germany with a diminutive variation from an amount of 26.26 units up to a value of

26.25 units or equal to an amount of −0.01 units equal to an amount of −0.03%;
• Greece with a variation from an amount of 24.54 units up to a value of 24.56 units or

equal to an amount of 0.02 units equal to a value of 0.08%;
• Haiti with a variation from an amount of 10.95 units up to a value of 10.96 units equal

to an amount of 0.01 units equal to a value of 0.11%;
• Honduras with zero variation and an amount of renewable energy production equal

to a value of 44.59 units;
• Italy with a variation from an amount of 37.99 units up to a value of 37.00 units or

equal to a value of −0.99 units equal to a value of −2.61%;
• Kazakhstan with a variation from an amount of 0.14 units up to a value of 1.91 units

equal to a value of 1.77 units equal to a value of 1267.14%;
• South Korea with a diminutive variation from an amount of 1.68 units up to a value of

1.60 units or equal to a value of −0.09 units equivalent to −5.06%;
• Lao PDR with a diminutive variation from an amount of 94.33 units up to a value of

94.31 units equal to an amount of −0.02 units equal to a value of −0.02%;
• Lebanon with a variation from an amount of 3.78 units up to a value of 3.87 units

equal to an amount of 0.09 units equal to a value of 2.38%;
• Luxembourg with a variation from an amount of 23.48 units up to a value of 23.50 units

or equal to an amount of 0.02 units equal to a value of 0.10%;
• Malaysia with a variation from an amount of 9.11 units up to a value of 9.24 units or

equal to an amount of 0.13 units equal to a value of 1.43%;
• Malta with an increasing variation from an amount of 4.35 units up to a value of

4.52 units or equal to an amount of 0.17 units equal to a value of 3.91%;
• Marshall Islands with a variation from an amount of 0.23 units up to a value of

2.23 units or equal to a value of 2.00 units equal to an amount of 868.70%;
• Mauritania with a variation from an amount of 7.47 units up to a value of 7.02 units or

equal to a variation of −0.45 units equal to an amount of −6.02%;
• Mexico with a variation from 15.25 units up to a value of 15.23 units or equal to a

variation of −0.02 units equal to −0.13%;
• Moldova with a variation from an amount of 5.78 units up to a value of 5.77 units or

equal to a value of −0.01 units equal to −0.17%;
• Monaco with zero change in renewable energy production;



Sustainability 2023, 15, 2160 21 of 29

• Niger with an increasing variation from an amount of 0.66 units up to a value of
6.66 units or equal to a value of 6.00 units equal to a value of 908.79%;

• Nigeria with zero absolute variation and an amount of renewable energy production
equal to an amount of 18.55;

• Peru with a variation from an amount of 53.46 units up to a value of 53.45 units or
equal to a value of −0.01 units equal to a value of −0.02%;

• Poland with a variation from an amount of 12.11 units up to a value of 12.09 units or
equal to a variation of −0.02 units equal to an amount of −0.17%;

• Qatar with zero variation and an amount of renewable energy production equal
to 0.00%;

• Russian Federation with a diminutive variation from an amount of 16.20 units up to a
value of 16.19 units or equal to an amount of −0.01 units equal to a value of −0.06%;

• Rwanda with a variation from an amount of 48.18 units up to a value of 48.17 units or
equal to a value of −0.01 units equal to −0.02%;

• Sao Tome and Principe with a variation from an amount of 9.71 units up to a value of
9.17 units or equal to a value of −0.54 units equal to a value of −5.56%;

• Seychelles with a variation from an amount of 1.79 units up to a value of 1.08 units or
equal to a value of −0.71 units equal to an amount of −39.72%;

• Sierra Leone with a variation from an amount of 64.94 units up to a value of 64.89 units
or equal to a value of −0.05 units or equal to a value of −0.08%;

• St. Kitts and Nevis with a variation from an amount of 4.23 units up to a value of
4.19 units equal to an amount of −0.04 units equal to a value of −0.95%;

• Timor-Leste and Trinidad and Tobago with zero variation and an absolute value of
renewable energy production equal to an amount of 0.00 units;

• Tuvalu with a variation from an amount of 11.68 units up to a value of 11.66 units up
to a value of −0.02 units equal to an amount of −0.14%;

• Uganda with a variation from an amount of 90.23 units up to a value of 90.24 units or
equal to an amount of 0.01 units equal to a value of 0.01%;

• United Kingdom with zero variation and an amount of renewable energy production
equal to an amount of 19.16%;

• Uruguay with a variation from an amount of 83.14 units up to a value of 83.10 units or
equal to a value of −0.04 units equal to a value of −0.05%;

• Zimbabwe with a variation from an amount of 54.88 units up to a value of 54.84 units
or equal to a value of −0.04 units equal to a value of −0.07%.
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Table 6 shows the results of the predictions.

Table 6. Predictions with the Best Predictor.

Predictions with the Best Predictor

Country 2020 Prediction Abs Var % Country 2020 Prediction Abs Var %

Antigua and Barbuda 0.1 0.11 0.01 10 Korea, Rep. 1.68 1.6 −0.09 −5.06
Armenia 28.2 28.18 −0.02 −0.07 Lao PDR 94.33 94.31 −0.02 −0.02
Bahrain 0 0 0 0 Lebanon 3.78 3.87 0.09 2.38

Barbados 0 0 0 0 Luxembourg 23.48 23.5 0.02 0.1
Belarus 0.74 0.72 −0.02 −3.03 Malaysia 9.11 9.24 0.13 1.43

Botswana 0.04 0.07 0.03 64.33 Malta 4.35 4.52 0.17 3.91
Brazil 76.24 76.21 −0.03 −0.04 Marshall Islands 0.23 2.23 2 868.7

Brunei Darussalam 0.05 0.06 0.01 28 Mauritania 7.47 7.02 −0.45 −6.02
Burkina Faso 11.66 11.65 −0.01 −0.11 Mexico 15.25 15.23 −0.02 −0.13

Burundi 85.53 85.4 −0.13 −0.15 Moldova 5.78 5.77 −0.01 −0.17
Cabo Verde 18.48 18.49 0 0.03 Monaco 0 0 0 0

China 22.01 22.99 0.98 4.45 Niger 0.66 6.66 6 908.79
Colombia 72.98 72.97 −0.01 −0.01 Nigeria 18.55 18.55 0 −0.01
Comoros 0 0 0 0 Peru 53.46 53.45 −0.01 −0.02

Congo, Dem. Rep. 99.79 99.76 −0.03 −0.03 Poland 12.11 12.09 −0.02 −0.17
Czech Republic 10.69 10.69 0 0.02 Qatar 0 0 0 0

Dominica 20.52 20.49 −0.03 −0.16 Russian Federation 16.2 16.19 −0.01 −0.06
Dominican Republic 13.25 13.25 0 −0.02 Rwanda 48.18 48.17 −0.01 −0.02

El Salvador 59.34 59.35 0.01 0.02 Sao Tome and Principe 9.71 9.17 −0.54 −5.56
Eritrea 0.52 5.53 5.01 963.08 Seychelles 1.79 1.08 −0.71 −39.72

Eswatini 46.93 46.95 0.02 0.04 Sierra Leone 64.94 64.89 −0.05 −0.08
Gabon 42.93 42.4 −0.53 −1.23 St. Kitts and Nevis 4.23 4.19 −0.04 −0.95

Georgia 78.78 78.79 0.01 0.01 Timor-Leste 0 0 0 0
Germany 26.26 26.25 −0.01 −0.03 Trinidad and Tobago 0 0 0 0

Greece 24.54 24.56 0.02 0.08 Tuvalu 11.68 11.66 −0.02 −0.14
Haiti 10.95 10.96 0.01 0.11 Uganda 90.23 90.24 0.01 0.01

Honduras 44.59 44.59 0 0 United Kingdom 19.16 19.16 0 0
Italy 37.99 37 −0.99 −2.61 Uruguay 83.14 83.1 −0.04 −0.05

Kazakhstan 0.14 1.91 1.77 1267.14 Zimbabwe 54.88 54.84 −0.04 −0.07

Therefore, considering the average values, it appears that the value of energy produc-
tion from renewable sources is expected to grow by an amount equal to 0.21 units or equal
to a value of 0.83%. From a strictly geographical point of view, it is foreseen that there
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will be a growth of renewable energies above all in the African continent, China, and in
Kazakhstan. It follows that it will certainly be precisely the countries with low per capita
incomes that will increase the value of the production of renewable energy. However, it is
very probable that investments in scientific and technological research could lead to further
growth in the production capacity of renewables such as allowing an increase in use even
in countries with higher per capita incomes, which are generally characterized by greater
demand for energy.

We used a set of different machine learning algorithms with the aim of identifying
which algorithm is more efficient in prediction. In fact, it is not possible to know, without
carrying out the necessary analyses, which algorithms are efficient from a predictive point
of view without first making a comparison and a statistical analysis of the predictive per-
formance. The abundance of algorithmic tools used for prediction requires a comparative
approach. The comparative approach, which is based on the statistical analysis of the
predictive performance, is necessary, on the one hand in order not to underestimate the
contribution of the algorithms to the prediction, and on the other hand to create rankings
of the most efficient algorithms for the analyzed dataset. In the case of renewable energy
output, the trend of the data has essentially a linear structure, due to the fact that the
percentage variations in the production of renewable energy at the country level tend to
grow slowly, or in any case tend to be devoid of maximums and minimums, whether
absolute or relative.

Certainly, there are limitations in the dataset used, which do not allow to connect
the production of renewable energy to the energy infrastructure at the country level, and
which do not even offer the possibility to check for the presence of economic policies which
encourage the installation of energy production plants renewable. In fact, it would be
necessary to consider the cost, including the institutional one, associated with the growth
of the production of renewable energy, due to the need to design appropriate incentives,
both for the plants and for the distribution. Furthermore, it would also be necessary to
calculate the capacity of renewable energy to guide the country toward the achievement of
environmental sustainability objectives compatible with international agreements.

6. Deep Learning and Convolutional Neural Networks-CNN for the Estimation of
Renewable Energy Output

The adopted Convolutional Neural Network (CNN) model is developed by Keras (Ten-
sorFlow) Deep Learning Python libraries integrated into Konstanz Information Miner (KN-
IME) workflow. KNIME is a versatile tool useful for testing supervised algorithms [75–79]
and also predicting energy in renewable energetic sources [80,81]. The optimized CNN
network is characterized by the following hyperparameters: an input layer with 193 inputs
(the input matrix dataset is transposed to obtain as rows the temporal succession and as
attributes the name of the nations), a dense layer (193 neurons adopting a ReLU activation
function), an output dense layer (193 outputs predicting the next two years using Softmax
as activation function), 80% of the dataset as training dataset (from year 2022 to year 2018),
20% of the remaining dataset as a testing dataset (data from last two years, 2019 and
2020), 100 epochs, training batch size equals to 100, Adam optimizer (0.001 as learning rate,
beta1 equals to 0.9, beta2 equals to 0.999, epsilon equals to 1E−8.0 as learning rate decay).
Figure 10a indicates the CNN performance statistics (values of R2, MAE, MSE, RMSE, MSD,
MAPE, and adjusted R2 related to the prediction of one nation), Figure 10b summarizes the
hyperparameters of the adopted CNN network sketched in the layout of Figure 10c. The
supervised algorithm is implemented by the KNIME workflow of Figure 10d. Furthermore
are provided the accuracy and the loss functions of the prediction model (see Figure 10e,f).
By observing algorithm performance results, we conclude that the analyzed dataset is
not suitable for the analysis of more complex networks such as a Deep Learning network:
the predicted trend of each nation is correctly checked but the increase in percentage is
characterized by a high error. The proposed CNN algorithm is more suitable for forecasting
problems involving a large number of years (only data from 2011 to 2020 are available).
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7. Implication, Limitations, and Further Research

The implications, limitations, and future developments of research around the role of
renewable energy as a tool for environmental sustainability and the circular economy are
briefly indicated below.

Implications. The implications of our analysis are above all political. In fact, on the one
hand, international policy guidelines appear very clear in proposing a significant reduction
in pollutant emissions also through renewable energy and the circular economy, while
on the other hand, there are many countries that still have many incentives to grow in
GDP through the consumption of non-renewable energy. In this sense, it is especially
important to underline the difficulties of developing countries, which, having very low per
capita incomes, need to consume large quantities of energy, often non-renewable, to reach
a level of per capita income of medium-high level. In this sense, the emancipation of a
large part of the world’s population from poverty would require a surplus of pollution and
non-renewable energy. A paradoxical condition is therefore created: that is, rich countries
have a green orientation while poor countries tend to still be linked to polluting forms
of industrial production. In some way, it is about the empirical application of the EKC,
even with all the limitations that this model entails. In fact, the EKC cannot be generalized
and must be verified on a case-by-case basis through empirical data analysis. However,
to guarantee the triggering of the positive externalities associated with the EKC, it is
necessary for policymakers to have a strategic vision, especially in developing countries,
to prevent economic policies from failing, on the one side of lack of economic growth and
industrialization, and on the other side for the destruction of the environment.

Limitations. The limitations of the proposed research primarily concern the difficulty
of introducing an analysis that also considers the distinctions between Scope 1, Scope 2,
and Scope 3, with reference to CO2 emissions. In fact, in our analysis, we did not exactly
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calculate the relationship between the use of renewable energy and the impact on Scope 1,
Scope 2, and Scope 3, at the country level. A further limitation of our analysis concerns the
construction of the dataset. In fact, we limited ourselves to analyzing the environmental
variables present in the World Bank’s ESG dataset and did not instead consider other
variables that could be very relevant, such as the availability of natural resources such
as to be able to activate the production of renewable energy. Furthermore, we have not
even considered the sociological, cultural, political, institutional, and value-based elements
that have an impact on the orientation toward the production of renewable energy both in
connection with environmental sustainability and with reference to the circular economy.
The fact that a population is more or less sensitive to the environment has a very significant
impact in terms of orientation toward the production of renewable energy. Finally, the
fact that a country is open to adopting international climate agreements can create the
conditions for an increase in investment in renewable energy. However, we must not
only consider elements connected to the dimension of moral and political values. In
fact, the considerations relating to the financial and institutional dimensions are also very
relevant. In this sense, it is the task of policymakers to design the appropriate financial
and tax incentives to allow the installation of renewable energy production plants. It is
also necessary to evaluate the quality of policymakers in connection with government
effectiveness and the fight against corruption. Finally, a further limitation of our analysis
consists in not having analyzed the variables that highlight the efficiency of the distribution
and energy accumulation systems at the regional and national levels.

Further research. The regional aspects related to the development of renewable energy
need to be analyzed in more detail in further research. In fact, one of the characteristics of
renewable energy is that it is produced in a de-localized, decentralized way. Furthermore,
it would also be necessary to estimate the maximum production of renewable energy
that can be produced nationally based on the analysis of the natural resources that are
available. Finally, it is also necessary to consider the impact that investment in research and
development can have in increasing the efficiency in the production of renewable energy,
allowing overcoming the current technological limits. Furthermore, it is also necessary to
develop models to verify how climate change also affects the feasibility of natural resources
available for renewable energy production such as wind, to avoid installing plants that are
unable to produce because of climate change.

8. Conclusions

The circular economy is an economic policy landing that allows you to completely
modify the production and consumption models both in developed countries and in
developing countries. However, to make sure that the application of the circular economy
is compatible with economic growth, it is also necessary to act in determining the energy
production methods. In fact, since economic growth is very expensive in energy terms it is
necessary to draw new energy production models that are sustainable. In this sense, it is
necessary to develop the production of renewable energies in the context of the circular
economy to allow the sustainability of economic growth. Certainly, renewable energies
are very useful for quickly reducing CO2 production, global overheating, and offering
solutions for energy consumption, especially in rural, and local areas. However, there are
limitations in the use of renewable energies including the low energy intensity and the
variability of some natural phenomena that are the basis of the production of renewable
energy. These limitations must be understood as temporary. In fact, it is very likely that the
application of research and development and technological innovation to the production of
renewable energy can generate new production methods that can also offer energy to cities
and manufacturing industrial systems. In any case, even if the transition to a completely
renewable energy system may appear very difficult, poorly effective, and very complex
at present, there are still good reasons to increase the presence of renewable energy in
the energy balance at the country level and at the level global. Not least, the cultural
and value effect must be considered, which can mainly concern developing countries
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which, through the experience of the production and consumption of renewable energy,
can acquire positive expectations about the possibility of a sustainable economic model
oriented to a circular economy.
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