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Abstract: The paper places emphasis on primary energy resources, their covariation, and their
correlation with socioeconomic factors and aims to provide a systematic analysis of their development
over time. The analysis uses evidence from European Union (EU) country-level data and is based on
visual analytics techniques. Different results from the same territories show that energy consumption
does not always reflect or is due to climatological or meteorological conditions. Extensive use
of visualization is adopted as a means of contributing to the understanding of energy use, some
involved problems and concepts, and energy consumption trends over time. We present an approach
that addresses the informatics challenges based on the integration of visualization software, data
integration, and cluster analysis. Our cross-sectional energy review advocates that EU energy leaders
are moving towards a low-carbon economy. The correlations of energy variables with economic and
pollution effects are stronger in greater levels of energy use, which means that energy use has an
obvious impact on economic growth and the environment. Visual and automated methods employed
for the analysis, reveal the direction, the strength, and the nature of the dependence structure, in
clusters covering the range of energy use in EU 28 countries.

Keywords: energy use; visual data exploration; correlation analysis; trends; k-means clustering

1. Introduction

Energy use is an important part of everyday life and is necessary for the satisfaction
of basic human needs, while it ensures socio-economic development and welfare and
has been linked with the eradication of poverty and with higher living standards [1,2].
Sustainable energy use has become the most critical challenge of the world today. The
relationship between the consumption of different energy resources and socioeconomic
issues is an important topic in the regulatory and environmental literature.

The seventh Sustainable Development Goal (SDG) recognizes the importance of energy
use and aims to “ensure access to affordable, reliable, sustainable and modern energy for
all”. Even in 2019, 759 million people were lacking access to electricity and 75% of them
lived in sub-Saharan Africa. The seventh SDG aims to ensure access to energy services
for everyone by 2030, as well as to increase the share of renewables in the energy mix in
the world [3].

The use of fossil fuels, which are still highly used in the world, is beneficial for the
economy but has severe environmental costs, while the pollution from their burning has
also an impact on human health [4]. Therefore, the transition to alternative sustainable
energy sources to cover the world’s needs is significantly important, especially when facing
the impacts of fossil fuels and global climate change [5]. The promotion of energy transition
and the use of renewable energy sources will also lead to decoupling economic growth
from the growth of carbon dioxide emissions [6].
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This transition from fossil fuels will require the development of new ways of using
energy to produce, live, and work [7]. The highest share of renewables will have to be
combined with flexibility instruments, such as network capacity and storage [8]. In addition
to the technological innovation, the transition will also require social innovation [9]. The
COVID-19 pandemic has also raised new challenges and all the energy-related policies
should be adapted in the new situation and circumstances [10].

The Intergovernmental Panel on Climate Change (IPCC) Reports highlight the fact that
the lack of actions regarding the mitigation of climate change can have severe consequences
for the economy and the society [11]. On the other hand, energy transition might also
have a negative impact on society since it could lead to disparities in benefits and burdens
distribution. Therefore, it is important to ensure that an equitable transition is taking
place [12]. With the promotion of the appropriate policies, such a transition would not
only lead to a high reduction of carbon dioxide emissions that are related to energy use but
could also have a positive impact on global GDP and employment, and other welfare gains
in general [13].

The use of fossil fuels has been proven to have many socio-economic benefits. Fossil
fuels were a major factor of industrialization and are the main source of fuel for electricity in
the world [14], while electricity is found to be an important driver of economic growth [15].
At the same time, a plethora of studies are linking the use of renewable energy sources
with economic growth [16-18], but there is still the question of how much can renewables
lead to an increase in economic growth, compared to non-renewable energy consumption.
As Adams et al. [19] have found in their study for 30 sub-Saharan countries, if non-
renewable energy consumption is increased by 10%, economic growth will increase by
2.11%, while if renewable energy consumption is increased by 10%, economic growth will
increase by 0.27%.

In addition to the environmental and economic impact that the different energy sources
have, the impact of energy on other socioeconomic issues should also be considered when
discussing energy transition. Fossil fuels extraction might have several socioeconomic
impacts, including the direct impacts on employment and income, the indirect impact on
employment, migration, and services strain, while it could lead to demographic changes
and changes to income distribution, new infrastructure, increases in housing values and
costs as well as potential increased conflicts [20]. Renewable energy could have an impact
on various social factors, including employment, health, infrastructure development, and
public perceptions [21]. It has been found that some of the social benefits that come with
the use of renewables include energy supply security, new job positions, and new income
sources, improvements in education and health, technological advances, and benefits for
rural areas. On the other hand, impacts on the landscape, impacts on the cultural heritage,
and potential smell, noise, or even displacement are some of the negative impacts that
might come with the use of renewables [22].

Sustainable energy use has become the most critical challenge of the world today. The
relationship between the consumption of different energy resources and socioeconomic
issues is an important topic in the regulatory and environmental literature. Emphasis
may be given on primary energy resources, their covariation, and their correlation with
socioeconomic factors.

The aim of this paper is to present the existing situation in Europe, the dynamics,
patterns, policies of the EU-28 countries. This work is a data-driven research approach,
with self-explanatory outcomes. A data-driven approach ensures that solutions and plans
are supported by sets of factual information. It permits to make strategic decisions based
on data analysis and interpretation. Similar existing research (indicatively [23-27]) that
employs econometric modelling contains the risk of making false assumptions and being
swayed by biased opinions. A certain extend of bias in the results is always present in
such cases.
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A key hallmark of this research is the clustering by every energy variable. Clustering
and the empirical evidence we take per cluster, proves that each cluster of countries has to
be tackled differently.

The official information for Energy Consumption and Energy Efficiency trends in the
EU-28, 2000-2018, is publicly reported by the European Commission [28], International En-
ergy Agency [29], in aggregated results (sum of annual data from each Member State). Euro-
stat also provides aggregated (global) energy statistics by source (fuel) (https://ec.europa.
eu/eurostat/statistics-explained /index.php?title=Energy_statistics_-_an_overview,
accessed on 9 November 2021). Other related work focuses on selected EU countries [30].

In the sections that follow, visual exploration includes plotting energy variables with
layering information on graphics (concerning geographical zones, GDP levels faceting
grouped data, selected energy-use clusters) to produce effective comparative plots. We
produce visual summaries of data on graphs such as bubble charts, motion charts, and
boxplots, and we visualize confidence intervals for means of energy use; we create maps
and correlation matrices. The goal is to develop a global, national, and regional view of
energy use and its impacts in the European region supported by processing, interpretation,
integration, and visualization of time-critical data.

Different results from the same territories show that energy consumption does not
always reflect or is due to climatological or meteorological conditions. For the analysis,
countries are grouped in clusters to examine energy use in a general context and avoid the
bias caused by the country-level circumstances.

We employ visual analytics [31] to capture the leading trends, patterns, policies of
energy use in EU-28. The critical impact of visualization techniques on analytical reasoning
has been analyzed among others by Kielman et al. [32], Keim et al. [33], Yao et al. [34].

In the visual data exploration that follows, box plots are utilized to determine the
energy data distributions and the outliers in each cluster of countries. The outliers are
determined using the following rule: the outliers are the values 1.5 times greater than the
difference between the third percentile and the first percentile. The box plots for clusters of
countries according to the energy use/consumption classification show the differentiation
between clusters. It is also a way to pinpoint the extreme values of energy consumption on
the graph.

In this direction, a circle packing graphic is created with countries being represented
by circles. The area of each circle is proportional to the value of the selected energy variable.
The variables under study are energy use per capita, fossil fuel consumption per capita,
renewable energy per capita.

A motion chart is a dynamic bubble chart that allows efficient and interactive explo-
ration and visualization of longitudinal multivariate data. Here, with dynamic bubble
charts, four dimensions are represented simultaneously (namely CO, emissions, energy
variables per capita, time, and in color, GDP per capita).

To highlight the relationship between the values observed of X (variable expressing
the energy consumption: total, fossil fuel, renewables) and Y (CO, emissions per capita,
GDP per capita) we plot X versus Y on a Cartesian graph detecting for each one of the
four clusters evidence about the form of the function g connecting the variables. Next, we
provide a graphical display of the correlation matrix to illustrate the linear associations of
the energy variables with pollution and social variables.

This article is structured into five sections, including this introduction. In Section 2 the
methodological approach and the empirical implementation are given. Section 3 presents
the EU 28 policies considered based on the relationship among energy consumption,
CO; pollution, economic growth, and time. Section 4 reports the software infrastructure
employed in the visual analysis. Finally, the last section concludes the analyses.
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2. Materials and Methods
2.1. Data Acquisition and Regional Overview

We gathered information involving 19 years to investigate the dynamics of the con-
sumption of different energy resources in EU 28 and their association with CO, pollution
and economic growth. We base our conclusions on the analysis of a balanced panel dataset
consisting of 28 European countries from 2000 to 2018. It is important to note that the
countries in our study belong to four geographical regions (defined by the United Nations
Geoscheme, see below), which guarantees a high level of variation in the national contexts
that we consider.

Data were obtained from the World Bank database (Data include valid measurements
of direct and sustainable energy use per country and geographical region, according to the
geographical clustering proposed by the UN. Specifically, we deal with collections of time
series on annual energy use per capita (measured in kg of oil equivalent per capita) [35],
annual fossil fuel energy consumption (% of total) [36], and annual renewable energy
consumption (% of total final energy consumption) [37]. Pollution data involve annual CO,
emissions (measured in metric tons per capita) [38] and social data concern gross domestic
product per capita (in current US$) [39] and population density (people per sq. km of land
area) [40] for the same period. Time series for fossil fuel consumption per capita (resp.
renewable energy consumption per capita) was calculated by multiplying annual energy
use per capita by the percentage of fossil fuel energy consumption (resp. the percentage of
renewable energy consumption) and dividing by 100.

The UN Statistics Division has created the UN Geoscheme for Europe that subdivides
the continent into four divisions for statistical convenience. These divisions put Euro-
pean countries in one of four groups: Eastern Europe, Western Europe, Northern, and
Southern Europe. The UN Geoscheme (https://en.wikipedia.org/wiki/United_Nations_
geoscheme_for_Europe, accessed on 9 November 2021, https://www.worldatlas.com/
articles/the-four-european-regions-as-defined-by-the-united-nations-geoscheme-for-europe.
html, accessed on 9 November 2021) specifies the countries included in each of these di-
visions. Although one could assume that regional circumstances strongly modulate the
development of energy use attitudes, no similarities or uniformity within geographical
regions is observed. According to the UN, Eastern Europe is the largest and most populous
subregion of Europe. However, no energy use differentiation is observed between the
geographical regions (see Figure 1a—c). For that reason, all the analyses that follow consider
countries’ classification based on cluster analysis as described in Section 2.2.
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Figure 1. Cont.


https://en.wikipedia.org/wiki/United_Nations_geoscheme_for_Europe
https://en.wikipedia.org/wiki/United_Nations_geoscheme_for_Europe
www.worldatlas.com/articles/the-four-european-regions-as-defined-by-the-united-nations-geoscheme-for-europe.html
www.worldatlas.com/articles/the-four-european-regions-as-defined-by-the-united-nations-geoscheme-for-europe.html
www.worldatlas.com/articles/the-four-european-regions-as-defined-by-the-united-nations-geoscheme-for-europe.html

Energies 2021, 14, 7532 5o0f 24

8

SOK 100K 110K 120K 130K

(d)

(e) (f)

Figure 1. Different views for clusters of countries in Europe according to energy variables (clustering according to the
United Nations Geoscheme). Sums over 2000-2018 period: (a) energy use pc (sums over 2000-2018) in circle packing;
(b) energy use pc (sums over 2000-2018) in bar chart; (c) fossil fuel consumption pc (sums over 2000-2018) in circle packing;
(d) fossil fuel consumption pc (sums over 2000-2018) in bar chart; (e) renewable energy consumption pc (sums over
2000-2018) in circle packing; (f) renewable energy consumption pc (sums over 2000-2018) in bar chart.

2.2. Visualization Tools

The framework for building data-driven decision models consists of the following
visualization software.

Graphs to summarize and organize data with Figures 1 and 3 were created in the open-
source data visualization framework RawGraphs [41] and Figures 4 and 5 in IBM SPSS [42].

Dynamic charts to explore the relation of energy consumption variables vs. CO,
pollution (Figures 6a—c, 7a—c and 8a—c) were realized in the free offline tool Gapminder [43].
Correlation analysis (Figures 9-11) was conducted with R packages “Hmisc” [44] and
“corrplot” ([45]) in statistical programming language R [46]. Trend analysis (Figures 6d, 7d,
8d and 12-14) was conducted in Tableau (v. 2021.2.1) [47]. Through Tableau Academic
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Programs, free Tableau Desktop licenses [48] are provided to instructors and university
students all over the world.

2.3. Country Clusters

Cluster analysis partitions countries into clusters, where countries within each cluster
are more similar to one another than they are to countries in other clusters. In the European
district, we identify four clusters of countries which classify separately (a) average energy
use p¢, (b) average fossil fuel consumption pc, (c) average renewable energy consumption
pc (averages of the annual measurements are taken over the 2000-2018 study period). The
four groups of countries in all maps are denoted with numbers from 1 to 4, corresponding
to different levels of average energy variable pc. Clusters classify countries in ascending
order of their average energy use. The present classification aims to indicate the effects of
energy consumption. A spatial representation of energy clusters in the EU-28 is in Figure 2.
For each energy variable, a map was created in Tableau software [47-49] to visualize the
four clusters (Tableau uses the K Means clustering algorithm. K-means algorithm is an
iterative algorithm that separates the dataset into distinctive non-intersecting sets (clusters)
where each data point resides in only one set (cluster). It appoints data to a cluster so that
the sum of the squared distance between the data points and the cluster’s centroid is at the
minimum. The smaller the variation within the clusters the more homogeneous are the
data points within the cluster. This algorithm groups together the most similar intra-cluster
data points while also keeping the clusters as separable as possible.) of countries according
to the energy use pc (Figure 2a), fossil fuel consumption pc (Figure 2b), renewable energy
pc (Figure 2c), based on average levels through 2000-2018.

Summary Diagnostics
Number of Clusters: 4

Number of Points: 28

Between-group Sum of Squares: 1.3914

Within-group Sum of Squares:  0.10856

Total Sum of Squares: 15

Centers

Number of Avg.

Clusters

Items EUpc
Cluster 1 13 2319.7
Cluster 2 10 3632.7
Cluster 3 3 5049.8
Cluster 4 2 7116.7

Not Clustered 0
(a) (b)

Figure 2. Cont.
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Summary Diagnostics

Number of Clusters: 4
Number of Points: 28
Between-group ~ Sum f
0.93732
Squares:
Within-group Sum f
0.098558
Squares:
Total Sum of Squares: 1.0359
Centers
Number of Avg.
Clusters
Items FFpc
B Cluster 1 17 1810.5
Cluster 2 8 2859.2
Cluster 3 2 4089.5
Cluster 4 1 6715.0
Not Clustered 0
(0) (d)
Summary Diagnostics
Number of Clusters: 4
Number of Points: 28

Between-group ~ Sum f
1.4934
Squares:

Within-group Sum of Squares: 0.048059

Total Sum of Squares: 1.5415

Centers

Number of Avg.

Clusters
Items Repc
\ Cluster 1 6 626.89
" 4 Cluster 2 18 272.83
Cluster 3 2 2343.1
Cluster 4 2 1048.4
Not
0
Clusteredd
(e) ®

Figure 2. Clusters of countries in Europe according to energy variables: (a) energy use pc (average of 2000-2018);
(b) deScheme 2000. (c) fossil fuel consumption pc (average of 2000-2018); (d) description of clusters according to fossil
fuel consumption pc (average of 2000-2018); (e) renewable energy pc (average of 2000-2018); (f) description of clusters
according to renewable energy pc (average of 2000-2018).
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In the sections and the analyses that follow the K-Means clustering method is used.

Energy inequality is measured by the range spread, a percentage that the maximum is
greater than the minimum, using the maximum as a base. This simply shows in percentage
form how much higher the maximum is from the minimum. The data from the sample
period 2000-2018 shows that renewable energy consumption has the highest range spread
(100%), followed by total energy use (95.05%) and fossil fuel energy consumption (84.15%).
Energy data distributions per cluster are illustrated in boxplots of Figure 3a—c.

100004 EUpc
—— 9428.811286
I
I
9000 — !
I
I
I
i
8000 — 7975.0687,
7000+ 6844.94521
6263.719195
i
6000 — |
5847.344163 |
1 I
5454‘ee7jii 554116
5000 5020.381932
464155 4739.065352 8
i
i
4000 3995.30741925 : 3928.98
3672.8361205
3365.16248525 3251.397133
3000+
2565.223049
2419.94508425 2351.655053
2069.0680155
2000+
1494.75
1000 T T T T 1
Cluster 2 Cluster 3 Cluster 1 Cluster 4
(a)

Figure 3. Cont.
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9000
FFpc

—— 8596.152275

|
1
8000+ |
I
7555.8294)i
7009.767588

5000 5948.34471

7000+

5000+
—— 4781.631725
|

4432.1562(ﬁ
4099.308398 4062.933664

3734.8223767

4000 3851.48745

| 3420.640648
3230.67787575

3000+ 2918.431289

2713.837545
2491.5396650000002

2172.4906330000003

2000~
1822.566774

1537.1927305
1382.8323488750004

1000+

584.2458767499993

T T T T
Cluster 2 Cluster 3 Cluster 1 Cluster 4

(b)

2800+ 2786.766194

Repc '
1
1
I

2600 2549.371358749

2400+
2310.6556225

2200+
2140.58754

]
1

2000+ H
I
1 1874.307659
1800

1600+

1400+ 1372.269616
1p74.7972937499999
1200+

1066.0156809999999
1000+ 976.874865
883.54466825

800 .
—— 712.922443125 716.5875165
647.912262

500 598.619863

530.2295645

2004 383.41131i 350.176421
264.339223

200+ 163737233758

'
I

|
0 T —0 T T
Cluster 4 Cluster 2 Cluster 1 Cluster 3

(©)

Figure 3. Range of values for: (a) clusters of countries according to energy use pc (average of
2000-2018); (b) clusters of countries according to fossil fuel consumption pc (average of 2000-2018);
(c) clusters of countries according to renewable energy pc (average of 2000-2018).
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95% CI

3. Results
3.1. The Situation at a Country Level

To present the situation at a national level, two views are adopted in Figures 4 and 5.
Error bars in Figure 4 are a graphical enhancement to visualize the variability of energy
data on a comparative graph. Bars represent confidence intervals for the mean of energy
variables (namely energy use pc, fossil fuel consumption pc, renewable energy consump-
tion pc, which correspond to EUpc, FFpc, Repc variables). The main observation is that
renewable energy consumption is significantly low in all countries and only in Finland and
Sweden reaches the levels of fossil fuel consumption pc of most countries.

To identify which countries are leading the race to energy use, the boxplots of Figure 5a
indicate energy use outliers, that is countries with higher values than the quartiles of energy
use pc, fossil fuel consumption pc, and renewable energy pc among EU 28. This way we
demonstrate that the use of different energy sources leads to different outliers, indicating
the way that the policies have to be implemented in such cases. In Figure 5b the year of
occurrence of these exceptional situations is noted.

3.2. Energy Use Associated with CO, Emissions

Let us now examine in more detail the relationship between the values of energy
variables and CO, emissions over time. To achieve this, we use bubble charts to represent
four dimensions simultaneously (corresponding to variables CO,, EUpc, time, GDPpc in
the charts). Figure 6b suggests a strong correlation between CO, emissions and energy use
pc for all clusters. Comparing the situation in EU 28 in 2000 and 2018, Figure 6a suggest a
weaker correlation of the two variables in 2018.

10,000 L EUpc
£ FFpe
I Repc
a000
8000 i;
!
4000 ® - ¢
$ o ;
. 5 $ ¢ Thi S
[ D M 'E‘I| m
2000 o ® @ Py B o I i 899
Y0 @ o ®
@© @ T
L -,Cllﬂ: e md] m (E
. o mﬁ ":I"?)."g(-!:ﬁ .:DkJE':\ :I)!:. 0 @
D Do O o 9mm® T T FCCC S S 00 dWWWw iy c
Fe S yIdiag iR oo <2
S B = = 3 I3 o mom S m D owo@m I 5
mSs;ehgEiadbggle 22 e REER A
= = a
o w [=%
=]
=
country

Figure 4. Energy use in EU 28 (confidence intervals for means over 2000-2018)—disaggregated results.



Energies 2021, 14, 7532

11 of 24

10,000 |
Luxembaurg

Luxembaurg

Luxembourg*Luxembourg

| LuxembourgB uembourg
8000 [FLXEMbOUR, ey oy rg Bl Lxembaurg
LuxembourgFinlanduxembourg

FinlandFinland| En\anﬂ

Finland[Finland

8000

4000 |

2000 |

Luxembourg

10,000

20062004

.
'Luxembuurg qéﬂﬂgsé: 2004

LuxembourgsLuembourg - 20038001 2000 2008%2008

LuxembourgjLuxembourg 2011013 20082002

Luxembourgsl-uxembourg
Luxembaurg'LuxethurgLuxembourg
LuxembourgPlLuxembourg

oLuxembaurg
Luxembourgo

6000

201182010
20012009%2012
200002013
02014

201520150
Luxembou therlands 2004
4000
Finland 20172018
Sigjeed:n Sweden 2016, szms
Finand R Finland 2000 2003700 " 2003
Austria, T Nandsweden 2000 2016
Estoni ; 2017 2018
stonia striaAustria = B
Austria 2016 | 2011
a
o
Elpc FFpc Repc EUpc FFpe Repc
(a) (b)

Figure 5. Outlier countries (from left to right) in energy use pc, fossil fuel consumption pc, and renewable energy pc of
EU 28. (a) National identification of outliers; (b) Year information for outliers.

CO2pc

e e

2000

3000

By observing the bubble chart in motion (Figure 6a,b), we can monitor the dynamic
evolution of the biggest energy-consuming countries (which are Luxembourg and Finland).
Although we recognize the special features of Luxembourg as a country (strategic location
in Europe, social and political stability, long-standing tradition of innovation, industrial
excellence etc.), we include it in the analysis. Luxembourg energy bubble reaches its highest
position in 2005 and ends at the lowest position in 2018. Finland’s energy bubble reaches
its highest position in 2003 and ends at the lowest position in 2018. The motion cart reveals
an upward trend in the first years of study and a downward trend after the turning point
of 2004, 2005. The size of the bubbles is analogous to the GDP pc in the bubble charts of
Figure 6; since energy use is fully related with growth, economic growth is a parameter
that must be illustrated as well.

In Figure 7a, the initial and the final situation for the fossil fuel consumption pc is
depicted. Both fossil fuel pc- and CO; pc levels have decreased in 2018. The bubble chart in
Figure 7b suggests a strong correlation between CO, emissions and fossil fuel consumption
pc for all clusters.

CO2pc

CJ
| o,
® f" ..

2000 3000 4000 5000 6000 7000 8000 2000

5000 6000 7000 8000 9000 EUpc

EUpc

(@) (b)

Figure 6. Cont.
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Figure 6. The relationship between energy use pc and CO, emissions pc in EU-28 (2000-2018). Bubble color is categorized
by clusters of average energy use pc level. Bubble size is analogous to the corresponding economy’s gross domestic product
per capita: (a) energy use pc vs. CO, emissions pc in 2000; (b) energy use pc vs. CO, emissions pc in 2018 (see the motion
chart in Video S1 in Supplementary Materials); (c) color legend for clusters of countries according to energy use pc (average
of 2000-2018); (d) energy use pc vs. CO, emissions pc over 2000-2018.

In the motion chart, we highlight the leaders in fossil fuel consumption pc: Luxem-
bourg and The Netherlands. Luxembourg energy bubble reaches its highest position in
2005 and ends at the lowest position in 2018. Netherlands’ energy bubble reaches its highest
position in 2004 and ends at the lowest position in 2018. The motion cart reveals an upward
trend in the first years of study and a downward trend after 2005. It seems that in 2005, an
era of change starts, possibly reflecting the ratification of the Kyoto Protocol.

In the comparative scheme of Figure 8a, all bubbles of the chart have moved to the
right, indicating increased levels of renewable energy use in later years. Figure 8b is the
first chart to present an inverse relationship between energy use and CO; emissions (with
the exception of Estonia), in all clusters.
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Figure 7. The relationship between fossil fuel energy consumption pc and CO, emissions pc in EU-28 (2000-2018). Bubble
color is categorized by clusters of average fossil fuel energy consumption pc level. Bubble size is analogous to the
corresponding economy’s gross domestic product per capita: (a) fossil fuel energy consumption pc vs. CO, emissions pc in
2000; (b) fossil fuel energy consumption pc vs. CO, emissions pc in 2018 (see the motion chart in Video S2 in Supplementary
Materials); (c) color legend for clusters of countries according to fossil fuel energy consumption pc (average of 2000-2018);
(d) fossil fuel energy consumption pc vs. CO; emissions pc over 2000-2018.
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Figure 8. The relationship between renewable energy consumption pc and CO, emissions pc in EU-28 (2000-2018). Bubble
color is categorized by clusters of average renewable energy consumption pc level. Bubble size is analogous to the

corresponding economy’s gross domestic product per capita: (a) renewable energy consumption pc vs CO2 emissions pc in
2000; (b) renewable energy consumption pc vs. CO, emissions pc in 2018 (see the motion chart in Video S3 in Supplementary
Materials); (c) color legend for clusters of countries according to renewable energy consumption pc (average of 2000-2018);
(d) renewable energy consumption pc vs. CO, emissions pc over 2000-2018.
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3.3. Correlation Analysis

In the present section, we assess the dependence structures between energy vari-
ables (resp. EUpc, FFpc, Repc variables) and pollution (expressed with CO2pc variable),
growth variable (expressed with GDPpc variable), and population density (expressed with
PopDens variable), for each one of the four clusters of countries, in correlation matrices.
Pearson correlation coefficients (r) were calculated for each cluster, based on the annual
data values of energy, pollution, growth variables, and population density from 2015 to
2018 (Figures 9-11). The color legends indicate that positive correlation coefficients appear
in shades of blue while negative correlation coefficients appear in shades of red. The sign
of the correlation coefficient indicates whether the direction of the relationship is positive
(direct) or negative (inverse).
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Figure 9. Correlation matrices. Clusters of countries are defined according to energy use pc level (average of 2000-2018):
(a) cluster 1; (b) cluster 2; (c) cluster 3; (d) cluster 4. Shown are correlation coefficients, with color and size defining the
direction and the strength of the relationship accordingly.
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Figure 10. Correlation matrices. Clusters of countries are defined according to fossil fuel energy consumption pc level
(average of 2000-2018): (a) cluster 1; (b) cluster 2; (c) cluster 3; (d) cluster 4. Shown are correlation coefficients, with color
and size defining the direction and the strength of the relationship accordingly.
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Figure 11. Correlation matrices. Clusters of countries are defined according to renewable energy consumption pc level
(average of 2000-2018): (a) cluster 2; (b) cluster 1; (c) cluster 4; (d) cluster 3. Shown are correlation coefficients, with color
and size defining the direction and the strength of the relationship accordingly.

In all cases of clusters, we notice strong correlations of energy variables per capita with
CO; pollution pc, GDPpc, population density. It is impressive that in all cases, correlations
are stronger in clusters of higher levels of energy use. The higher the level of average energy
use during the study period, the more intense the correlation among energy, pollution, and
growth variables. Correlations in clusters of high energy consumption pc levels predict the
actual dependence between energy use and socio-economic variables.

Figures 9-11 suggest that levels of energy consumption (total energy use, fossil fuel
consumption pc, renewable energy use pc correspond to EUpc, FFpc, and Repc variables
in the correlation matrices respectively) and CO, emissions per capita (CO2pc variable) are
negatively correlated only in the case of renewable energy consumption pc. Specifically, in
all clusters by energy variable classification (average value used over 2000-2018) a direct
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relationship between the energy use pc/fossil fuel consumption pc and CO, emissions
pc is observed, except for cluster 4 in classification by renewable energy consumption pc
(Figure 11c), where fossil fuel consumption pc and CO, emissions pc are having a reverse
relationship. In clusters with the higher levels of energy variables (i.e., clusters 3 and 4 in
Figures 9-11) renewable energy pc and CO, emissions are negatively correlated, revealing
the effect of renewable energy on CO; emissions.

Negative correlations are observed for GDP pc with energy use pc/fossil fuel pc
for cluster 3 in classification by average energy use pc (Figure 9), for clusters 2, 3, and 4
in classification by average fossil fuel consumption pc (Figure 10), and strong negative
correlation for cluster 3—the cluster of highest average renewable energy consumption
pc—in classification by average renewable energy pc (Figure 11). It is worth noticing that
many dependencies between variables in cluster 3 appear in cluster 4 reversed.

3.4. Sustainable Development and Energy Trends

Figure 12a—c depicts the evolution of the consumption of different energy resources in
the top 10 energy-consuming countries in a comparative time series plot for 2000-2018. The
same top energy-consuming countries are present in both non-renewable and renewable
energy categories (with different rankings within each category).
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Figure 12. Cont.
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Figure 12. Energy trends for top 10 energy-consuming countries: (a) energy use pc; (b) fossil fuel
consumption pg; (c) renewable energy consumption pc.

Annual energy use pc and fossil fuel consumption pc of top 10 consuming countries
have experienced a downward or slight downward trend from 2004 to 2018. The only
upward trend observed is reported in Estonia in energy use pc consumption. Annual re-
newable energy consumption pc of top 10 consuming countries has experienced a constant
upward or slight upward trend from 2003 to 2018. Years 2004-2006 seem to signal the
change in the non-renewable energy consumption trend.

Moving towards renewable energy directives for 2020 and 2030, seven countries have
already exceeded the 2030 target for renewable energy consumption which is at least a
32% share for renewable energy [50] (Figure 13). Twelve countries are well above 2020
renewable energy target (Figure 13). The European Union’s current target is for a 32%
share of renewable energy across the bloc by 2030, and 20% in 2020. In Figure 14a—c, the
aggregated scheme of energy trends for energy clusters reveals that the latest policy efforts
reinforce the pathways towards green energy.
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Figure 13. Renewable energy targets 2020 and 2030: 20% final energy consumption from renewable sources by 2020 and at

least 32% by 2030.



Energies 2021, 14, 7532 20 of 24

clusters_by_Eupc

M Cluster1
3K . Cluster 2
B Cluster3
B Cluster4
7K
6K
Cluster 4
SK
a
=1
o
o
R Cluster 3
P M
3K Cluster 2
— _—-\-__——-——-._____
2K Cluster1l
1K
0K
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
year
(a)
K clusters_by_Ffpc
. Cluster 1
B Cluster2
8K
M Cluster 3
M Cluster 4
7K
6K
W 5K
[
w
qg:‘ 4K
Cluster4
Cluster 3
3K
2K — \—_\Uusterz
Cluster1
1K
oK

2000 2001 2002 2003 2004 2005 2006 2007 2008 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018

year

(b)

Figure 14. Cont.



Energies 2021, 14, 7532

21 of 24

Avg. Repc
|

Cluster 3 clusters_by_Repc
Cluster

W Cluster

B Cluster

. Cluster

oW e

Cluster 4

Cluster 1

Cluster 2

()

Figure 14. Energy trends for energy clusters: (a) energy use pc; (b) fossil fuel consumption pc; (c) renewable energy

consumption pc.

4. Policy Implications

Energy use is related to all main environmental problems. Acid rain, climate change
and all other environmental issues of transboundary nature are close related to the proper
use of energy and to the encouragement of renewable energy sources. Energy mix strongly
affects environmental problems of transboundary nature. As an economy grows, obviously
these issues become more urgent.

In this paper, the indication of energy clusters sets the directions for the design
and application of targeted environmental policies and campaigns to raise awareness
addressing countries on quality energy control. Policies can be implemented uniformly
when they are applied in countries of the same cluster.

In all cases, policy choices are determined by historical, economic, social, demographic,
environmental and geopolitical factors. Co-evolution, substitutivity, and intersection are
effects to be considered to succeed at the optimization of energy mix. Therefore, it is
practically significant to reveal the groups of countries with similar levels of energy use to
differentiate accordingly air pollution control policies, energy motives, and adapt legislative
and regulatory activities. All these, with the additional consideration of the economic
growth of each country, the energy needs to be met, the progress on the elimination and
replacement of nonrenewable energy sources. A special treatment should be placed on
countries with abnormal energy consumption, i.e., the outliers of each energy variable.

Cluster analysis, correlation analysis and illustration of the dynamics of primary
energy sources as presented in the previous sections, are expected to contribute to the
single EU policy planning (within the European Green Deal, Energy Efficiency Directive,
other EU energy and climate rules) at becoming the first climate-neutral continent by 2050.

5. Discussion and Conclusions

In this paper, we employ the infrastructure based on visual analytics technology and
data integration to discuss the dynamics of energy consumption and its correlation to
economic and environmental development in EU 28 territory for the period from 2000
to 2018.
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Clustering is a key component of our analysis. Clustering offers the opportunity to
determine which countries are similar and explore the relationships between variables
driving cluster membership. In the geographical clustering proposed by the UN, no simi-
larities or uniformity per geographical region is observed. Thus, we grouped countries into
clusters according to the level of their reported renewable and nonrenewable energy use, to
observe patterns and policies exempt from national legislation, tax policies, environmental
motives, competitors, regulatory obstacles, market failures, energy demand, etc. K-means
clustering is applied to evaluate energy inequalities among EU 28 countries. The patterns
of inequality between the clusters for energy use, fossil fuel consumption, and renewable
energy consumption over time are thoroughly investigated. Correlations in clusters of
high energy consumption pc levels predict the actual dependence between energy use and
socio-economic variables. Trends in clusters of high energy consumption pc levels may
function as pathways to reveal the asymptotic situation concerning energy use.

Exploratory data analysis indicated as outlier countries (i.e., nations with very high
levels of energy consumption) Luxembourg and Finland in terms of energy use pc, Lux-
embourg, and The Netherlands in terms of fossil fuel consumption pc, Finland, Sweden,
Austria, and Estonia in terms of renewable energy pc.

One main finding is the existence of strong correlations of energy variables with CO,
emissions, repeated consistently in all energy variables in all classifications. We consider
carbon dioxide emissions an environmental degradation indicator. Correlation analysis
showed that the higher the level of nonrenewable energy use pc, the more intense the CO,
emissions pc. On the contrary, CO, emissions pc demonstrate an inverse relationship with
renewable energy consumption pc. An inverse relation is constantly observed between
fossil fuel consumption pc and renewable energy pc, with stronger negative correlations
in high-level energy consumption clusters. Our data-based visual outputs indicate that
top energy-consuming countries promote sustainable global development. It is surprising
to notice that in many clusters there is a contrary relation between GDP pc and energy
consumption pc. This makes the evidence that rational use of energy is a key factor to
socio-economic prosperity and sustainability.

The illustration of the dynamic evolution of energy consumption at national level
through 20002018 revealed that in 2005 an era of change starts for top energy-consuming
countries. Energy leaders in the European Union are moving towards a low-carbon
economy since a rising trend in renewable energy consumption pc and a declining trend in
fossil fuel consumption pc are evident. Nevertheless, many EU countries are way behind
in meeting their 2020 or 2030 renewable energy obligations.
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