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Abstract: The limited use of non-renewable energy sources facilitates a reduction in the negative
environmental impact of electricity production. The policies of European countries aim to change
the structure of electricity sources, focusing particularly on non-renewable sources. The aim of
this study was to assess changes in the structure of electricity generation depending on the energy
sources used in 34 European countries in the years 19902020 in terms of their environmental impact.
This study was conducted using cluster analysis: a method applied in multivariate comparative
analyses. Such an approach provided a new, broader outlook on changes in the structure of electric
energy production in Europe. A total of nine homogeneous groups of countries were distinguished
in terms of energy transformation. The ecological scarcity method 2013 was applied to assess the
environmental impact of electricity production in the analyzed countries. In the investigated period,
the negative environmental impact of electricity production in European countries decreased. The
median of the volume of this impact, determined based on the structure of production in 1990, for
the analyzed countries was 464 UBP/1 kWh. In the following years, the value of the median dropped
to 413 UBP/1 kWh (2000), 322 UBP/1 kWh (2010), and 204 UBP/1 kWh (2020), respectively. The
diversification of the countries in this respect also decreased, which resulted in a reduction in the
number of clusters from eight in 1990 to two in 2020.

Keywords: sources of energy; mix of energy; structure of electricity sources; renewable energy;
ecological scarcity method; ward cluster analysis; Europe

1. Introduction

The EU common energy policy is based on competition, security, and sustainable
development [1]. Efforts to reduce carbon dioxide emissions and eliminate non-renewable
energy sources, together with the promotion of renewable sources, have led to considerable
changes in the energy balances of individual countries [2]. Increasing the use of renewable
energy sources is a major element in the strategy of sustainable development and one of
the strategic goals of the European Union [3]. It is a prerequisite for the assumed emission
reduction levels and other goals, such as assuring energy security, among other things [4].

The use of fossil fuels as the main source of energy is associated with a significant
negative environmental impact resulting from emissions of particulate matter, as well as
CO; and other gases that are generated in the combustion process [5]. For this reason, many
countries are taking steps to increase the share of renewable energy sources in their energy
balance since they have a much lower environmental impact throughout the product life
cycle [6]. The LCA analysis allows the environmental impact of the electricity production
process to be assessed depending on the selected technology, fuel used, and the location
of the facility. This analysis takes into account the stage of obtaining, transporting, and
processing primary fuel, the stage of construction, operation, and decommissioning of the
power plant together with successive land reclamation, as well as the storage and disposal
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of the generated waste. Taking into account all stages of energy production is particularly
important in the comparative analyses of those energy sources that are characterized by
very low emissions at the stage of operation [7,8]. This tool can therefore be used to assess
the production technologies used in individual countries and to identify those solutions that
contribute the greatest extent to the reduction in environmental impact [9]. A description
presenting the use of the LCA methodology to build optimization models that take into
account the environmental impact as part of the zero-emission building concept can be
found in the works of Mehrtash et al. [10,11].

Increasing the share of energy generated from renewable sources in the energy balances
of individual countries is a considerable challenge both technologically and economically.
It requires changes in the existing infrastructure, which in turn, generates huge investment
outlays [2]. Many European countries have implemented support systems that promote
renewable energy sources. The first countries to introduce such programs were Denmark,
Portugal, and Germany [4]. The importance of measures undertaken by governments
of individual European countries to increase the use of renewable energy sources in the
generation of electricity was emphasized in their studies, e.g., by Bérawski et al. [12],
Child et al. [13], Lowitzsch, Hoicka, and van Tulder [14]. In view of technological challenges,
particular attention is focused on variable renewable energy sources (VRES), such as wind
and solar energy. While they are perceived as key elements of future energy systems [15-20],
nevertheless, problems with integrating VRES into the currently existing electric energy
systems are also indicated [20,21].

The implementation of a sustainable energy system in individual countries plays
a key role in the economy, the natural environment, and society. A systemic review of
the literature concerning sustainable electric energy systems was presented in a paper
by Lukasiewicz et al. [22]. Studies concerning strategies aimed at the transformation of
energy balances in individual European countries indicated trends toward progressing
convergence [4]. Scenarios have been developed to promote climate neutrality in the EU by
2050 [23]. Published research data indicates that the adoption of advanced technologies
will facilitate the implementation of a sustainable electric energy system, 100% based
on renewable sources [24]. The need to ensure public participation in the process of
transformation towards low-emission energy systems is also stressed [25,26]. The increased
importance of renewable energy sources is also associated with the problem of energy
security, particularly in the case of VRES, whose integration into the existing electric energy
system is hindered due to its specific character. Energy security and the efficiency of
renewable energy sources have been investigated, e.g., by Fazil Gokgoz and Mustafa
Taylan Giivercin, Muhammad Adil Khattak et al., as well as Ken’ichi Matsumoto, Michalis
Doumpos, and Kostas Andriosopoulos [27-29].

The aim of this study was to assess changes in the structure of electricity production
in Europe depending on the used sources in terms of their environmental impact. The
conducted analysis covers the years 1990-2020. The secondary data used were published by
Eurostat for 34 European countries. Groups of similar countries were distinguished based
on the directions of energy transformation. The environmental impact of energy production
using various sources in European countries was assessed using the ecological scarcity
method 2013 (ESM). Based on the calculated values of the impact of electrical energy
production in individual countries, a clustering procedure was performed for the countries,
which held the aim of identifying groups with a comparable level of environmental impact.

Problems related to energy balances in individual countries and the use of renewable
energy sources have been studied in many publications. These research papers concern, e.g.,
directions of changes in the energy balance [1-3,30] or the environmental impact of energy
generation using various sources [5,31,32]. The previous works lack a comprehensive
view of the directions of change in the energy systems of such a large group of European
countries, covering a 30-year period of change. The cluster analysis applied in this study
was previously used in research conducted by Kacperska et al. [3] concerning directions of
changes in the energy balance during the years 2009-2019. In this study, the analysis covers
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a longer period (1990-2020). A novel aspect is primarily connected with the extension
of research and incorporation of changes in the environmental impact resulting from
different electricity production structures. The analysis comprised in this paper provides a
comprehensive assessment of both the directions of energy transformation and changes
in the pressure of the natural environment caused as a result of electricity production in
European countries.

2. Materials and Methods

The presented comparative analysis was conducted based on multidimensional objects,
in this case, concerning 34 European countries. The objects for analysis were selected based
on the availability of a complete time series containing data on the changes in the volume
and structure of electric energy production in the years 1990-2020. In view of the different
energy sources used to generate electricity, Estonia was excluded from the analysis. An
important unique characteristic of the Estonian electric energy sector is the considerable
level of electricity production (exceeding domestic energy demand) in power stations fired
by oil shale of a relatively low efficiency [33,34].

Changes in the structure of electricity sources in Europe were assessed using secondary
data published by Eurostat. The analysis conducted at the level of individual countries and
covering the period of 1990-2020 included the following basic electricity sources:

- Xl—hard coal,

- X2—lignite,

- X3—crude oil and petroleum products,
- X4—natural gas,

- X5—nuclear energy,

- X6—hydropower,

- X7—wind power,

- X8—solar power,

- X9—geothermal power,

- X10—biogas.

The degree of diversification of the investigated countries was assessed using cluster
analysis. It is a method applied in multivariate comparative analyses, which divides a large
group of objects into relatively homogeneous groups called clusters. Generally speaking,
cluster analysis is used to classify n objects, described using i variables. Cluster analysis
considers the similarity or distinctness of objects, and on this basis, mutually exclusive
groups of objects (clusters) are distinguished. Objects classified to each cluster are similar
to one another in terms of the values of all i variables [35].

In order to identify groups of countries similar to one another in terms of the directions
of energy transformation, the algorithm of on-hierarchic cluster analysis was applied, i.e.,
the k-means clustering. The k-means algorithm is one of the relatively frequent methods of
non-hierarchic grouping, facilitating the identification of similar objects [36]. The traditional
clustering algorithm using the k-means method consists of [37]:

(1) The random placement of k centroids in the i—th dimensional space with centroids
acting as central points for the individual clusters;

(2) Classification based on the function of the distance of each object to the nearest cluster;

(38) The repeated identification of the center for each cluster based on the coordinates of
objects grouped in a given cluster;

(4) The iterative repetition of steps two and three—transferring objects between the clus-
ters last until differences within the clusters are minimized while differences between
separate clusters are maximized. This means reaching the criterion of convergence,
i.e., the state in which the allocation of points to individual groups has not changed.

In this method, measures of similarity or difference are based on the distance between
objects d(A,B). The greater the distance between two objects (in this case, countries), the
more these objects differ from each other. Objects contained within a given group are
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similar objects (the distance between objects from the same group is small), and at the same
time, they are different from objects outside this group (a large distance between objects
forming a given cluster and the other objects lying outside this group) [38].

Many methods may be applied to determine the distances between objects. The
method most frequently applied, and used within this study, is the Euclidean distances
method [39]. It consists of the determination of distances between two objects in the i-th
dimensional space based on the following dependence [40]:

n

2
dipg) = Z(xw‘ — Xg,)

i=1

where:
d(y,—The distance between two objects p and g (countries);

i— The number of variables;

Xp,i, Xgi—The value of the i-th variable for objects p and 4.

Diagnostic variables used in the analysis have different distributions. For this reason,
prior to the determination of distances, variables were standardized using the Z-score
approach according to the following formula [41]:

_— Xp,i — X
Sy

1

where:

z,,;—The value of the i-th variable for the object p after standardization;

x;—The mean value of the i-th variable;

sx,—The standard deviation of the variable i.

Based on the performed standardization, a matrix of distances was established, which
constituted a starting point for clustering.

There are several indexes of the homogeneity of units or heterogeneity of clusters that
make it possible to determine an optimal number of clusters in a given set of objects. These
indexes include indexes of entropy, coefficients of spatial concentration, the silhouette
factor, etc. [42—44]. In this study, the quality of the group structure was evaluated based on
the silhouette factor, determined by the formula [45]:

1y b(x)—a
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where:

SI—Silhouette factor;

n—Number of all investigated units of set X;

a(x;)—Mean distance of element i from the other elements of the group;

b(x;)—Mean distance of element i from elements of the closest neighboring group.

The value of the index meets the inequality: —1 < SI < 1, while values close to one
mean that a given object p is well classified. The mean value SI is calculated based on
the values of the indexes for all objects from a given cluster and indicates the degree of
clustering correctness [46]. It is assumed that the optimal value is the number of clusters
corresponding to the maximum mean value of the silhouette factor, determined for a
different number of clusters k identified in the investigated set of objects [47].

The non-hierarchic grouping using the k-means method was conducted in the R
environment using the ‘cluster’ package (package ‘cluster’, https:/ /cran.r-project.org/web/
packages/cluster/cluster.pdf, accessed on 12 October 2022). The figures presented in this
study were elaborated by the authors using the ‘ggplot2’ package (package ‘ggplot2’, https:
//cran.r-project.org/web/packages/ggplot2/ggplot2.pdf, accessed on 4 November 2022).
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The environmental impact of electricity production from different energy sources in
European countries was assessed using the Sima Pro program and the associated eco-invent
database. Calculations were made by applying the ecological scarcity method 2013 (ESM).
It is a method applied in the life cycle assessment (LCA) of products and processes. It was
originally developed and applied in Switzerland [48]. Since then, it has been continuously
developed and updated [49]. In this study, the latest version (1.07) available in SimaPro 9.2
was used. The ecological scarcity method is based on the distance to the target approach. It
uses as the standard the objectives of environmental quality defined in legal regulations:
the greater the exceedance of desirable emission levels or raw material consumption, the
stronger the effect. An eco-factor measures the pressure imposed on the environment
based on the difference between the present situation and the objectives specified in the
regulations [50].

ESM makes it possible to express various environmental impacts in the same units,
referred to as unit-based pricing (UBP). This facilitates the comparison of various envi-
ronmental impacts and their conversion into one aggregated value [49]. Such results may
be used by decision-makers in political bodies or enterprises to improve environmental
management [51]. At the methodological level, ESM is a comprehensive method of analysis,
well-adapted to investigate renewable energy supply [52].

The level of this impact was expressed in the unit-based pricing (UBP), the value of
which was determined for the production of 1 kWh of electricity according to the structure
of production in a given country in a given year. Due to the fact that the shares of all
10 energy sources analyzed in this study did not always total 100% (e.g., in Finland,
biomass is a major source used to generate electricity [53]), the impact of the other part of
energy production was determined based on the impact established for the energy mix of a
given country.

The life cycle of European electricity mixes comprises the construction, operation,
disassembly, and disposal of the power plant facilities, the processing of spent fuels,
including obtaining primary energy sources (natural gas, crude oil, hard coal, uranium,
wood), their refining, as well as their conditioning and final storage, transmission and
distribution to low-voltage consumers, as well as all transportation of fuels, building
materials, consumables, and waste [54].

Based on the calculated values of the impact of energy production and using the
k-means clustering, the countries were grouped with the aim of identifying groups of
countries with similar levels of environmental impact. The statistical significance of dif-
ferences between values of the mean calculated for individual clusters was verified using
the Mann—-Whitney U test. This test is a non-parametric test determining the constancy
of a measure of the central trend (mean or median) in two groups—also in the case when
the distribution of a variable does not meet the criterion of fit to a normal distribution and
when the distribution is considerably asymmetric in relation to the mean [55].

3. Results
3.1. Changes in the Energy Mix in European Countries in the Years 1990-2020

Preliminary calculations indicated marked differences in the levels of the percentage
shares of individual energy sources in the total electricity production in the analyzed years
(Figure 1). Considerable differences were observed, particularly between the EU-15 and the
new EU member countries, as reflected in the high coefficients of variation for individual
variables. In 1990, the mean share of energy generated from hard coal was 17.5% (median
8.5%), from lignite—15.5% (median 0.3%), from oil and petroleum products it was 13%
(median 5%), while from natural gas it was 9% (median 3%). The only renewable source
used in electricity production was hydropower, the mean share of which was 24% (median
12%). The rest of the energy was generated in nuclear power plants, with a meaningful
share of 17% (median 0%). Considerable differences between the mean and median values
resulted from the fact that in many countries, individual sources were not used to generate
electricity. This pertains particularly to nuclear power engineering.
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Figure 1. Changes in the structure of electricity production in Europe in the years 1990-2020.

In 2020, among all the fossil fuels, the greatest share in electricity production was
recorded for natural gas (mean 21%, median 15%). Mean shares for the other fossil fuels
amounted to 4.3% for hard coal (median 0.7%), 3.7% for crude oil and petroleum prod-
ucts (median 0.8), and 0.9% for lignite (median 0%). The main renewable source was
hydropower (mean share 24%, median 17%). However, the shares of the other alternative
sources—particularly wind power plants (mean share 12%, median 9%) and photovoltaics

(mean share 3.6%, median 3%), increased considerably. The mean share of nuclear power
was 15%.

3.2. The Share of Renewable Enerqy Sources in Electricity Production in the Years 1990-2020

The presented data indicate a growing share of electricity produced from renewable
energy sources (Figure 2). In 1990 only six of the analyzed European countries had a share
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of renewable sources in electricity production that exceeded 50% (Iceland, Norway, Albania,
Latvia, Austria, and Luxemburg). This group is comprised primarily of highly developed
European countries, which founded their energy policies first of all on renewable energy
sources (using mainly hydropower). A large share of the renewable power production
sector in Albania (86%) results from the dependence of the electrical energy production
system on hydropower in this country. Due to the complete dependence of electricity
production on hydrological conditions, the electricity supply system in that country is
unreliable. For example, 2017 brought a drop in the volume of energy production in relation
to 2016. This led to a considerable increase in the import of electricity from neighboring
countries [56].

Shere of fossil fuels - year 1990 Shere of fossil fuels - year 2000
80N sapl
% 7

70°N

80°N

70°N

fossil_1990 fossil_2000

50°N 50N

40°N 40°N
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Shere of fossil fuels - year 2010 Shere of fossil fuels - year 2020
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Figure 2. Share of electricity generated from fossil fuels in the years 1990-2020.
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In 2000, the group of countries with over a 50% share of renewable sources in their
total electricity production was joined by Croatia and Sweden. The Croatian electricity
production system has a unique topology, resulting from the fact that it was established in
the period when Croatia was part of a larger country (Yugoslavia), which comprised all the
neighboring countries (i.e., Serbia, Bosnia and Hercegovina, and Slovenia). As a result, the
Croatian system has a very high interconnection capacity, and the level of import is approx.
20-30% of the total energy consumption. Due to the geographical and natural conditions,
the production of electricity in Croatia is characterized by very high seasonality, with high
peaks in the southern regions during the summer tourist season. Most electricity output
comes from hydropower plants (approx. 40% to 50%), which are located along the coast
and in the northern region of the country. Slightly less electricity (20% to 30%) is generated
by thermal power stations located in the northern and eastern regions of Croatia, while
some electricity is generated in the Kr§ko nuclear power plant in Slovenia [57].

In 2010, almost 50% of electricity originating from renewable energy sources was
also produced in Portugal. Portugal was a country with an energy sector that was, to a
considerable extent, dependent on the imports of oil and natural gas. In 2005 the imports
of crude oil and natural gas covered 85% of the demand for energy carriers. The share
of renewable energy sources in gross electricity production in the first decade of the 21st
century raged from 20% to 35%, and it was dependent on the volume of hydropower
production in wet and dry years [58]. Changes in the energy policy of Portugal were
initiated in the early 21st century and consisted of the implementation of the feed-in tariffs
mechanism combined with public tenders for connection licenses in the years 2001, 2002,
and 2005. The aim of the undertaken measures was to promote the use of renewable energy
sources, primarily wind. Thanks to these actions, a 17% share of wind energy was obtained
in the structure of electricity production in 2010, with its further increase to over 20%
starting in 2015 [59].

In 2020, in three European countries, the share of renewable energy sources in electric-
ity production was approx. 100% (Albania, Iceland, Norway—mainly thanks to electricity
produced in hydropower plants), while in another eight countries it exceeded 50% (Austria,
Luxemburg, Denmark, Sweden, Croatia, Lithuania, Portugal). Apart from the traditionally
used hydropower, electricity production also used:

- Wind energy—a 56% share in electricity production in Denmark, approx. 30% share
in Ireland and Lithuania, as well as 20% share in Portugal, Germany, and Estonia,

- Solar power—approx. 10% share in electricity production in Malta, Greece, Italy,
and Germany.

Despite the development of these technologies, the share of geothermal and biogas
sources in electricity production in Europe remains very low. Nevertheless, geothermal
power is increasingly seen as an option that could aid in reaching the Paris Agreement
goal, i.e., reducing the increase in air temperature to max. 2 °C [60]. In this respect, the
EU focuses on this energy source, as indicated by the allocation of 90 billion euros in the
years 20142018 for the research and development of geothermal technologies within the
Horizon 2020 framework program [61].

The increased importance of renewable sources in the structure of electricity produc-
tion varied depending on the country. When comparing 2020 to 1990, it may be stated
that the greatest percentage increase in the energy output from renewable energy sources
was recorded in Denmark (with an increase of 60 p.p.), Lithuania (an increase of 53 p.p.),
Germany (an increase of 38 p.p.), Ireland (an increase of 33 p.p.), and Greece (an increase of
31 p.p.). In all these countries, the share of the renewable power sector in the total electricity
production in 1990 did not exceed 10%, while the primary energy sources included hard
coal (over 90% share in Denmark and 40% share in Ireland), lignite (72% share in Greece
and 30% share in Germany), and nuclear energy (60% share in Lithuania). Following the
closure of the Lithuanian nuclear power plant at Ignalina (INPP) towards the end of 2009,
renewable energy sources in that country accounted for an approx. 12% gross domestic
consumption of fuels and energy [62]. In 2020 this share was approx. 35%.
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The group of countries with the lowest increase in the share of renewable energy
included Turkey (increase in the share of renewable energy sources by 1 p.p.), Serbia
(increase by 8 p.p.), Ukraine (increase by 8 p.p.), and Czechia (increase by 9 p.p.). In
turn, in Latvia, due to the increase in the share of energy produced from natural gas, the
share of renewable energy sources in the electricity balance decreased in 2020 compared
to 1990 by 12 p.p. Nevertheless, in 2020 over 55% of electricity generated in Latvia came
from renewable sources—mainly from hydropower plants. The large amount of electricity
generated in hydropower plants in Latvia may be explained by a high annual precipitation
total and high discharge flow in the Daugava River. This has a positive effect on the
amount of produced electricity and could lead to the energy self-sufficiency of Latvia (the
index is calculated by subtracting the volume of export from the volume of the import of
energy sources and dividing this number by the total energy consumption). This made it
possible for Latvia to reach the strategic goal of the use of renewable energy sources, i.e.,
the 40% share of energy produced from renewable sources in the gross end use of energy in
2020 [63].

For over a decade, the EU has been gradually shifting from conventional power
engineering based on fossil fuels and nuclear power (in accordance with the Green Energy
strategy [64]) toward an increased share of renewable energy sources in the structure of
electricity consumption from various sources. Despite the growing importance of renewable
energy observed throughout Europe in 2020, as many as seven European countries failed
to reach a 20% share of renewable energy sources in their electricity production. This group
of countries includes:

- Hungary (11% share of renewable energy sources, with nuclear power being the most
important energy source at 47%);

- Czechia (11% share of renewable energy sources, 36% share of nuclear energy and
35% share of energy from lignite);

- Malta (11% share of renewable energy sources, 86% energy from natural gas);

- Ukraine (12% share of renewable energy sources, 40% electricity produced from
natural gas);

- Cyprus (12% share of renewable energy sources, the primary energy sources crude oil
and petroleum products—88%);

- Poland (14% share of renewable energy sources, 44% energy from hard coal);

- Bulgaria (16% share of renewable energy sources, 41% energy generated in nuclear
power plants).

3.3. Groups of Countries in Terms of Changes in the Structure of Electricity Production

The results presented above concerning the structure of electricity production in
individual European countries in the period of 1990-2020 indicate considerable variation
in the direction of occurring changes. The homogeneous groups of countries in terms of
changes in the structure of electricity production were identified using k-means clustering.
Based on the calculations, it was found that the best quality of clustering for countries
may be obtained assuming the division of the analyzed objects into eight groups. The
results of non-hierarchic clustering are presented in Figures 3 and 4. These figures present
the median (in the form of a point, from which lines linking values from successive years
extend) as well as quartiles 1 and 3 (in the form of whiskers) from the values of shares for
main energy sources in the individual group in the period of 1990-2020.
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Figure 3. Changes in the structure of electricity production—clusters 1-4.

Group 1 contains countries in which hard coal and lignite dominated the structure of
electricity production in the 1990s (Czechia, Greece, North Macedonia, Poland, and Serbia).
In this group of countries, renewable energy was generated first of all in hydropower plants.
However, in recent years, countries belonging to group 1 have considerably reduced their
share of coal in electricity production. In 2020 the median share of lignite for this group of
countries was 35%, while for hard coal, it was 0%. In this respect, Poland deviates from
other countries. The production of electricity in Poland continues to be dominated by coal.
Hard coal accounts for over 60% of the coal used for energy production, while the rest is
lignite. Poland has the highest share of coal in electricity production among all the countries
within the IEA (International Energy Agency) and ranks second after Australia in terms of
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the share of fossil fuels used in electricity production. Despite the rapid development of
renewable energy sources, Poland is still found in the group of IEA member countries with
the lowest share of renewable energy sources. Coal will remain the main energy source
for many years. In 2035, it is planned to reduce this source to 105 487 GWhe, although
until 2050, it will probably be 63,563 GWhe. At present, in Poland, nuclear energy is not
generated, but after 2035 two reactors with the combined power output of 6 GWe nuclear
energy are planned [65].
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Figure 4. Changes in the structure of electricity production—clusters 5-8.
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The second group comprises two small European countries—Malta and Cyprus. Start-
ing from the mid-1990s, both these countries based their electricity production on almost
100% of crude oil. Cyprus, as an EU member country, differs from the other EU countries
due to the fact that its electricity grid operates as an independent and isolated grid. It is the
only EU country that is not connected to the European grid and is completely dependent
on domestic production. At present, the electricity system of that island, to a considerable
extent, is dependent on fossil fuels, with approx. 90% of the total electricity production
comes from fuel oil and heavy oil [66]. Similarly, as in the case of Cyprus, Malta, in the first
decade of the 21st century, followed a complete shift from hard coal (from which, as late
as 1990, over 50% of electricity was produced) toward generating electricity entirely from
crude oil. At present, after the transformation implemented in recent years, the energy mix
of Malta includes 86% natural gas and only, to a limited extent, renewable energy sources
(11% share of photovoltaics) [67].

Group 3 contains seven European countries—Albania, Austria, Croatia, Luxemburg,
Latvia, Norway, and Turkey. These countries—mainly thanks to the high share of hy-
dropower (from 42% in Croatia to almost 100% in Norway and Albania) belong to the
group of European leaders in terms of the share of electricity generated from renewable
sources. Turkey is an exception in this group, as it is a country importing electricity and
has problems with energy self-sufficiency. Moreover, a high percentage of energy demand
is met using fossil fuels. In 2020, it was 55%, including 23% from natural gas. Starting from
2014, a marked upward trend could be observed in terms of the share of renewable sources,
among which hydropower had the highest share (2/3 of energy produced from renewable
energy sources) [68]. Moreover, Turkey is intensively developing the production of energy
using wind power plants (in 2020, accounting for 8% of the total produced electricity) and
solar power plants (4%).

Group 4 is the most numerous. It comprises 11 countries (Belgium, Bulgaria, Finland,
France, Lithuania, Romania, Slovakia, Slovenia, Sweden, and Ukraine) with a relatively
diverse production structure. The common characteristic of countries in this group is the
high share of electricity generated in nuclear power plants (over 70%—until the close of
the nuclear power plant in Lithuania in 2009, approx. 2/3 in France, 55% in Slovakia,
40% in Belgium and Bulgaria, 35% in Finland and Slovenia, 30% in Sweden, and 20%
in Romania and Ukraine). Nuclear energy is considered a source capable of combining
the safe supply of the assumed amount of electricity without generating CO2 emissions.
For this reason, it is treated as an effective technology that may be used within actions
countering long-term climate change. According to NEA/IEA [69], in terms of the scenario
to reduce an increase in temperature by 2 °C by 2050, it will be necessary to increase
on a global scale the installed power of nuclear power plants from 396 to 930 GW. This
will mean reaching a 17% share of nuclear energy in the world’s electricity production.
Other sources of electricity important for group 4 include natural gas (20-30% share in
production in Belgium, Hungary, Lithuania, and Romania) and hydropower (over 20%
share in production in Finland, France, Romania, Slovakia, and Slovenia).

The next group contains only one country—Denmark. The analyses of changes that
have taken place in the Danish energy policy within the last 30 years show that the direction
of transformation in the electric energy sector differs from those described previously.
According to the environmental performance index from 2020, Denmark is the greenest
economy worldwide, leading in terms of air quality, sanitary conditions, safe drinking
water, and waste management while also being the world leader in combating climate
change and reducing greenhouse gas emissions by 70% for 2030 [70]. Within the last several
decades, that country has been exceptionally successful in the development of renewable
energy. As late as the 1990s, over % of electricity produced in Denmark was generated
using hard coal. Since then, Denmark has selected and invested huge funds in renewable
energy sources, particularly wind power [71]. The primary element in the promotion of
wind energy in Denmark was connected with the feed-in tariff system (FIT) [72]. Energy
enterprises were obliged to purchase electricity generated in wind power facilities at a
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rate of 85% of the price paid by consumers. The support system was supplemented by
direct subsidies and tax exemptions for private turbine owners, 30% investment subsidies,
and the tax-free generation of electricity by up to 7000 kWh [73]. The introduced support
mechanisms for wind power generation resulted in an over 50% share of these sources
in electricity production in that country in 2020. In turn, the goal of the Danish energy
policy for the year 2050 is to completely eliminate fossil fuels from energy production in
that country [74].

Group 6 comprises three countries: Ireland, the Netherlands, and Great Britain. To-
wards the end of the 20th century, the energy production systems in all these countries were
based primarily on coal, with the share in the production structure ranging from 30-40%
in Ireland to 60% in Great Britain, and on natural gas (30-40% share in Ireland and Great
Britain, and 50% in the Netherlands). The high share of coal in electricity production in
Great Britain was a consequence of the decision made by the British government to impose
an obligation on companies generating electric energy to purchase large quantities of coal
from the nationalized British Coal [75]. At the same time, since the 1990s, an increase
was observed in the consumption of natural gas to generate electricity. This phenomenon
accelerated in 1998, together with the end of the coal contracts [76]. Similarly to British
changes, the trend in the structure of production consisting of the gradual increase in the
share of gas in the production structure at the expense of hard coal was also observed in
the Netherlands and Ireland [77]. In the last decade, wind power has become the third
source in the structure of electricity production in all the countries from this group. In 2020,
the share of electricity generated from wind ranged from 12% in the Netherlands up to 36%
in Ireland. The feature distinguishing this group from the others is the very low (from 0%
to 3%) share of hydropower, constituting the primary renewable energy source in Europe.

Group 7 consists of Germany, Estonia, Portugal, and Italy. The electric energy system
in the first three countries from this group in the 1990s was based on coal (both hard coal
and lignite), the share of which ranged from 30% to 50%. Additional sources used to
generate electricity production included either nuclear power (30% share in Germany and
Estonia) or hydropower (30% share in Portugal). In 2010, the German federal government
passed a package of measures, which comprised a long-term goal of reaching an 80% share
of renewable energy in the annual energy consumption by 2050, and in 2011, the resolution
was adopted to eliminate nuclear energy by 2022 [78]. The consequences of this strategy
for the development of the power sector included reduced electricity production from
coal, an increased share of natural gas, and the development of alternative energy sources,
primarily wind and solar power. Changes similar to those in Germany were also observed
in Portugal, Estonia, and to a lesser extent, Italy [79]. At present, the share of natural gas
in electricity production in this group of countries ranges from 20% (in Germany) to 50%
(in Italy) for wind power, it is approx. 20% (in Germany, Estonia, and Portugal), while
for hydropower, it is 20-30%% (in Italy and Portugal). A supplementation of the electric
energy generation system is provided by nuclear power plants (in Germany and Estonia)
and coal-fired power plants (in Germany).

The last—eighth group consists of one country, Iceland. The Icelandic electric energy
policy and the directions of its transformation, similarly as in the case of Denmark, deviate
from those of the other European countries. Iceland has a huge geothermal potential
resulting from the geographic location of this country in a hot spot of the Mid-Atlantic
Ridge. The country is mountainous and volcanic, with a high annual precipitation total,
thanks to which Iceland has abundant water resources, which are used also for energy
generation purposes. The geothermal resources of that country are used both to generate
electricity and to produce hot utility water that can be introduced to the heat distribution
network [80]. Within the last two decades, the volume of electricity production from
geothermal energy has been increasing systematically, mainly thanks to the increased
demand for electricity in the energy-consuming industry [81]. Together with the growing
share of geothermal energy in electricity production, the amount of electricity produced in
hydropower plants has been decreasing.
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3.4. Environmental Impact of Electricity Production in the Years 1990-2020

The above-mentioned changes in the structure of electricity production observed in
the period of 1990-2020 constitute the basis for determining the environmental impact of
electric energy production in the analyzed European countries. The calculated level of this
impact was expressed in UBP/1 kWh of produced electricity considered when estimating
environmental impacts—the production of 1 kWh of electricity from various sources in
accordance with the production structure in a given country in a given year (Figure 5).
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Figure 5. The level of environmental impact of electricity production in Europe in the period of
1990-2020 [UBP/1 kWh].

The analysis of the presented results indicates a gradual reduction in the environmental
impact of electricity production in Europe. By the end of the 20th century, Turkey was a
definite leader in terms of the environmental impact of electricity production. Between
1990 and 1995, the volume of this impact per 1 kWh of produced energy was 1650 and 1490
UBP, respectively. These values were markedly higher than those in the other European
countries, and thus, Turkey constituted a single-element cluster of the countries with the
greatest environmental impact on electric energy generation. The high level of the electric
energy sector impact in Turkey results from the considerable share of lignite in electricity
production since, until 2000, it accounted for 1/3 of the electricity produced in that country.
In the later 1990s, the process of a gradual shift from coal to natural gas was initiated in the
Turkish economy. In the period of 1985-2003, the share of gas-fired power plants increased
from 17% to 45% [82]. This resulted in a marked reduction in the environmental impact of
the Turkish energy sector.

Denmark is an example of a country, to an even greater extent than Turkey, has limited
the environmental impact of energy production. The level of this impact calculated for
the 1990s (when the Danish electric energy sector was based primarily on hard coal) was
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approx. 660 UBP/1 kWh. Thanks to the energy transformation initiated in the early 21st
century, the environmental impact calculated based on the structure of production in 2015
was 255 UBP/1 kWh, while in 2020, it was 175 UBP/1 kWh. The observed change results
from the Danish energy policy, which since the late 1990s has been supporting wind power
and, in later years, other technologies of renewable energy production [83].

A considerable change in the level of environmental impact was also observed in the
period of 2015-2020 in Malta. As late as 2015, Malta, producing electric energy primarily
from crude oil and petroleum products (93% share), belonged to the group of countries
with the greatest environmental impact in their energy sector. The transition from crude oil
to natural gas as an energy carrier, which took place in the period of 2015-2020, caused a
reduction in the environmental impact from 1038 UBP/1 kWh in 2015 to 242 UBP/1 kWh
in 2020.

The group of countries with the smallest environmental impact on electricity produc-
tion included Iceland, Norway, and Albania. The low impact of energy production in these
countries is connected with a very high share of hydropower plants in the structure of
energy production. According to the method of estimating the UBP value, the production
of electricity in hydropower plants (considering the entire life cycle) leads to the smallest
environmental impact among all the energy sources.

Based on the estimated values, the grouping of countries was conducted by applying
k-means clustering. The calculated values of the index indicate that for values calculated
for 1990, the optimal number of clusters considering the environmental impact of the power
industry was nine. The volume of the impact determined for the successive years shows a
gradual reduction in the number of groups of countries. The values of the environmental
impact calculated for the structure of production in 1995 distinguished five groups of
countries for those of 2000 and 2005, three groups, while for the production structure
from 2010, 2015, and 2020 it was only two. The statistical differences between the objects
belonging to neighboring clusters were verified using the Mann-Whitney U test.

The decreasing number of groups is a consequence of the gradually diminishing
differences in the environmental impact of electricity production resulting from the trans-
formation of the electric energy production sector in Europe in the 21st century. The
increased importance of renewable energy sources, particularly in the case of countries
that previously produced energy using fossil fuels, has led to a reduced impact on the
electric energy sector. The median of the environmental impact that was determined based
on the structure of production in 1990 for the analyzed countries was 464 UBP/1 kWh.
In the following years, the value of the median was 413 UBP/1 kWh (for the structure in
2000), 322 UBP/1 kWh (for the structure of 2010), and 204 UBP/1 kWh (for the structure
in 2020). The presented values indicate the appropriate character of the energy policy
implemented in Europe and are aimed at the limitation of the environmental impact of the
power generation sector.

4. Discussion

The presented calculation results concerning the identification of homogeneous groups
of countries in terms of the changes taking place in the electric energy production system
during the period of 1990-2020 are not consistent with the findings published by Brodny
and Tukat [84], whose aim was based on the k-means method to isolate groups of EU
countries that are similar in terms of the structure and volume of energy production using
renewable energy sources, as well as depending on the GDP values of a given country,
per capita, and in relation to the country’s area. The results of the calculations presented
by those authors indicate that the analyzed countries may be divided into four groups
comprising Austria, Italy, Sweden, and France (group 1), Great Britain and Spain (group 2),
Germany (group 3), and the other 21 countries UE (group 4). The analysis conducted by
those authors covered a less numerous population of countries but also included other
variables than those considered in this study.
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The similarity of countries in terms of their development of renewable energy sources
based on analysis applying the Ward method was also presented in a study by Milek,
Nowak, and Latosiniska [85]. According to those authors, on the basis of nine variables
describing the share of energy generated from renewable energy sources and the installed
power of plants using renewable sources, European countries may be divided into the four
following groups (results for 2020):

- Group 1 of eight elements comprising Malta, Luxemburg, Cyprus, Hungary, Czechia,
Poland, the Netherlands, and Belgium;

- Group 2 of eight elements comprising Lithuania, Estonia, Italy, Spain, Greece, Ger-
many, Ireland, and Denmark;

- Group 3 of five elements consisting of Slovakia, Slovenia, Romania, France,
and Bulgaria;

- Group 4 of five elements composed of Finland, Latvia, Austria, Portugal, and Croatia.

When comparing the presented clustering results with those given in this study, we
may indicate groups of countries, which in both studies were classified into the same
clusters: France-Bulgaria-Romania, Germany-Italy-Estonia, Slovakia-Slovenia, Poland-
Czechia, and Cyprus-Malta.

The differentiation in the level of sustainable development in the energy markets
of the EU countries was also investigated by Bluszcz and Manowska [86]. According to
those authors, the most divergent elements in cluster analysis considered the following set
of diagnostic variables: the consumption of electricity generated from renewable energy
sources per capita (TWH/person), the consumption of hard coal (million ton/person), and
greenhouse gas emissions per capita, including Luxemburg as well as Sweden and Finland,
which constitute clusters 1 and 2. The other 23 countries belong to two groups of 12 and 11
elements, respectively. Similarly, as before, the same group comprises the following pairs
of countries: Czechia-Poland, Germany-Estonia, and France-Romania.

The analysis conducted using the taxonomic methods based on 15 indicators describ-
ing energy consumption both from conventional sources and those generated from renew-
ables in the European Union in 2019 indicates that among the European countries, there
are some which use both traditional and renewable sources (the Netherlands, Germany,
Austria, Italy): those which rely on one energy source and use solely traditional energy
carriers (Poland), or those, which in their production structure use primarily renewable
sources (Sweden, Finland) [87].

In turn, considering the set of Eurostat indicators from the sections factors for climate
change and the environment and energy, the optimal number of clusters for the 27 EU
countries was 10. The most numerous group was Czechia, Slovenia, Hungary, Romania,
Bulgaria, Malta, and Greece. The next cluster consisted of Sweden, Finland, Portugal,
Belgium, and Austria. They were classified into one group mainly due to the comparable
level of pollutant emissions and their key share of renewable energy sources in electricity
production. A separate group contained Ireland and Luxemburg due to their very similar
structure of energy source used, in which crude oil is a total of 50% of the energy mix.
Similarly, as in the case of this analysis, Denmark forms a separate group, while Finland
and Sweden are classified in the same group [88].

The grouping procedure conducted using the taxonomic methods for European coun-
tries depending on the emission levels of their economies and their socio-economic potential
in terms of energy transformation indicate the possibility of distinguishing four groups of
countries. Group 1, comprising countries with a considerable share of renewable energy
sources in electricity production and a very limited reliance on external energy sources,
included Estonia, Finland, and Sweden. An opposite group was that of 12 countries (mainly
CEEs) which are, to a considerable extent, dependent on the import of energy and based on
conventional energy sources, primarily coal or gas [89]. Based on the comparison of the
degree of use for renewable energy sources in 10 countries that were new EU members,
they may be divided into four groups [90]. The most numerous, based on data from 2019,
comprised Romania, Slovenia, Latvia, and Slovakia, i.e., countries with an over 60% share
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of renewable energy production from hydropower plants in the total production of renew-
able energy. For this reason, similarly to this study, Slovenia and Slovakia were classified in
the same group of countries.

The classification of EU countries was conducted based on data from 2020 concerning
the use of renewable sources and indicated that [91]:

- The Scandinavian countries Sweden, Finland, and Denmark were characterized by a

high level of renewable energy use (group 1);

- Six countries had a medium-high level of renewable energy use in 2020—these in-

cluded Austria, Germany, Estonia, Portugal, Luxemburg, and Latvia (group 2);

- The largest number of EU countries were classified in the group with a medium-low

use of renewable energy sources (group 3);

- Only Poland was found in the group with a low level of renewable energy use

(group 4).

The above results of grouping European countries were calculated based on various
sets of diagnostic variables describing sample populations of different sizes for different
periods of analysis. For this reason, these results may not be compared directly. Despite
these differences, we may observe the following regularities, which were also confirmed by
the results presented in this study:

- A high similarity in the electric energy systems of the countries of northern
Europe—particularly Sweden, Finland, and Denmark, at a simultaneous difference in
comparison to the electric energy systems of the other European countries;

- The grouping of countries with a considerable share of nuclear power into one
cluster—France, Romania, Bulgaria;

- The similarity of the electric energy systems of the countries traditionally relying on
coal for their electricity production—e.g., Poland and Czechia.

The structure of electricity production in individual countries affects the level of the
environmental impact of the electric energy sector. The increased importance of renewable
energy sources has contributed to a reduction in the environmental impact of electricity
production. The calculations presented in this study indicate that countries with the greatest
environmental impact in their energy sector are those whose energy mix was based first
of all on fossil fuels. Similar conclusions may be found in a study by Krebs Frischknecht,
who determined the environmental impact of energy production in European countries
based on data from 2018 [92]. According to the presented results of this analysis, the
countries with the greatest environmental impact included Cyprus with 897 UBP/1 kWh
(environmental impact calculated in this paper according to its structure in 2015 was
949 UBP/1 kWh), Malta with 856 UBP /1 kWh (in this paper 1038 UBP/1 kWh), and Poland
with 847 UBP/1 kWh (here 735 UBP/1 kWh). The smallest environmental impact was
recorded for the energy mixes of Austria —170 UBP/1 kWh (in this study 91 UBP/1 kWh),
Sweden—243 UBP/1 kWh (here 165 UBP/1 kWh), and Lithuania with 292 UBP/1 kWh
(here 280 UBP/1 kWh). Despite the use of different sources of data and analyses, which
were conducted by applying different methods, both studies show high consistency in
terms of the estimated environmental impact.

5. Conclusions

In view of the negative phenomena observed in the last several years in relation to
climate change, the further global economic growth based on the use of fossil fuels has
led to increasing environmental pollution, which is neither viable nor feasible. Projections
concerning the condition of the natural environment for the next few years indicate the
need to implement considerable and rapid changes leading to increased use of renewable
energy sources. This trend has additionally been confirmed by the events of the last several
months and the war in Ukraine. Energy transformation in Europe is becoming not only
an environmental but also a political challenge, thanks to which it will be possible not
only to reduce the environmental impact of the electric energy sector, but also a chance for
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European countries to become independent of Russian energy carriers—primarily crude oil,
natural gas, and hard coal. In view of the current uncertainty of energy supplies, we need
to emphasize the necessity of diversifying energy sources in order to ensure the highest
possible level of energy security as a guarantee of further socio-economic growth.

The results of the analysis presented in this paper provide grounds for the formulation
of the following opinions:

- Inthe period 19902020, considerable changes were observed in the structure of energy
carriers used in electricity generation;

- The attempts to achieve sustainable development and the realization of successive
environmental goals formulated by the EU resulted in the increased role of renewable
energy sources in the energy mix of individual countries;

- However, diversification is also observed in the directions of occurring changes—on
this basis, eight groups of varying numbers of countries with similar directions of
energy transformation were observed;

- At the turn of the 20th and 21st centuries, the primary renewable source used in
Europe to produce electricity was hydropower. Technological progress, as well as the
reduction in the level of investment outlays, has resulted in the increased importance
of other renewable energy sources: mainly solar and wind power;

- The type of used renewable energy sources depends mainly on the climate and
geographic conditions of a given country;

- Asaresult of energy transformation, the level of environmental impact on the power
sector decreased.

- Due to an increase in the role of renewable energy sources in terms of the level
of environmental impact caused by electricity production, European countries are
becoming increasingly similar. A consequence is a reduced number of groups of
countries from eight in 1990 to two in 2020.

- Still, in Europe, we may indicate countries that use coal to generate electricity. | The
level of the environmental impact of electricity production in the group of these
countries is the greatest.

The presented research results may prove useful when establishing strategic directions
of energy transformation considering common climate goals and economic integration.
The energy policy has a strategic effect on reaching the assumed climate goals, thus the
indication of the diverse aims for the identified groups of countries seems to be a measure
that will facilitate the optimization of common environmental goals.

The research results presented in this paper concerning the similarities between Eu-
ropean countries in terms of energy transformation occurring in the period of 1990-2020
broadens our knowledge of the structure of energy markets not only in the European Union
itself but also in countries aspiring to join it, such as Turkey, Serbia, North Macedonia, and
Ukraine. The research results make it possible to conduct a multi-criterion division of coun-
tries into similar groups, constituting the basis for the construction of similar scenarios for
the further transformation of energy markets in these countries, aiming to reach common
environmental goals. The indicated similarities of energy markets based on the used energy
mix may become a key aspect for strategic actions that aim at the construction of further
development models for selected groups. An important aspect of this study was also to
show the diversity of European countries, which may influence the rate of integration for
energy markets: a process occurring for many years now within the European Union.

These research results may constitute a valuable source of information for public and
EU institutions as well as individual European countries when creating and implementing
energy and environmental policies. Decision makers may use the results presented in this
study when making decisions on the allocation of public funds considering the current
situation and the realization of EU priorities. In view of the current situation in Europe, the
authors are planning to continue this line of research considering the ongoing changes in
the structure of energy production in Europe as a consequence of the war in Ukraine. The
analysis conducted within this study is limited to synthetic indicators for environmental
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impact and is based on the statistical data available for individual countries. Further
research needs to consider to a greater extent the specific character of individual countries
as well as the interactions between various environmental factors, including individual
categories of such impact, i.e., human health or ecosystem quality. In this context, it is
advisable to conduct further studies on changes in the environmental impact of electricity
generation on the scale of individual countries and regions.
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