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1. Introduction

The last two decades of the twentieth century represented a period of above-average,
systematic growth of formal and informal interdependencies between economies of differ-
ent countries and between world markets. The intensity, magnitude, and diversity of these
interdependencies have never been recorded before in economic history, and the market
transformations taking place have been referred to in the literature as the process of world
globalization. Over the next twenty years of the 21st century, the dynamic and systematic
development of globalization processes has progressed to such an extent that, in fact, a
very high level of interdependence has been achieved in every sector of the economy [1].
This means that national economies for the last forty years have faced functioning in new
economic conditions, forced mainly by the developing globalization processes. This has
mainly contributed to a significant increase in the socio-economic development [2,3] and the
associated enrichment of the populations of most economies and worldwide changes in the
labor market [4]. In addition, there have been new trends in consumer attitudes [5,6], where
environmental issues have begun to play a dominant role in consumer decision-making.

It should be emphasized that the progressing globalization processes have contributed
to a significant increase in the level of foreign direct investment, especially in less developed
countries, and thus to an increase in investment expenditures in enterprises. In addition,
over the last 20 years, there has been a hitherto unseen increase in the level of innovation
and the number of innovations implemented [7,8]. All this, combined with the high com-
petitiveness of economies, has created the possibility of introducing modern technologies,
including the use of energy from renewable energy sources (RES) [9]. The appearance of
further innovations in the production of renewable energy, a significant reduction in the
cost of production facilities and a change in consumer attitudes combined with a significant
increase in the level of household wealth have resulted in the fact that every consumer in
the world has the opportunity to produce renewable energy. It can be concluded that a
new branch of the world economy, the RES has emerged in the 21st century and is one of
the fastest-growing sectors in world economies. On the other hand, the global change of
consumer attitudes gave the opportunity to implement the idea of sustainable development,
both in its economic, environmental, social, and institutional aspects [10,11]. It should be
emphasized that in the European countries that are members of the European Union, the
process of implementation of sustainable development goals is fully institutionalized, and
the member countries are obliged to adapt their institutions and legislation to the adopted
Community-wide sustainable development strategies [12].

However, within the dynamically developing processes of globalization and civiliza-
tion changes caused by them, including above-average economic growth, a key problem
turned out to be the systematic increase of energy demand. The developed global supply
chains proved to be insufficient, as they led to overexploitation of non-renewable energy
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sources and to the destruction of the natural environment. This means that there was a
need for an intensive energy transition at the global level [13-15], which would be based on
the development of new, alternative ways of energy production and consumption and on
the gradual replacement of non-renewable energy sources with renewable or low-carbon
sources [16,17]. It should be emphasized that the transformation, by taking into account
the idea of sustainable development, leads to further fundamental changes in almost all
sectors of the economy, as well as the way of life of the societies of most countries.

2. A Short Review of the Contributions in This Issue

There is a need to discuss the issue of energy transformation and the related problem
of Renewable and Sustainable Energy Production. The answer is to prepare a special
issue entitled “Renewable and Sustainable Energy: Current State and Prospects”, which
contains 14 published articles. The articles successively deal with the content related to the
issue of sustainable development and the problem of achieving the goals of sustainable
development. Subsequent articles then address issues related to RES mix production,
different approaches to renewable energy production (from national-level production
approaches to local level production, to a city level, and even to individual household
level), and issues related to energy investment and renewable energy consumption, where
attention has been focused on both businesses and households.

Cheba and Bak in the article [18] undertook to present the relationship between
the ecological efficiency of production and the 7th Agenda for Sustainable Development
2030. Both these areas indicate the relationship between the economy and the natural
environment, emphasizing changes in the field of energy use. The multi-criteria taxonomy
and selected taxonomic methods were used to investigate the relationship between these
two areas. Despite the ongoing attempts to equalize the levels of development between
individual EU countries in many strategic areas, they remain very diverse. Can it be
assumed that the next steps taken by the European Commission will eliminate these
differences? According to the authors, it is not entirely possible. In subsequent studies,
the authors also plan to expand the scope of research, the methods used to study the
relationship between these areas, and qualitative and quantitative techniques using, for
example, cognitive mapping.

Kludacz-Alessandri and Cygariska in the work [19] pointed out that nowadays the
company’s reputation depends on corporate social responsibility (CSR). CSR has a positive
effect on the company’s financial performance (FP). The authors examined whether the
financial results influence the adoption of corporate social responsibility in companies in the
energy sector. It turned out that the measure of profit before interest, the measure of return
on assets (ROA), and taxation (EBIT) were much higher among companies implementing
a CSR strategy. Enterprise Value to Earnings Before Interest, Depreciation, EBITDA, and
taxes was lower among companies that adopted CSR.

In developing countries, decentralized renewable energy systems such as mini-solar
grids (MG) play and will play an important role. Stritzke and Jain [20] believe that RES
in developing countries is facing major technical, financial, and social challenges in terms
of sustainable development. The research conducted by the authors aimed to understand
the sustainable development of RE MG in a developing context based on an integrated
assessment of the technical, financial, and social dimensions of the exploitation of the ME
through empirical data from community surveys on energy consumption from Uganda
and Zambia and two other in-depth case studies MG from Zambia. The authors concluded
that the complex ecosystem of the rural community is the most important determinant of
the sustainable development of the ME. There should be an appropriate match between the
tariffs of the ME and the affordable price for consumers.

On the other hand, Piekut [21] presented an analysis of sustainable development and
fuel and energy transformation in the household sector in 2004-2019 in the EU. The subject
of the research was various sources of RES used by households, i.e., primary solid biofuels,
charcoal, solar systems, geothermal technologies, biogas, biodiesel, bioethanol, and heat
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pumps. In the analyzed period of 2004-2019, there was an absolute and relative increase in
the use of RES in the household sector.

It should be emphasized that for most countries the problem of the production of the
RES becomes a priority in the policy concerning the development of the economy. RE plays
a key role, especially in EU policy, which assumes that in 2050 the share of the RE is to
increase to 50%, and 80% of electricity is to be generated from low-emission sources. The
authors of the article [22] analyzed the changes in the use of RES for electricity production
from 2005 to 2019 in the EU countries. The k-mean and the Gini coefficient were used in the
study. The research confirmed that the EU countries, in line with the assumptions of the
energy policy, increased both the share of RES in energy production, especially electricity,
and increased the use of RES. Individual EU countries differed in terms of the use of the
RES for the production of electricity. This means that the energy transformation in each of
the EU countries proceeds in a different way. EU countries with similar problems should
undertake joint actions with regard to the Community’s internal policy, technological
development, and energy production. Programs promoting the purchase and use of RES
installations should be launched/continued. Moreover, cooperation between individual
countries in the field of RES should be increased, such as joint research, joint projects, or
joint support systems.

As already mentioned, the EU aims to create sustainable, low-carbon economies based
on the RES. This also applies to the new EU member states. In order to be successful, the
new EU member states must carry out quick and effective changes in the energy sector.
Watachowska and Ignasiak-Szulc in the work [23] presented in the article evaluation of
new EU member states in terms of diversification of renewable energy countries. Ward’s
method was used for the analysis. The obtained results can be used in countries of compa-
rable specificity to undertake activities of a similar nature with regard to internal energy
production, technological development, or a common energy policy.

Poland as an EU member state should decarbonize the economy and become “climate
neutral” by 2050. In the case of Poland, it is very difficult, as currently, about 80% of energy
comes from hard coal and lignite. The country’s energy transformation is openly opposed
by miners or some energy engineers. Several programs supporting the development of the
RES have been introduced in Poland. One of the most important ones is “My Electricity”,
which, depending on the edition and investment, is subsidized from 3000 to 20,500 PLN. In
the article [24] authors believe that the development of prosumer photovoltaics in Poland
is important, but it will not replace coal-fired power plants. More research is needed on
the ecological energy mix of Poland. The most important goal of the research was to make
a proper review of the energy sector, with particular emphasis on technologies that can
be used as ecological systems of distributed energy production, and to outline scenarios
for the development of the sector. The authors used the Delphi method supported by the
Computer Assisted-Web Interview (CAWI) technique, Desk research, and the Weighted
SWOT analysis. The obtained results showed that despite some disadvantages, it is the
photovoltaic systems that will be the fastest-growing energy sector in Poland. Additionally,
technologies will be developed on the basis of dispersed systems of biomass and biogas use.

In recent years, a transformation of energy towards RES has been observed in many
countries. Huterski et al. [25] undertook to assess the level of development of electricity
production from RES using one of the methods of multivariate comparative analysis
(WAP)—a taxonomic measure of Hellwig’s development. A total of 28 countries were
surveyed, including Great Britain and 27 countries of the present EU. Panel models were
used to describe the relationship between the share of RES electricity production in total
electricity production and GDP per capita, electricity production from water, wind, solar,
and biogas per person, and countries’ public energy expenditure as a percentage of GDP. It
was found that rich countries are much easier to invest in the RES than in countries that
have recently joined the EU.

Rapid economic development implies increased production and consumption of
energy. As a result, conventional sources are no longer sulfficient, and their extraction and
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combustion cause a large burden on the environment and climate. In connection with
the above, many countries have decided to transform their energy towards a low- and
zero-emission economy. In the EU, the development of a “green economy” has become a
strategic goal in the fight against climate change. The systematic development of the RES
leads to the improvement of the energy security of a given country and the entire EU.

Another very important problem is the issue of socio-economic development, inno-
vativeness and RES at the regional level [26-29]. In the paper [30] authors took up the
problem of carrying out energy transformation in the example of Pomerania Voivodeship
(Poland). In this regard, the current status, potential, and development prospects of the
RES in the Pomerania region are presented. Additionally, a PEST analysis was performed
for the renewable energy sector. The calculated RES potential indicates that Pomerania
could become energy self-sufficient on the basis of RES. It was concluded that not only
this Voivodeship but also the whole of Poland is characterized by a high potential of the
RES [14].

In the next article [31] authors also developed the subject of RES in Poland for the
Greater Poland Voivodeship. It is important because the EU Member States are obliged
to implement the adopted Community Energy Strategy, which was defined under the
European Green Deal. Energy transformation is to be based largely on the diversification
of energy sources used, with a predominance of the RES. The authors asked themselves
whether, based on the available technologies of the RES mix, it is possible to decarbonize
Greater Poland Voivodeship. The research consists in determining the energy potential of
RES in Greater Poland Voivodeship based on the methods of the geographic information
system (GIS). The GIS methods were chosen because they allow for spatial positioning of
surface, linear, and RES potential structures, thus ensuring high accuracy of the obtained
estimates. The authors concluded that the technical potential of the RES in the Greater
Poland Voivodeship is higher than the current consumption of electricity and heat. It
should be added that the Greater Poland Voivodeship is one of the regions dependent on
coal in Poland, which has already prepared a structured plan for a just transformation
towards clean energy technologies.

The paper [32] deals with the problem of using renewable energy at the city level.
Sidetko dealt with an innovative approach to municipal waste management in the example
of the commune of Koszalin (Poland). The author proposed the Waste Processing Energy
Recovery model which is a universal solution for provinces and cities. The waste balance
includes waste from the selective collection, mixed municipal and commercial waste as
well as sewage sludge from the municipal sewage treatment plant. The developed model
is based on the functioning of four facilities. Every day, this system produces 5519 m? of
gas and high-energy waste fuel for combustion in the amount of 82.2 tons. The proposed
energy recovery from waste is 754 kWh/inhabitant/year.

The overall energy mix is made up of many sources of renewable energy. Therefore, it
is also important to consider the individual selected energy sources in detail. Every year
the share of wind energy (EC) in the energy mix of many countries increases. It is clean
energy and more and more competitive in terms of prices for energy from burning fossil
fuels. Matching the appropriate statistical distribution to the wind speed (WS) data is
crucial in analyzing and estimating the EC potential. In the paper [33] the efficient global
optimization (EGO) technique to fit the statistical distribution to WS data were proposed,
and the technique performance was compared to the genetic algorithm (GA), simulated
annealing (SA), and differential evolution (DE). On the basis of Weibull parameters, the
authors obtained the potential of the EC and the potential annual revenues for Gdarisk
(Pomerania Voivodeship, Poland). The conducted research has shown that urban wind
turbines can be installed in the city with virtually no restrictions. Installed on the roofs of
shopping malls, office buildings, or houses, they would partially cover the electricity needs
of these buildings.

In Poland, a new form of settlement of investments in improving energy efficiency
is the formula of involving an energy service company (ESCO). Kurowska-Pysz and Ku-
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nikowski in the paper [34] showed that many entities in Poland still lack sufficient knowl-
edge on this subject. The problem discussed in the article concerned the conditions for
applying the ESCO formula (investment financing model with the participation of a special-
ized company) to support enterprises and local government units in the development of
energy and energy projects. Research questions were asked to analyze the following issues:
sources of knowledge and reasons for interest in the ESCO formula, activities and other
factors that may increase or decrease the interest in the ESCO formula, and attractiveness
of alternative instruments for financing energy projects. The research problem was solved
by means of the triangulation of research methods: empirical qualitative research (desk
research analysis and one of the foresight methods (plate expert), individual in-depth
interviews, CAWI questionnaire, and focus questionnaire). It was noticed that there is a
lack of knowledge among enterprises and local government units about the ESCO formula.
Hence the most important conclusion: education of enterprises and local government units
in the field of energy efficiency. The authors recommend strengthening the energy market
and supporting ESCO companies.

In the last article [35] authors considered the issue of management of electricity con-
sumption in manufacturing companies. This is to allow enterprises to optimally control the
costs of electricity in the current times of pandemic, political crises, and energy transforma-
tion toward the RES. A method of analysis and management of electricity consumption in
enterprises based on simulation modeling was proposed. The model takes into account en-
ergy consumption, production order execution time, machine load, and employee overtime.
The obtained results show that it is possible to determine the level of power available for
the process execution and its impact on the production volume and execution time. In the
event that the available capacity was reduced by half, the order fulfillment time increased
by nearly 25% and an increase in energy consumption by nearly 15%.

3. Conclusions

Summarizing the content of the articles in the special edition “Renewable and Sustain-
able Energy: Current State and Prospects”, it should be stated that the energy transforma-
tion processes will systematically develop and will result in further, dynamic development
of the RES sector. The process of producing renewable energy is particularly important,
because the RES mix allows for the satisfaction of energy needs in the region, and even na-
tionwide. Further development of RES means an increase in the energy security of a given
country, which will increasingly use its own RES. This is of great importance especially at
the present time, where, in the face of the war in Ukraine, many countries have given up
importing fossil fuels from Russia and are looking for energy solutions in integrated RES.
Undoubtedly, the RES sector needs additional determinants of development. One such
factor is initiatives in the form of the creation of startups focused on the production, storage
and distribution of renewable energy [36-38]. Another issue is to subsidize already existing
successful companies in the RES sector by going public and raising new funds from the
capital market. Here, the most important thing is the right moment for a company to go
public (IPO) [39-42], since on the right moment depends upon the success of the debut in
the form of sale of the majority of shares and their good price.
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Abstract: The subject matter of this paper is the functioning of a highly effective waste management
system. Assumptions of the Energy Recovery Waste Processing (ERWP) model, being a universal
solution for towns and regions irrespective of their population, are presented here. The result of
simulations illustrating the energetic potential of municipal waste stored and processed in biological
and physicochemical processes are also presented. Calculations were performed for the municipality
of Koszalin (Poland), with a population of 106,000. Mixed household and commercial waste, organic
waste, waste from selective collection and sewage sludge from a municipal wastewater treatment
plant were considered in the waste mass balance. Empirical equations and unit coefficients describing
the energetic efficiency of particular processes originating from the author’s own research work
as well as from the results available from the scientific literature were used in the calculations.
The developed ERWP model is based on the functioning of four objects constituting a comprehensive
technical infrastructure, i.e., biological stabilisation in air condition (BSAC), mechanical treatment
plant (MTP), cogeneration system plant (CSP) and gas production plant (GPP) where two independent
modules operate, namely, dry/wet methane fermentation (DMF and WMF). Each day;, this system
generates highly energetic refuse-derived fuel (RDF) for combustion in amounts of 82.2 t for CSP and
127.3 t for GPP, generating 5519 m® of gas/d. The value of the energy contained in such generated gas
and in waste making up an alternative fuel is 1027.4 GJ, which is equivalent to 285.4 MWh. It should
be noted that the creation of a waste management system based on the ERWP model assumptions
fulfills the criteria of energetic recycling and allows for recovery of energy in the form of gas and
heat equivalent to 79,917.6 MWh/a, i.e., 754 kWh/inhabitant/a.

Keywords: waste management; energy recovery; model of energy recovery; biogas; fermenta-
tion; combustion

1. Introduction

This paper pertains to municipal waste that may have a negative impact on the natural
environment and human health [1-3]. Waste management is a global problem originating
from economic development [4-7]. Globalisation processes have contributed, through the
systematic increase in the interlinkage between various markets and in numerous aspects of
economic and social life, to the establishment of a new institutional order, new institutions
and legal and economic solutions [8,9]. Such processes also promote increases in outlays
on investment projects [10,11], boosting the level of innovation and competitiveness of
economies [12-16]. The fact that in the last thirty years an economic convergence has
occurred for the majority of countries is indicated in the literature [17,18]. The economic
convergence processes contributed to permanent changes in consumers’ attitudes and
awareness, particularly in terms of sustainable consumption when considering concerns
about energy consumption and the natural environment [19-23]. Energetic transformation
embraces the majority of economies, including agriculture, in which use of biocompo-
nents produced from organic waste plays a significant role [24,25]. This means that waste
management is equally important for big metropolitan areas and small rural communi-
ties [26,27]. An observed trend of the use of waste as a source of valuable raw materials
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requires development of a functioning waste management model, taking into consideration
the possibilities and needs of a given region [28].

In the article, practical and theoretical aspects of the municipal waste elimination for
the city of Koszalin based on an effective functioning waste management system will be
considered. The main objective of this paper is the presentation of the ERWP model to be
used as a complementary waste management system. The effectiveness of a system based
on the ERWP model has been discussed in relation to Koszalin city (Poland).

It should be underlined that the volume of waste generated worldwide increases
systematically, yet a significant part of it is not covered by the system, thus causing
quantifiable losses in the economy and natural environment [29,30]. In 2018 in the European
Union, 2538 million t of municipal waste was generated, and 55% was recycled [31]. The
remainder was put in landfills, causing their degradation to a variable degree [32]. The
absence of proper industrial infrastructure for waste processing, mainly in the eastern
EU countries, is still the main reason why 40 =+ 45% of waste does not go to local waste
treatment systems, resulting in wasting of valuable sources of recyclable and energetic
materials [33,34]. This results in an increase in costs of economic system functioning that
is different depending on the solutions adopted [35]. In Poland, almost 42% of generated
municipal waste is directly put into landfills [36].

The ERWP model takes into account a number of conditions, among which the most
important ones are: waste type, physicochemical properties, morphological composition
and volume. Irrespective of the values of the above parameters, such systems are always
based on the application of well-known unit processes, such as: screening, separation,
biological treatment, dehydration, thermal transformation and storage. The proper com-
pilation of processes that make up a complementary system depends on the adopted
objective that is contingent upon financial and technical possibilities. Such an objective can
be, for example, the recovery of valuable waste components within the material or organic
or energetic recycling framework [37]. Ultimately, the objective can also be rendering
such waste harmless through its storage in controlled conditions. However, taking into
account waste composition and its physicochemical properties, this method is economically
ineffective and, importantly, has a negative impact on the natural environment [38,39].

2. Potential of Municipal Waste to Energy Production—Review

The introduction indicates the need for the construction of a waste management sys-
tem for any local government unit. The main task of such a system is to use waste as a
source of raw materials including raw materials for energy production. The volume of
energy generated from waste depends, first and foremost, on the methods of processing, al-
lowing for the recovery of energy in variable forms, generally in the form of heat generated
in the combustion process [40,41]. Waste can be, as a source of energy, a significant element
of the local energetic balance [42]. A good example here is the municipality of Copenhagen,
which adopted in 2011 a strategy for development until 2025, which will eliminate the use
of coal as the energetic raw material [43]. The share of energy generated from municipal
waste in Copenhagen’s energetic mix will finally be approximately 40%.

In 2018, 12.5 million t of mixed municipal waste was stored in Poland. Most of
the waste, i.e., 9971.2 thousand t, was generated in households, which made up 83%
of total generated waste. The remaining part of the waste, i.e., 1997.5 thousand t of
household and commercial types, collected from the servicing of municipal infrastructure
and entrepreneurs, amounted to 17%. Analysis of the morphological composition of waste
delivered to plants using methane-biological processing technology (MBT), based on results
of research work performed in 20 plants located in Poland, shows a great potential for
broadly understood recovery [44]. Classification of particular waste components in terms
of their use leads to distinguishing the following groups: Group No I—recyclable materials
(glass, metals, synthetic materials qualified for recycling), Group No II—waste having high
energetic value (paper, cardboard, textiles, composites and synthetic materials not qualified
for recycling, as well as wood), Group No III—biodegradable waste (BIO1, BIO2, BIO3) and
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Group No IV—waste classified as useless or dangerous. Percentage shares of particular
waste components in mixed waste as well as in fractions separated with an 80-90 mm
mesh screen, as average values obtained from research work performed in various plants
in Poland, are shown in Table 1.

Table 1. Percentage shares of waste components and classification into four different groups.

Mixed @ >80-90 mm ¥ <80-90 mm ¥
No. Components
Yo (wiw) % (wiw) Group, No Yo (wiw) Group, No
1 Kitchen (BIO1) 25.1 0.9 11 12.7 I
2 Park, garden (BIO2) 0.3 0.6 il 0.3 I
3 Organic (BIO3) 0.6 5.9 III 34.7 I
4 Wood 0.6 1.3 I 0.6 I
5 Paper 14.6 224 I 9.8 I
6 Plastic 14.1 32.6 I 5.7 II
7 Glass 8.6 14 I 11.1 I
8 Textiles 39 12.7 I 0.6 I
9 Metals 2 14 I 13 I
10 Multicomponent 3.6 6.5 I 1.5 I
11 Other 9.5 14.2 v 21.7 v
<20 mm 17.7 - - - -
M Own study.

Waste possessing values of recyclable materials (Group No I) recovered for mixed
waste during the manual separation process can be obtained, as a rule, exclusively from the
oversize fraction separated in, e.g., rotary drum sifters featuring mesh not less than 8 cm;
the total content is 37.2%. A method of using Group No II, defined as RDF, considering
its high calorific value of 18-24 MJ/kg, is combustion [44]. The application of screening
and mechanical separation of mixed waste resulting in energetic raw material in RDF form
allows, in the extreme case, for an increase in the calorific value from 8.4 to 25.0 MJ/kg [45].
A calorific value exceeding 11 MJ/kg guarantees, in principle, energetic efficiency of
combustion or gasification exceeding 65%, which allows for classification of the process as
energy recovery [46]. According to the International Energy Agency, the calorific value of
waste to be used in combustion processes should not be, for process profitability, below
7942 K] /kg [47]. In Germany, one of the biggest EU economies, the volume of RDF separated
in MTP installations increased from 31% in 2006 [48] to 34.2% in 2017 [49]. A significant
criterion for the application of the available techniques of thermal transformation of mixed
municipal waste is relatively high humidity, which reduces their calorific value. The use of
more advanced techniques such as, for example, pyrolysis or gasification, requires higher
calorific value of waste; this is associated with a necessity to apply proper methods of
batch preparation [50,51]. Unfortunately, pyrolytic installations of an industrial scale used
for waste processing are unreliable, which has been proved by plants closing shortly after
being put into operation. For example, THERMOSEL 2002 (opened) /2006 (closed), DBA
2001/2010, EDDITH 2002/2009 and Schwel-Brenn 1997 /2000 [52,53].

Group No III comprises biodegradable waste, i.e., waste that can be subjected to
biological gasification in the methane fermentation process. During decomposition of
organic matter under controlled anaerobic conditions, biogas is generated, which contains
flammable components, including methane. The share of biogas production in Euro-
pean Union countries makes up 136.6 million tons of oil equivalent [54]. The content of
methane, depending on the raw material, is 50-75% and the calorific value is, on average,
22MJ/ m3 [55,56]. In the case of the organic fraction separated from municipal waste, the
yield of biogas volume in the plants that use the methane fermentation process in low
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hydration conditions (DFI) reaches 339 m® CH, /Mg organic matter [57]. A possibility to
generate biogas, resulting in a reduction in waste processing costs will be, in future, the
primary factor deciding the selection of this biological waste processing method. Waste
that is also suitable for the methane transformation process is sewage sludge (SS), origi-
nating from municipal wastewater treatment plants. In 2018 in Poland, 640,000 t of dry
matter from sewage sludge was generated. This is equivalent to approx. 25 million tons
of mechanically dehydrated sludge to 80% humidity on average [36]. The volume of
methane generated during the fermentation process carried out in separate chambers in
high-hydration conditions is 0.19-0.24 m?/kg organic matter [58]. The application of the
thermal method for the disposal of sewage sludge requires a reduction in its humidity to at
least 10%. This means that the consumption of energy for mechanical dehydration, then
water evaporation from sludge with an initial humidity of 98%, is very high. Other sorts of
waste, which due to their properties may constitute a raw material for energy generating
processes in various forms, are generated in populated areas; they comprise, among other
things, waste from selective collection, including biowaste, organic waste from green area
cultivation and biodegradable waste from production and foodstuff processing as well as
flammable packaging waste with low value as recyclable material.

The diversity of municipal waste means that optimisation of the system of energy
generation from waste should take into account not just waste fuel properties but also its
morphological features. This also means there is a necessity to apply various methods
for the preparation of the raw material earmarked for the generation of energy in the
form of heat, electricity and gas. Using (i) available techniques and (ii) applying the
principle of cooperation between the waste generating and processing entities [59], an
ERWP model was developed; it allows for assessment of the volume of energy generated
from the processing of amassed waste independently of its volume, type and specific
features. Empirical equations describing the impact of selected variables on the volume
of generated energy and values of empirical indicators describing energetic efficiency of
particular processes, achieved both in industrial plants as well as used in scientific research,
were used for setting the energy balance. ERWP reflects the circular economy idea, which
promotes the maximum usage of available raw materials in line with a rule that waste
becomes a raw material for the next production cycle [60,61].

Waste-to-energy (WtE) plants are an integral part of the circular economy strategy in
the treatment of non-recyclable waste. Waste with a high potential for thermal gasification
or biogas production is converted into heat and electric energy. The ERWP model takes
into account two of the six defined trends of the WHE strategy, i.e., more gasification plants
offering commercial-scale operations and a push to use organic waste to replace natural
gas [62].

3. Materials and Methods

Organisational and urban structures that are suitable for the creation of comprehensive
energy generation systems using various sources, including municipal waste, are big cities
and communal special purpose associations. The benefits originating from implementation
of waste processing procedures contained in the ERWP model were analysed based on
municipal waste produced in the municipality of Koszalin located in the northern part
of Poland in the Pomerania region. The simulation was performed for mixed waste,
biodegradable waste, waste from selective collection and mechanically dehydrated sewage
sludge from the municipal wastewater treatment plant. Based on the structural research
results, using the ERWP model assumptions, volumes of waste flowing between particular
plants were determined; on these grounds, the volumes of waste for making energetic
raw material were fixed. This model allows for comprehensive assessment of the waste
economy system’s efficiency, including definition of the waste volume being directed
to raw materials recycling or materials recycling. The aspect associated only with the
energetic potential of waste processed in the plants that use the combustion and methane
fermentation techniques is presented herein.
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3.1. Composition of Municipal Waste

Structural research work on mixed waste was performed at the Regional Waste Man-
agement Plant in Sianéw, which has a mechano-biological waste processing installation.
The research work comprised the performance of a morphological analysis of two frac-
tions that were mechanically separated in a rotary drum sifter with 90 mm screen mesh.
Samples of waste from both fractions amounting to approximately 100 kg were taken for
morphological examination. Tests were performed three times. From fractions defined
as oversized (fr. > 90 mm) and subscreen (fr. <90 mm), nine waste components were
separated, i.e., biodegradable waste, plastics, paper and cardboard, glass, metals, textiles,
wood, composite materials and other. Percentage shares of particular components were
determined by their weight and comparison of the partial results to the entire mass of the
sample. The shares, which were calculated in that way, indicated percentage by weight
(%(w/w))- The percentage shares of the oversized and subscreen fractions in the mixed
waste stream separated in the rotary drum sifter were determined from the mass balance of
MBTP’s mechanical part [44]. The components separated in both fractions were combined,
based on the classification criterion for a given group, thus creating Group No II and Group
No III. From both groups, samples were taken for physicochemical tests.

3.2. Physicochemical Analyses

Apart from the samples taken from Groups No II and No III, which were composed
of the components separated at the structural examination stage, samples of mechani-
cally dehydrated sewage sludge taken from the municipal wastewater treatment plant in
Koszalin were also subjected to physicochemical tests. The research included recording
dry mass (dm) according to PN-EN 14346 and organic matter (om) according to PN-EN
15169: 2011. The analysis of C and N content was accomplished by Elementar, VarioMax
CN. About 10 mg of dried powdered homogenous sample was used to determine the
percentage of carbon and nitrogen. The measurement uncertainty of both analytes was the
same, i.e., +0.5%.

3.3. Model for Energy Waste Management

Taking into account the method of waste storage, four primary sorts of municipal
waste generated in populated areas can be distinguished, i.e., mixed waste, waste from
selective collection, biowaste and sewage sludge originating from a municipal wastewater
treatment plant. The ERWP model is based on the cooperation of four industrial objects
responsible for performing various tasks connected with processing of the above defined
sorts of waste (Figure 1). The abbreviations used are presented in Table 2.

Table 2. List of abbreviations.

BOF

BSAC
DMEF/WMF
GPI

HM

MTP

RM

SS

Biodegradable Organic Fraction BHDS Biological Half-Digested Sludge
Biological Stabilisation in Air Condition CSP Cogeneration System Plant

Dry/Wet Methane Fermentation GPP Gas Production Plant

Gas Pretreatment Installation HHV/LHV Higher/Lower Heating Value
Harmful Materials MBTP Mechanical Biological Treatment Plant
Mechanical Treatment Plant RDF Refuse-Derived Fuel

Recyclable Materials SRM Separated Row Materials

Sewage Sludge
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Figure 1. Block diagram of the ERWP model.

The first object is the mechanical treatment plant (MTP), to which mixed waste is di-
rected. The MTP technique is based mainly on the screening as well as manual /mechanical
separation processes. The second plant is the cogeneration system plant (CSP). In this
object, thermal transformation of waste using a highly efficient combustion process will be
carried out. The third plant is the gas production plant (GPP) processing biodegradable
waste using two types of methane fermentation performed in high (WMF module) and
in low water content conditions in the so-called dry fermentation process (DMF module).
The fourth plant is the biological stabilisation in air condition (BSAC), i.e., the use of an
intensive biological material aeration process under controlled conditions (composting).
The key issue qualifying determination of the entire system’s energetic potential is the mass
balance of waste flowing between particular plants and the balance of energy generated in
unit processes provided in the ERWP model.

3.4. Mass Balance and Energy Balance

In setting the mass balance for raw materials used in energy generation, the volume
of waste streams resulting from the splitting of waste mass originating from MTP and GPP
technology—np, mp, Mg, mj1, Mz, miz—must be calculated (Figure 1). In order to do this,
it is necessary to determine volumes of waste supplied to the system—ingg, mpjo, Myiy,
mcs—and know the results of the examination of waste morphological composition. The
method of assessment of particular waste stream masses is shown in Table 3.
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Table 3. Mass balance equations.

Mass Equation Eq. No. Assumption
gy mg(Wpor — Wpr)/(Wpr — Wss) 1) mpr -Wpp = Y (mj- - - W)
me mss — Mg 2) part of SS to WMF process
mg i (%ofr>90 mm *% No 111 +70fr<90 mm* %o No 111)0.01 3) Group No III of both fractions
miy Am (mg + mp) (4) Am, as a result of om reduction
M Mixe (706590 mm *%oNo 11 + 70fr<90 mm* %0No 11)0.01 (5) Group No II of both fractions
m;3 mes- -+ 0.4+ mpro---0 6) worn out furniture, doors, ... : Cs, wood and branches: BIO
@ Own study.

Two energy-generating processes have been provided in the system based on the
ERWP model. These are methane fermentation in high- and low-hydration conditions
and thermal waste transformation through combustion. The result of the oxidation of
organic compounds in the municipal waste combustion process in the presence of oxygen
is the liberation of thermal energy amounting to 10 MJ/kg (LHV) [63]. To calculate the
parameters allowing for assessment of the energy potential, equations describing the
relationship between the higher heating value (HHV) and lower heating value (LHV) as
variables dependent on the contents of selected elements: HHV, LHV = f (C,H,N,O,S),
can be used [64]. The elements are determined by application of elemental analysis and
their contents are indicated as percentages of dry mass. Mutual relationships described
in the literature are expressed by multiple regression equations having the general form
of Y =a+by- Xy +...... + by- Xy The equations obtained are then approximated by
application of the least squares method and in the majority of cases they have a high
coefficient of determination (R?), which shows a good match of the estimated function
(Table 4).

Table 4. Equations used to determine HHV and LHV in MJ/kg depending on the chemical composition.

Materials Equation R? References
Over sieve fraction of MSW HHV = 0.3491C + 1.1783H + 0.1005S — (0.10340 + 0.0151N + 0.0211A)  0.85 [65]
Sewae Sludee HHYV = 0.2322C + 0.7655H — 0.0720 + 0.0419N+ 0.0698S + ) [66]
ge Suce 0.0262C1 + 0.18814P
Biomass materials HHYV = 0.328C + 1.4306H + 0.0929S — 0.0237N — (1 — A/100)- ) (67]
(40.11H/C) + 0.3466
CR- sifted ballast after
composting of MSW and MTR- LHVq = HFV = (212.2H + 0.8(0 + N)) - [48]

rejected after manual separation

LHV, = HHV4 — ((1 — 0.01M) — 24.43M)

Usage of the equations contained in Table 3 is associated with a necessity to analyse
contents of the elements making up the independent variables. Arriving at a reliable result
requires (i) application of the same methodology of preparation of the analytical sample
and (ii) use of raw material procured in the same way as that used for the development of
the given equation. Condition (ii) originates from the limitation of the impact of the so-
called discreet variables that are not taken into account in the equations in Table 3. Finally,
to estimate HHV, an equation was used which takes into account, as independent variables,
contents of various materials in the waste mix making up the energetic material [68], in the
following form:

HHYV = 0.0535(F + 32.6- - - CP) + 0.3722 - PLR, MJ /kg @)

Particular values in Formula (7) indicate contents of: F—bio fraction, CP—cardboard
and paper, PLR—plastic, leather and rubber in the dry waste mixture expressed in %y /w)-
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Approximation of the results based on determination of the HHV value, being a
dependent variable for sewage sludge samples after the methane fermentation process
with variable organic substance contents, allowed for the development of a model for
which coefficient R? was 0.87 [69]:

HHYV = 0.2132- - - Zom, MJ /kg ®)

Zom in Formula (8) indicates contents of organic matter in % dim.
The higher heat value of wood waste was assessed from the following equation [70]:

HHV= 0.4373C — 1.6701, M]J/ /kg )

Gas yield from methane fermentation is described, in practice, by two indicators. The
first one is the rate of biogas production (GPR), counted as a quotient of the daily volume
of generated gas and reactor volumetric capacity expressed in m3gas/ m3reactor/d. This
indicator is used directly to fix the calculated flow rate in the installation and to select proper
biogas-processing devices. The second indicator is the unit gas production (GP), calculated
by division of the daily generated gas volume by the daily load of organic matter, which
shows the volume of biogas generated from raw material mass, i.e., m> gas/Mg om. GP is
used, first and foremost, for assessment of energetic potential associated with economic
analysis. Fermentation of the organic fraction, depending on the participation of other
co-materials, gives the value of GP =222 = 350 dm? CH,/ kg om. [71]. Table 5 shows GP
values obtained from examination of the fermentation process using various raw materials
both in low- and high-hydration conditions.

Table 5. The indicators used to determine WFI and DRI yield of gas production.

Raw Materials T°C M % GP dm®/kg dm CHj %o HRT d References

SS 36 95.5 56.5 - 28 [72]

SS 35 98.4 64.7 72.3 27 [73]

SS 35 90 171 - 4+59 [74]

SS 55 82.5 164 <+ 233 - 30 [75]
OFMSW + SS 35 97.7 76 64.6 27 [73]
OFMSW + SS 35 80 215 76.5 - [76]
OFMSW + SS 35 89.3 265 + 311 — 44 =71 [77]

OFMSW + FVW +SS 35 80 433.9 80.8 - [76]

FVW: fruit and vegetable waste, HRT: hydraulic retention time, GP: gas production, M: moisture.

4. Results

Determination of the energetic potential based on the ERWP model was performed
for the municipality of Koszalin with statistical data pertaining to the volume of municipal
waste amassed in 2018 using the results of research describing waste composition and
selected physicochemical parameters. The volume of household and commercial waste
that was generated at that time was 30,760 t. The mechanical part of the plant to which
the waste is directed comprises recovery of the fraction (Fr. > 200 mm) set for manual
separation. The fraction below 200 mm makes up 89.2% and is directed in full to a rotary
drum sifter with 90 mm mesh [44]. The average share of the oversized (Fr. > 90 mm)
and subscreen (Fr. < 90 mm) fractions was 46.1% and 53.9%, respectively. The percentage
shares of separated waste elements in both fractions are shown in Figure 2. Classifying all
separated waste elements into four groups, shares in both fractions (Figure 3) were fixed
and on this basis average shares of Groups No I-IV in mixed waste were calculated; they
were: 44.2,14.0, 20.7 and 21.1%, respectively.
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Figure 2. Percentage of waste components in two particle size fractions.
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Figure 3. Percentage of four groups (I-IV) in two particle size fractions.

The mass balance was set assuming 280 working days per year, which allowed for
fixing the daily volume of mixed waste (M) directed to MTP as approx. 110 t. Using
Equations (3) and (5), the mass of the waste attributed to Group No II—m;,—directed
to CSP and mass of the waste attributed to Group No III—mpz—directed to DFI were
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calculated. These masses amounted to 13.7 and 20.3 t/d, respectively. The results of
physicochemical tests of samples of both waste groups and sewage sludge before and after
mechanical dehydrations are shown in Table 6. The content of organic matter found in
sewage sludge was in the range of 65-75% dm, defined as characteristic [78].

Table 6. Physicochemical test results.

Raw Materials Dry Mass (dm), % Org. Matter, % dm  Corg, % dm N, % dm

Group No II 78.0 25.0 51.22 0.48
Group No II 72.0 65.0 34.56 1.11
Sewage Sludge (SS) 5.1 74.0 55.0 411
Dewatered SS 21.0 72.0 51.12 4.04

5. Discussion

In total, 3.044 t of biodegradable (BIO) waste was stored. In accordance with the
earlier description, this waste originated from selective collection performed in individual
households, collection from the gastronomic sector and green area cultivation. The quality
of BIO waste justifies its delivery to BSAC provided that any wood waste that was not used
for the production of wood chips as structure-forming material in any composting process
was directed to the CSP [79]. As there is no accurate data to that effect, this stream of waste
was omitted by putting 0 in Equation (6). In waste from selective collection, amounting to
100 tons/year, waste window and door woodwork as well as worn furniture make up 25%,
which makes stream mass ;3 equal to 25 t/a.

In the Koszalin-Jamno wastewater treatment plant featuring throughput of 36,000 m3/d,
approximately 71 tons of mechanically dehydrated sewage sludge (mgs) with 21% dm
is produced during a day. The predisposed fermentation technique BOF, due to the
high concentration of dry matter, is dry fermentation, which proceeds in low-hydration
conditions below 85% [80]. This allows for a considerable reduction in reactor volumetric
capacity compared to wet fermentation that is performed at a hydration level exceeding
94% [81]. Considering the composition and structure of BOF, this waste, being a coarse-
grained raw material, requires preliminary preparation, i.e., comminution. The optimum
degree of comminution of the organic fraction for the dry fermentation process should take
into account the maximum share of granules with dimensions falling into the 20 to 40 mm
interval [82]. The impact of comminution on the increase in fermentation gas yield is not
clear-cut. The majority of the available sources of information indicate that the increase in
the active surface of organic particles through material comminution facilitates access of
microorganisms to nutritive substrates, thus improving the process conditions [83]. The
ERWP model is based on the assumption that BOF arrives in its entirety to the DFl module
of the GPP. The required content of water for the dry fermentation process, due to the
low humidity of BOF at 28%, is secured by supplementation of mechanically dehydrated
sewage sludge with 79% water content. To determine the mass of sewage sludge
and mp, directed to the methane fermentation process, Equations (1) and (2) were used,
respectively. Based on these equations, it was found that 79 t of sewage sludge containing
95% water is directed to the wet fermentation process, whereas 28 tons of sewage sludge
containing 81% water mixed with 20.3 tons of the organic fraction separated from mixed
waste makes up a mass of daily charge into the dry fermentation process. The decrement of
the dry mass of sewage sludge in the methane fermentation process is 31-35%, which causes
a decrease in the heat of combustion on average by 22% [69]. The mass of post-fermenter
m;; amounting to 43.1 t was calculated using Equation (4).

The volume of gas generated in the GPP in both VFI and DFI modules was calculated
using the unit indicators presented in Table 5. In the case of wet fermentation performed
in the VFI module, an indicator of 60.6 dm3/kg dm was used as an average value of two
empirical indicators given by [72,73]. In both cases, the fermentation process proceeded in
mesophilic conditions and a similar period of charge was used in the HRT reactor. The gen-
eration of gas in the DFI dry co-fermentation process using a mixture of sewage sludge and
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organic fraction separated from municipal waste (Group No III) was estimated using an
indicator value of GPP = 265.0 dm?/ kg dm [76]. The adopted indicator corresponds to the
value attained on an industrial scale in a methane fermentation plant based on the LARAN
technique employed in the municipality of Tychy (Poland), where the average daily produc-
tion of gas in mesophilic conditions at HRT = 20 days is 266.3 dm>/kg dm [44]. A slightly
lower gas yield obtained from a dry fermentation process amounting to 215.0 dm?/kg dm
has been observed in laboratory conditions [73]. For the indicators assumed, the volume
of gas generated in WFI and DFI modules is 239.37 and 5280.06 m3/d, respectively. The
energy equivalent to the volume of gas generated in both modules of methane fermentation
was calculated by assuming that the combustion heat was 22.5 M]/ m?3 [42] (Table 7).

Table 7. Mass and energy production using ERWP model.

Daily
Process Raw Materials

Mg GJ MWh
WEFI mp 79 5.39 1.49
DFI mpy + Mgy 48.3 118.8 33
csp My 43.5 555.89 154.37
csp Mip 13.7 335.58 93.19
csp M3 0.1 11.78 3.26

To CSP generating thermal energy and electricity directed the remains from the dry
fermentation process (m;1), Group No II (i1;,) and door/window woodwork as well as
waste furniture, jointly making a high-calorie raw material SRM (1;3). The content of
organic matter in the waste stream 1, determined as a weighted average in sewage
sludge and BOF (Group No II) after the fermentation process, causing partial oxidation
of so, was 60.56%. To calculate HHV for m;; and m;,, Equations (7) and (8) were used,
respectively. Contents of carbon and nitrogen in Group No II determined in the elementary
analysis method are similar to the results of research published in numerous papers.
For example, the share of carbon determined in the elementary analysis of C, N, O, H,
P was 47.81% [48] and 44.72% [63]. HHV values calculated from regression equations
or determined in the heat analysis indicated in the papers cited above were 23.19 and
19.50 MJ /kg dm, respectively whereas the HHV value found in my own research work,
calculated from Equation (7), was 24.5 MJ/kg dm. The balance of raw materials mass
and energy from their processing using the ERWP model’s energy generation processes is
presented in Table 7.

6. Conclusions and Recommendation

The ERWP model presented here serves for the planning of a waste management
system based on the all known forms of recycling, including recycling of energy. The
disposal of municipal waste based on the presented model is, in fact, an implementation of
the circular economy strategy, in which waste becomes a raw material. The model, taking
into account specific features of the given waste, provides for proper preparation of the
raw material constituting a charge to the energy generating process. This pertains mainly
to separation, through mechanical separation of mixed waste, of highly energetic RDF
having an HHV value close to 24.5 MJ/kg versus 16 M]/kg of mixed waste directed to
combustion in its entirety. The separated organic fraction together with dehydrated sewage
sludge is then subjected to methane co-fermentation in low water content conditions
featuring a high unit gas yield of 265 dm?>/kg dm. The remaining part of the sewage sludge
is directed to the wet fermentation process. The application of three energy-generating
processes in the model described above provides a source of alternative energy, reducing
consumption of fossil fuels such as crude oil, natural gas and coal. In a year, the energetic
value of generated biogas and raw materials originating from selective collection as well
as separated from the mixed waste stream for a municipality, with a population of almost
106,000, is 79,917.6 MWh, which substitutes approximately 10,000 t of coal.
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The described ERWP model can be used in planning and implementation of an
effective waste management system of any scale. The effectiveness of the model has
been demonstrated on the grounds of a medium-sized city having approximately 110,000
inhabitants. As a rule, bigger cities generate larger volumes of waste, which increases the
profitability of the implementation of a system based on the ERWP model. The fundamental
advantage of the model is the use of practical processes that make up the system, where
products from one site become a raw material for other sites. Thus, potential stakeholders
generating or gathering municipal waste are united by one goal—effective waste processing.
The unit value of energy generated in the system based on the ERWP model amounting to
754 kWh/inhabitant/a cannot cover all of the energetic demand of the local population.
However, the example of Copenhagen shows that the share of energy generated from
municipal waste processing may constitute up to 40% of the entire energy demand. Use of
the alternative source of energy, which is the municipal waste through the creation of a
system based on known processes, is the fundamental advantage of the ERWP model that
justifies its application.
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Abstract: Decentralised renewable energy (RE) systems such as solar PV mini-grids (MG) are
considered to be a cornerstone for the strategic achievement of the UN’s energy access goals in the
developing world. Many of these systems implemented however face substantial technical, financial
and social sustainability challenges which are also a recurring theme in the relevant literature.
MG analyses however often lack detailed technical or financial data or apply ‘silo-approaches’ as a
comprehensive review of MG case study literature presented in this article reveals. Consequently, this
study aims to enhance the understanding of RE MG sustainability in the developing context based on
the integrated evaluation of the technical, financial and social dimensions of MG operation through
empirical data from community surveys on energy use from Uganda and Zambia and two in-depth
MG case studies from Zambia. By presenting detailed technical and financial data in combination
with energy consumer perception, the study aims to close existing data gaps on sustainable RE MG
operation and offers an approach to evaluate and optimise the operational sustainability of an MG
in its individual local context. The article finds that the complex rural community ecosystem is a
central, but yet undervalued determinant of MG sustainability in rural developing contexts. The
mismatch between energy affordability and MG tariffs threatens MG sustainability and the scaling of
energy access projects if not addressed specifically during project development and implementation.
Consequently, the article calls for a strategic inclusion of community-ecosystem parameters and MG
planning based on realistic energy affordability levels and an added value approach that includes
dynamic MG financing mechanisms and targeted measures to generate added value through energy
consumption as integral parts of RE MG projects.

Keywords: mini-grids; energy access; energy sustainability; SDG 7; energy affordability

1. Introduction

Despite enhanced efforts to increase energy access in sub-Saharan Africa (SSA) and
an estimated overall investment of over $1.4 bn for off-grid electrification in the global
South [1], the number of people without access to electricity in the region has remained
largely unchanged [2]. This means that around 600 million people still lack access to
energy in SSA. Over 80% of the people without electricity access living in rural areas [3].
Decentralised renewable energy (RE) systems such as solar PV mini-grids (MGs) are con-
sidered to be central solutions to enhance access to clean energy in rural SSA [4] and are
estimated to provide connections to 75% of the rural SSA population in a universal energy
access scenario by 2030. This scenario translates into roughly 100 to 120 million additional
MG household connections, or around 350,000 MGs to be implemented within the next
decade [3]. Consequently, questions related to the planning and implementation of RE
MGs and their sustainability dimensions have gained substantial public and academic
interest [5,6] resulting in two conflicting major overall findings. The first is that RE MGs
have the potential to significantly contribute to the achievement of the Sustainable Devel-
opment Goals (SDGs) in rural SSA. The second is that they face substantial sustainability
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challenges which hamper their widespread adoption and market-take-off [7] in many rural
areas. Hence, the significant capital investment and scaling of RE systems that might cease
operation if operation expenses permanently exceed revenues and maintenance costs is a
substantial long-term threat to enhance energy access in the Global South.

To assess opportunities to scale the implementation of RE mini-grids to achieve the
UN Sustainable Development Goals including clean and reliable energy access for all by
2030, a systematic understanding of the specific sustainability challenges of RE MGs is
required to enhance implementation strategies for sustainable off-grid solutions. Previous
learning lessons and insights gained during the implementation and operation of RE mini-
grids that have been implemented in a developmental context are of pivotal significance in
this context but are often performed in silos, either focusing on technical—or financial or
socio-cultural aspects of MG implementation or operation.

The goal of this article is to examine factors and their interdependencies that deter-
mine the sustainability of decentralised off-grid systems in a developing context from a
multi-disciplinary perspective. Based on a comprehensive data analysis, the study aims
to extract key learning lessons and strategic recommendations for scaling MG implemen-
tation through an interdisciplinary review process that integrates the three interrelated
dimensions of MG implementation. These include the technical design, MG finance and
economics as well the end-user perspective in the community context.

A systematic analysis of RE mini-grid case studies published between 2010 and 2020,
the evaluation of over 1200 community surveys performed in Uganda and Zambia and
a longitudinal, in-depth evaluation of two solar PV mini-grid projects in Zambia are the
basis of this research. The analysis aims to provide detailed insights on the technical and
economic challenges for MG systems and suggests technical, financial and operational
solutions to address them in the context of scalability of decentralised energy solutions.

The analysis is guided by three research questions which also structured the research
approach: First, how can sustainability of RE MGs be defined and which dimensions
need to be taken into consideration when assessing the sustainability of a RE mini-grid?
Secondly, what determines or influences the longer-term sustainability of MGs in a rural
developmental context and which learning lessons can be derived from previous cases?
Thirdly, which strategic implications can be generated from such an analysis for the scaling
of RE mini-grid projects? The study aims to derive specific approaches for sustainable MG
planning and implementation approaches in developing contexts.

This article is structured into five main sections. The overview of the discussion about
the sustainability of RE MGs and the related dimensions in the following section will lead
to the presentation of the methods applied to answer the research questions in section three
which are a comprehensive literature review on MG sustainability, community surveys
to understand the consumer perspective and an in-depth analysis of two case studies
from solar PV MGs in Zambia. The findings for each approach, which will be presented
in section four will be contextualised and discussed in section five under the aspect of
implications for MG project development and operation as well as the scaling of MGs in
SSA. The final section six summarizes key conclusions for a way forward to enhance the
sustainability of MGs in developing countries.

The study is mainly focused on a rural sub-Saharan African context but includes
findings from other regional developmental settings in Asia and Southern America. The
data generated from the Zambian case study evaluation and the scale-up implications are
mainly focused on solar PV mini-grids. However, the findings also bear implications for
other types of RE MGs such as hydro MGs which have a substantial potential to achieve
SDG 7 [8-10] and hybrid MGs as well, which however display different system-economics
than solar PV MGs [11,12].

26



Energies 2021, 14, 3757

2. Background & Hypothesis: The Sustainability of RE Mini-Grids in a Rural
African Context

2.1. Renewable Energy (RE) Mini-Grids (MGs) in the Developing Context: Definitions,
Trends, Challenges

In the context of this article, a mini- or microgrid is understood as interconnected
loads and distributed energy resources that are grouped and controlled as a single entity
within a set area and which can operate interconnected to the national electrical grid or as a
decentralised island solution [13]. The terms mini- and micro-grid are used interchangeably
in this study as both terms are commonly used in the relevant literature [14]. MGs provide
connections to a number of customers in villages or towns that are located far from the
main electrical grid and which can be owned and operated by utilities, cooperatives, village
electrification projects or private sector companies [15]. The size of these systems and
number of household connections can range significantly but lies usually between five
kWp up to two MWp of installed capacity and can either be a hybrid system combining
two or more sources of energy, for example, diesel and solar PV or based on a single energy
source such as hydropower or solar PV, normally in combination with a battery system
for energy storage [16]. Due to their sizing and capacity, MGs are usually considered to
be more suitable for productive uses of energy than solar home systems (SHS) which are
usually sized between 10 Wp and 250 Wp installed capacity [17,18].

To date, the overall majority of RE mini-grid projects in developing countries are
financed through a mix of private sector investment and donor-funded grants of 50, 70
or in some cases even 100% of the total initial investment [19,20]. This model is designed
to mitigate some of the financial risks associated with the implementation and operation
of MGs in rural areas and to attract private investment. In theory, the blending of grant
and private financing should help deliver quality energy services at an affordable cost
for the consumer but the overall question has been raised [21,22], whether this is actually
the case and whether MGs co-financed by grants provide ‘cheaper electricity’, trigger
energy consumption in low-income areas and contribute to the overall financial and social
sustainability of MGs.

Despite acknowledging the significance of decentralised RE MGs for enhancing access
to clean energy in developing regions and the demonstrated positive impacts on rural
livelihoods [23] in sub-Saharan Africa (SSA), the sustainable operation of these systems
is challenging and largely remains an unresolved issue, especially if the systems are re-
quired to operate in a market environment that requires cost-reflective energy tariffs [24].
Despite a number of commonly reported issues such as technical faults [25,26], limited
local capacity for maintenance and operation [27], inappropriate financing models or in-
adequate operational models that lead to limited affordability of energy and payment
defaults [7,28-30] the availability of case studies presenting comprehensive financial, tech-
nical and operational data and their systematic review focusing on the sustainability of
RE MGs is still limited [31]. However, comprehensive case studies of MGs can substan-
tially enhance the understanding of their successful implementation and operation [32].
Hence, the need for qualitative research to understand the drivers of MG sustainability
incorporating the demand and supply side have been widely formulated [33,34] and are
embedded in the overall discussion of sustainability scenarios and parameters for MGs in
rural developmental settings. While specific data revealing details of the technical design,
investment including capital expenses (CAPEX), operating expenses (OPEX) and electricity
tariff-models can potentially provide essential learning lessons to overcome barriers to the
sustainable operation of decentralized renewable energy solutions [34] they are closely
connected to the question of how sustainability is defined in that specific context which
shall be discussed in the next section.

2.2. Dimensions of RE Mini-Grid Sustainability

The main simple baseline question of this study is, which factors are essential to
operate MGs over the desired lifespan, usually twenty to twenty-five years, at optimal
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capacity without generating significant financial losses which shall be understood as
‘operational sustainability” in this context.

While the literature offers various concepts of defining and assessing the sustainability
of MGs [9,18,35,36] the overall conclusion is, that only a few MGs currently exist that are
operating sustainably and constitute more than ‘boutique electrification” [35] establishing a
photo opportunity for a foreign donor or a local politician [18] such success-cases, however,
are scarcely documented and could not be retrieved for this study.

In many cases, RE MGs in developing countries show deficits with regard to their
technical, social and/or financial sustainability [37,38] which shall be discussed in more
detail in this section. Hence an evaluation of MG sustainability requires the incorporation
of these three interrelated dimensions and to be considered within the local context which
has a decisive impact on the operational logic and the sustainability of an MG [18,36].

The aspect of technical sustainability is comprised of four main components which
are service reliability, service availability, safety and meeting the demand capacity of the
consumers [37]. This means that the technical design and operation are optimised to a
degree that outages are limited, efficient maintenance measures are in place to allow high
service quality [32,39]. The technical sustainability of MGs can potentially be approached
and optimised through comprehensive technical and operational planning processes which
can be highly standardised across various regions but is potentially prone to a limited
number of unexpected external events such as natural disasters or unexpected system
failure which requires contingency plans to limit power outages as much as possible.

The question of social sustainability is slightly more complex than the technical
dimension but is a yet under-researched dimension [40]. The social sustainability of
MGs can be viewed from two perspectives: the end-user perspective [41] and the wider
community perspective which relates to socio-economic development including health
and education as well as power—and gender structures. In the context of the baseline
question of this paper, the most central elements of the social sustainability dimension
are issues regarding affordability and income, the social acceptance of the energy services
which is closely related to willingness to pay (WTP) and energy justice [18,42]. These
dimensions are contextualised by the local livelihoods, understood as the wider community
ecosystem outlined in Figure 1 which establishes specific system requirements, challenges
and opportunities such as productive uses to any rural infrastructure solution including
energy and water [43—45].

The financial sustainability of an MG in this context can be understood with regard to
the initial investment costs, referred here as capital expenses (CAPEX), and the operating
expenses (OPEX) of the system over its lifespan. In the ideal case, the minimum financial
sustainability of an MG means that the non-grant financed share of the CAPEX and the
OPEX over the lifespan of the asset would be retrieved by its revenue.

The financing approach of a system including certain levels of grant funding define
to which extent CAPEX needs to be recovered over the lifespan of the system. In the SSA
context, three MG financing models are prevalent, auction programs in which developers
bid for construction and, most often also the operation of MGs at pre-determined sites,
usually coupled with a capital subsidy which ranges between 60-80% of the initial costs
versus results-based financing (RBF) in which developers are either paid a subsidy per
connection, usually $350-500 [46] or a blend of both.
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Figure 1. Community Ecosystem: suggested model of interrelated components and meta-level
determinants (compiled by the authors).

The tariff schemes applicable to the MGs are usually laid out in the sectoral national
regulatory frameworks as illustrated in Table 1. In a Uniform National Tariff, the regulator
standardizes national MG tariffs which are equal to the on-grid sector and are usually
subject to subsidies. In a ‘Bid-Tariff Scheme’, which has been piloted for the off-grid sector in
Uganda, the MG tariffs are determined through an auction aiming at the lowest price while
individual tariff limits are determined by the regulator in an ‘Individualized Cost-Based
Tariff Scheme” which are cost-reflective. In a ‘Willing Buyer/Willing Seller Scheme’, tariffs
are agreed between the MG developer and the customers and are usually cost-reflective
and approved by the regulator [47]. In Zambia for example, the regulator introduced a
three-tiered system for off-grid solutions based on the size of the systems and generally
require cost-reflective energy tariffs while tariffs in the on-grid sectors remain subsidised.

Table 1. Energy tariff-setting approaches for MGs in selected African countries (compilation based
on: (NARUC: National Association of Regulatory Utility Commissioners, 2020).

Individualised Willing

SSA Country  Uniform Tariff Bid Tariff Cost-Based Tariff Byer/Willing Seller

Ethiopia
Ghana
Kenya
Nigeria

Rwanda

Tanzania

Uganda
Zambia

I 7rimary Approach for all projects in a certain category (off-grid)

_ Mixed Approach

Secondary Approach for specific projects

The study suggests that the three sustainability dimensions of RE MGs presented
in this section are closely interrelated. This means that financial sustainability depends
on a well-operated and -maintained, optimised solution that is reliable and meets the
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demands and affordability levels of its customers who can socioeconomically benefit from
the solution and are able and willing to pay the energy tariffs required [48]. Hence, the
sustainability assessment and development of MGs need to account for the interdependency
of these three sustainability dimensions and in the context of the community ecosystem,
but these variables are yet not fully understood due to a lack of longitudinal detailed
data and in-depth case studies which account for these interdependencies applying a
systemic approach.

3. Materials and Methods

The study aims to provide a better understanding of the specific interrelations between
the financial, social and technical sustainability dimensions of decentralised energy systems
based on empirical survey data and MG case studies. The novelty of the approach presented
lies in its interdisciplinary by evaluating financial—technical—and consumer-based aspects
of RE MG operation and revealing their interdependencies.

The country focus of the analysis is Zambia as it shares central features in terms of
energy access and socio-economic challenges with other countries in the region and the
data generated from Zambia will be contextualised with a regional perspective to discuss
its validity for other countries in the region.

Consequently, the research aims to derive strategic implications to enhance the op-
erational sustainability of MGs in a developmental context which are highly relevant for
further scaling of MGs in developing countries. The study also aims to shed light on the
question, whether substantial grant financing of MG CAPEX in an environment of cost-
reflective tariff requirements is the right option to implement MGs that operate sustainably
and provide reliable and affordable energy to rural households in the specific context.

Based on the understanding of the functioning of rural infrastructure solutions de-
termined by the community ecosystem, the study approaches these questions through a
three-step approach: a comprehensive literature review of MG case studies in a develop-
mental context, the evaluation of empirical data on the socio-economic conditions and
energy demands of rural communities in Uganda and Zambia which is mirrored by an
in-depth evaluation of OPEX and CAPEX data of two solar PV MGs in Zambia.

The methodological approach is limited by three factors. The first is, that the focus
on Zambia as the country context establishes certain specifics, for example with regard to
currency fluctuation, energy markets and—supply chain which has specific impacts on
energy pricing and which might be different in other developing countries. Secondly, the
overall number of respondents who are existing MG customers in Uganda and Zambia
is relatively low which however also presents an opportunity for enhancing comparative
empirical research on different types of energy consumer perspectives in developing
countries. Finally, it has proven to be challenging to gather specific financial data on the
MG operation in Zambia including detailed revenues and costs due to the absence of
comprehensive and systematic recording of this data by the operators. Consequently, some
of the financial calculations presented in this study are based on assumptions that are
highlighted and discussed in the results section.

3.1. Systematic, Integrated Literature Review

The aim of the integrated literature review [49] is to identify the general availability
of case studies and in-depth data including on OPEX—and CAPEX of RE MGs as well as
identified specific challenges for the operation of these systems in rural, developmental
contexts. The analysis is based on a number of categories such as the type of study and
data presented and indications with regard to the system sustainability in relation to the
overall research questions and are presented in Table Al.

In total, 26 studies published over the last decade have been evaluated. The studies
have been selected on the basis of the technology (RE) and energy system-type (MG)
presented, the regional focus (developing country) and the search was based on the key-
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perspective”. The search was mainly focused on studies published between 2017 to 2021
to capture the most recent findings. The review included academic papers as well as
acknowledged reports and academic theses of either specific MG case studies or feasibility
studies of RE off-grid systems including solar PV and mini-hydro in a rural developing
context mainly in Africa and Asia. The review was focused on the sustainability parameters
applied in the studies, identified challenges of the systems, operational data and applied
tariff schemes. It was also analysed whether the wider community context has been taken
into account in the studies evaluated. The aim of the analysis is to detect MG data gaps
and sustainability trends from a cross-regional perspective.

3.2. Empirical Data: Community Surveys, Stakeholder Interviews, Focus Group Discussions

The results from the literature review data inform the evaluation of empirical survey
data from Zambia which will be mirrored with survey data from Uganda. This data has
been generated through a mixed-method approach of qualitative interviews, focus group
discussions, rural household surveys and on-site data collection to gain a comprehensive
understanding of rural household energy needs [50] and their socio-economic conditions as
essential attributes of the community ecosystem and to account for the specific importance
of local end-user perspectives for the sustainability of rural energy solutions [51].

The household surveys were rolled out in two stages. The first round of surveys
(N =1016) was deployed in rural communities in Uganda and Zambia focused on the
general socio-economic situation, energy needs and demands which were captured through
106 questions. Based on the findings gathered in this round, the surveys in round two
(N = 50) were focused on gaining a deeper understanding of the potential value chain
opportunities for the productive use of energy and were rolled out in two rural communities
in the Southern Province of Zambia. For the evaluation, the survey data presented in this
study has been clustered into various energy-consumer subgroups which are presented in
Table 2.

Table 2. Community Surveys Uganda and Zambia—number and groups of respondents.

Usanda Zambia Zambia: Uganda: Zambia: N}j Gg-alfll:ears Zambia: No  Uganda: No
8 SHS-Users SHS-Users MG-Users Sinda Connection Connection
Kalangala
#ofrespon-yyy 64 164 40 98 433 119
dents

The data of MG users has been collected within the communities of the 30 kWp Sinda
solar PV MG in Zambia which is presented as a detailed case study in this analysis and for
Ugandan MG users of the 1.6 MWp solar-thermal hybrid MG in Kalangala [52].

The survey rounds were complemented by site-visits and focus group discussions
with representatives of different community groups such as members of cooperatives and
parent-teacher associations (PTAs), local women self-help groups (SHGs), local businesses
as well as public representatives such as councillors, health workers and school staff in five
rural communities in the Southern Province of Zambia.

The physical data was collected through the lens of a potential RE project development
in cooperation with a local energy project developer to gain a better understanding of
site selection strategies [53] and included existing local infrastructure, population density,
present social or economic groups and environmental conditions including soil erosion
and deforestation. The evaluation also included a review of findings from 45 qualitative
interviews with off-grid energy companies and public sector stakeholders to embed the
community-level perspective into the wider energy policy-making and governance context
to derive strategic implications based on previously identified current energy governance
structures in Uganda and Zambia [54].
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3.3. Mini-Grid Case Studies: Context and Selection

Based on identified data gaps through the integrated literature review, the study incor-
porates detailed technical, financial and operational data from two existing solar MGs in
Zambia located in Mpanta and Sinda. This embedment of in-depth MG case studies aims to
support the closing of existing data and knowledge gaps with regard to MG operation and
the generation of important strategic learning lessons for rural electrification processes [55].
The MG data has been collected through a number of site visits performed by researchers of
the University of Zambia resulting in a technical and financial assessment [56], stakeholder
interviews and desk-based research. The technical and financial evaluation of the Mpanta
MG complements previous local studies on community-level engagement and energy
transition [41,57].

3.4. Country Context: Energy Access and Governance in Zambia

Zambia shares central features in terms of energy access and the socioeconomic
structure of rural communities with a number of SSA countries. This includes a low density
of the main electrical grid which leaves the majority of rural Zambia unelectrified with off-
grid RE systems being the preferred solution to enhance energy access in these areas [58].
The rural electrification rate in Zambia is significantly below ten per cent. Although specific
energy access data is currently lacking according to the Rural Electrification Authority’
(REA), this rate is well below the average rural electrification rate in SSA, which is estimated
at around 22.59% [59,60].

Following the establishment of REA Zambia in 2003, which is mandated to enhance
access to electricity in rural areas to 51% by 2030, planning and policy approaches to
increase energy access in Zambia have originally been dominated by grid-expansion
projects mainly in peri-urban areas and in cooperation with the parastatal national utility
ZESCO Ltd. The ‘Rural Electrification Masterplan” (REMP) which has been developed
with significant support from the Japan International Cooperation Agency (JICA) and
which was adopted in 2008 identified 1217 Regional Growth Centres that were clustered
in 180 project packages to be electrified by 2030 [61]. According to the ‘REMP”, a total
investment of around $1.1 bn would have been required for the realization of all project
packages which amounts to a required annual investment of roughly $50 million per year
between 2008 and 2030 to achieve the electrification target [62]. However, due to the slow
progress of project implementation, national budget constraints, the high costs of grid
extension projects and the emergence of more cost optimised solutions [63], REA began to
review the electrification strategy laid out by the REMP [64] and explored a potential shift
towards emphasizing decentralized energy solutions like solar PV MGs. Consequently,
these off-grid energy solutions have been gaining more and more interest in Zambia since
2011/2012, a process that was increasingly pushed by foreign donor organisations who
started to develop and implement off-grid procurement programs, some of these programs
in cooperation with REA and other institutional partners in Zambia.

This resulted in the implementation of off-grid electrification projects now being
largely ‘outsourced’ to the private sector and foreign donor organisations [43]. In the
course of this strategic shift, RE MGs have become an emerging technology for rural
electrification alongside SHS in the country. Over the last seven years, more than 20 MGs
have been implemented through partnerships between private sector companies and
foreign donor organisations with dozens of more projects in the pipeline of being deployed
for example through the EU-funded Increased Access to Electricity and Renewable Energy
Production (IAEREP) Project.

According to REA, as of February 2021, around 29 solar PV MGs with installed
capacities between ten and 50 kWp and two mini-hydro MGs with an installed capacity
of 640 kWp and 750 kWp have been operational in Zambia with two additional PV MGs
currently under construction. These MGs have largely been implemented through tender-
based procurement processes with CAPEX grant-funding levels of around 70 to 80%
supported through various foreign initiatives including the Beyond the Grid Fund for
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Zambia (BGFZ), the Mohammed bin Rashid Initiative for Global Prosperity and U.S.
African Development Foundation (USADF)/Power Africa.

Most of the Zambian MGs are applying mixed tariff schemes but shifting from sub-
sidised towards ‘Individualised Cost-Based Tariff’ schemes in alignment with the regu-
latory framework for MGs introduced in 2018 by the Energy Regulation Board Zambia
(ERB). The framework defined certain technical, financial and operational requirements for
MGs including the requirement of cost-reflective tariffs while energy tariffs in the on-grid
sector remain subsidised in Zambia [65].

Although the challenges of enhancing rural electrification have been acknowledged
by leading national and foreign stakeholders, recent research has evidenced that the energy
policy framework yet lacks a clear integrated strategy for on- and off-grid electrification
and energy access governance structures are still highly top-down oriented and largely
lack the inclusion of community-level representatives [54].

4. Results
4.1. The Sustainability of MG Documented in the Literature

The literature review revealed three major types of scientific resources: single case
studies, reviews of multiple case studies and feasibility studies including simulations for
potential project locations. The analysis shows that, despite a substantial overall number of
studies on MG sustainability, the presentation of specific financial data including OPEX,
CAPEX, details on revenues and tariff models is yet very limited, even in those studies
which focused explicitly on the financial sustainability of MGs.

Secondly, 18 out of 21 case studies reported substantial financial sustainability chal-
lenges for all regions due to various combinations of low energy affordability, poor revenue
collection and high operation and maintenance costs. The reported financial challenges in
the case studies evaluated outweigh other issues such as consumer behaviour and accep-
tance (14), policy-related or legal challenges (11) or technical problems (8). With regard
to MG revenues covering its OPEX, none of the case studies presented specific data for
the operational sustainability of the MG. Only six case studies revealed some information
regarding the tariff models of the MGs applied which indicates a data gap and evidence to
perform a comparative analysis of the connection between cost-reflective vs. subsidised
MG tariff models and operational sustainability.

The review also shows that although financial, technical and end-user focused sustain-
ability dimensions have been included to some extent in most of the case studies, the focus
on economic community-impact including the productive use of energy in the context of
a comprehensive community eco-system approach which includes analysis and under-
standing of local income patterns and community value-chains is clearly underrepresented.
None of the case studies reviewed correlate technical—financial—and community-based
approaches or integrate these dimensions but focus mainly on technical and financial
analyses instead with the availability of detailed data however being generally limited.
The few studies that include the community—or end-user context either lack a specific
technical or a financial evaluation.

The reviewed feasibility studies largely follow that pattern of selected modelling
usually incorporating technical and financial calculations based on an LCOE approach.
They generally demonstrate the tendency of an economic and technical advantage of RE
MG systems over grid connections in the rural context and more clearly over fossil fuel
alternatives [30,66,67]. The feasibility studies evaluated however usually do not account for
potential community eco-system impact factors illustrated in Figure 1 on energy systems
including fluctuating income, sensitivity to exogenic effects or existing socio-economic
structures. Consequently, the optimised theoretical financial and operational projections of
the feasibility studies reviewed are in stark contrast to the actual case studies.

The literature review evaluation a clear gap between theoretical modelling presented
in feasibility studies and the operational reality of RE MG operation in a developmental
context which substantiates the necessity of the inclusion of the community ecosystems-
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setting into MG planning and modelling processes. The evaluation also reveals specific
MG data gaps and highlights the important links between financial sustainability, tech-
nical management and end-user behaviour which informs the requirement of combined
research approaches aiming for an understanding of the complex socio-economic commu-
nity settings for the evaluation of the sustainability of RE MGs in the developing context
from which strategic implications can be derived to improve their overall operational
long-term sustainability.

4.2. Survey Data: Community Ecosystems—Central Features

While the literature review has pointed toward the necessity of including the commu-
nity context for an interdisciplinary research and implementation approach of sustainable
decentralised energy systems, the following section aims to illustrate how the community
context facilitates or limits the operational sustainability of RE MGs.

The empirical survey data as a basis for this evaluation focuses on four main aspects
which are relevant with this regard: (1) the income situation of rural households, (2) the
current use of energy, (3) the potential creation of added value through energy demands
and (4) end-user experience. The data is presented for Uganda and Zambia to increase the
applicability and validity of data for generalisable outcomes [68] and has been detailed for
the national, regional and community levels in Zambia to account for eventual local and
regional variations.

4.2.1. Socio-Economic Characteristics and Rural Income Situation

The financial and hence operational sustainability of MGs is directly interlinked with
the income situation of its potential and actual customers as it determines levels of energy
affordability, consumption levels and overall MG revenues. Hence, the full utilisation of
the energy generated from the energy system and steady cash flow are central to cover at
least the operating expenses of the system.

The empirical data presented in Figure 2 indicates, that well over 80% of the respon-
dents in Zambia are self-subsistence farmers with a high dependency on seasonal rainfalls
and reported low average household spending levels of around ZMW 288 as of 2020. This
amount lies significantly below the reported average rural household income levels of
ZMW 810 reported in 2015 [69] and translates into around $13 per month under currency
exchange rates of spring 2021 as Figure 3 illustrates. For Uganda, the data suggests higher
average household incomes and monthly spending levels of around $86 per month.

It must be noted, however, that capturing income data has proven to be challenging
due to high variations of income levels stated by the respondents in Zambia for example
between ZMW 5000 to ZMW 20 monthly. This is also due to the fact that many respondents
only generate an income once or twice annually as they rely on the sales of seasonal
farming produce, mainly maize, with no or just very little other income. Hence capturing
actual local income levels is challenging and needs local verification. Furthermore, the
calculation in $vs local currency is subject to significant fluctuations. The Zambian Kwacha
for example lost over 60% value over the US Dollar between 2019 and 2021.

The high prevalence of over 95% of income generation through some form of self-
employment including self-subsistence farming and low levels of wage labour are inter-
related with high degrees of income intermittency in Uganda and Zambia. Close to 80%
of the respondents in Uganda, where the proportion of income generation through small
businesses is slightly higher than in Zambia, and around 90% of respondents in Zambia
reported a significant income variation throughout the year. Interestingly, MG or SHS
access does not impact or reduce the income variation in both countries. This indicates
either a low or no use of productive use appliances or their limited impact to generate
stable income throughout the year.
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Figure 2. Socio-economic characteristics of rural communities in Uganda and Zambia (N = 1016;
Responses in %; Multiple responses possible).
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Figure 3. Average monthly spending levels of rural communities in Uganda and Zambia (N = 1016;
Responses in %; Multiple responses possible). * Based on currency exchange values of 2020.

The causes of income fluctuation have been evaluated in more detail on community
level in Zambia among non-MG users and are mainly related to the direct and indirect
dependency on seasonal rainfall patterns due to the absence of irrigation solutions and
low degrees of agri-processing which requires small scale industrialisation and affordable
energy supply. Climate change-induced droughts as experienced in the rainy season of
2018/2019 in Southern Zambia seriously threaten the socio-economic fragility of these
communities and seriously threaten food security in the region.

4.2.2. Energy Access and Usage-Patterns

To gain a better understanding of the end-user adaptation to utilising different energy
sources and the conditions of how to facilitate the productive use of energy to generate
a stable demand and potentially positive economic impacts in the community, different
energy access situations, energy consumption patterns and payment models have been
compared. This evaluation is guided by two questions that are central to understand local

35



Energies 2021, 14, 3757

adaption and the impact of decentralised energy systems. Firstly, what type of energy
sources are currently most used by rural communities? Secondly, how does the source of
energy influences energy usage patterns?

Figure 4 illustrates respondents with different connection types in Uganda and Zambia
and points towards higher access rates to the national grid, Solar Home Systems (SHS) and
MGs in Uganda. While this is partially due to the selection process of respondents as for
Uganda, also respondents with access to the national grid have been selected during the
survey rounds, the data illustrates a clear tendency to higher energy access rates in rural
Uganda compared to Zambia which correlates with World Bank data which presents a
rural electrification rate of around 10% for Zambia compared to 38% in Uganda [60]. This
data, however, is mainly focused on connections to the national grid. Around two-thirds
of the respondents in Uganda have access to MGs, the national grid or SHS, in Zambia
however, this figure stands at only around 20% with 80% of the Zambian respondents
originally claiming to have no electricity access at all. A further survey round that focused
on rural community members in Southern Zambia revealed, however, that despite a high
share of respondents originally claiming to have no electricity access at all, granular data
from two communities showed that over 80% of the respondents use some kind of energy
sources like portable solar panels or car batteries.

"What type of electricity supply are you connected to?"
% (Uganda & Zambia)

20
o 1
o M_ | = _
Grid electricity ~ Solar home system Mini-grid Diesel generator No connection

mUganda ®Zambia Southern Province Zambia Community level Zambia

Figure 4. Type of energy supply, Uganda and Zambia (Responses in %; N = 1037).

In both countries, the most prevalent energy source for rural households is SHS
with ‘Pay-as-you-go’” (PAYG) or Rent-to-Own (RTO) purchase models to be seemingly
more widespread in Uganda while one-off purchases seem to be more common in rural
Zambia which is also due to yet limited availability of these solutions which have been
acknowledged as the most favoured type of financing and electricity access model for the
Zambian respondents.

With regard to the second question focusing on energy usage pattern it could be
hypothesised, that the ownership of appliances and the utilisation of the energy provided,
including its productive use, are potentially diversifying and growing in the course of
enhanced connectivity. The data presented in Figures 5 and 6 partially supports this
hypothesis to some extent for MG and SHS users in both countries but the data also
illustrates the yet limited productive use of energy across all connection levels despite
the fact that over 80% of the respondents are self-employed entrepreneurs or farmers.
The national-level data indicates similar energy usage patterns for Uganda and Zambia
with energy being mostly used for lighting, communication including charging devices
and entertainment.
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Figure 5. Ownership of appliances, Uganda and Zambia (Responses in %; N = 1037).
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Figure 6. Energy usage patterns; Consumer Groups in Uganda and Zambia (Responses in %;
N =1037).

The availability of MG systems does not automatically trigger the possession of a
wider array of appliances among the respondents such as fridges and the productive use
of energy but reveals visible national differences instead. While Ugandan MG users have a
higher but still limited tendency towards productive energy, this is of less significance to
Zambian MG users which could be due to higher income and energy affordability levels as
well as better access to appliances in Uganda. Users of the Ugandan Kalangala mini-grid
for example pay between 0.18 and 0.22 $ per kWh as of 2019 [70] while Zambian mini-grid
users in Sinda pay around 0.26 $ per kWh with income levels in rural Zambia being less
than half compared to Uganda as illustrated earlier.
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4.2.3. Energy Demands, ‘Willingness to Pay” (WTP) and Productive Uses

The majority of the respondents in both countries indicated, that their current energy
source is limited and not sufficient to meet their energy needs for example with regard to
lighting, productive use or the connection of additional appliances. Consequently, the data
presented in Figure 7 suggests a general desire of the respondents to upgrade their current
energy supply especially in Zambia, where 100% of respondents indicated their willingness
to upgrade while this figure is less pronounced in Uganda, especially among MG users.
This might indicate, that the Ugandan MG has the tendency to better fulfil the energy
demands of its customers while the Sinda MG in Zambia does not meet the energy- needs
of the customers to large extent. Data from Southern Zambia also suggest that consumers
would not automatically prefer an MG connection over an SHS as around 55% of the
respondents in Southern Zambia stated their preference of an SHS based on a rent-to-own
model, independently from their current source of electricity. This dataset also indicated
limited popularity of grid-connection provided by the national utility (Zambia Electricity
Supply Corporation—ZESCO) as none of the respondents preferred that connection type
which might partially be due to the high amount of national power-cuts of up to 12 h daily
Zambia experienced in 2018/2019 due to a serious drought in the hydropower-dependent
country. The expression of consumer preferences however does not eradicate the question
of the impact of national grid-arrival in a market offering subsidised energy tariffs for
on-grid connections versus the requirement of cost-reflectiveness in the off-grid sector.

% "Would you consider upgrading your power supply to meet your expected needs?"
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users users Grid users Grid users
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Figure 7. Desire for upgraded electricity supply Consumer Groups in Uganda and Zambia (Re-
sponses in %; N = 1037).

The desire for an upgraded energy supply is largely mirrored by the willingness to
pay for better energy access which is high in both countries as illustrated in Figure 8. With
regard to the intended use of an upgraded energy connection, the responses show a wide
array of preferences with significant variations among consumer groups with regard to
cooking and cooling. Lighting, charging devices and productive uses and to some extent
entertainment, however, are desired by the majority of all respondents in each consumer
group as Figure 9 shows which indicates a yet untapped consumer demand in many areas.
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Figure 8. Willingness to pay for an upgraded connection, Energy-use demands, Consumer Groups
in Uganda and Zambia (Responses in %; multiple responses; N = 1037).

"What would you use the upgraded electricity connection for?"
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Figure 9. Energy-use demands, Consumer Groups in Uganda and Zambia (Responses in %; multiple
responses; N = 1037).

As the productive use of energy is still limited among all consumer groups in both
countries, the majority of all respondents confirmed their demand to use energy more
productively. Figure 10 illustrates the diversity of the forms of desired productive energy
use between various consumer groups and communities. While the data suggests demand-
trends for cooling, lights and charging of devices, the demands in other areas are much
more diverse between various groups of respondents. Despite these variations, respon-
dents expressed a strong demand for improved access to productive appliances including
financing mechanisms that would be based on ‘Rent-to-Own’ or ‘Pay-Go” models which
were the preferred solution over one-off purchases which appears yet to be a challenge.
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"What productive activities would you want to use electricity for?"
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Figure 10. Type of desired productive uses in Uganda and Zambia (Responses in %; multiple
responses; N = 1037).

A direct comparison of two rural communities in Western Uganda and Southern
Zambia that share similar features like energy access via SHS, low and intermittent income
and the absence of wage labour level included presented in Figure 10 reveals that the
demands for productive energy use vary despite their similarities. The data suggests
that manufacturing and crafts activities are underrepresented, especially in Uganda and
the clear trend towards using energy for service provision in both countries. Since most
services depend on income patterns of ‘their” customers, the data implicate the opportunity
of training, capacity building and appliance financing mechanisms coupled with MG
development to diversify local business structures to create local added value and positively
impact the income situation in local communities.

4.2.4. Impacts of Electrification on Consumer Finance

Since low and intermittent income levels in the rural communities surveyed establish
substantial challenges for the financial MG sustainability, the question for impacts of energy
availability in the communities arises and more specifically whether energy availability
did directly contribute to local income generation to stabilise MG cashflow. Although
the overall majority of respondents reported the general improvement of life quality after
getting a connection, either through SHS or MG as shown in Figure 11, the data on income
change does not draw a conclusive picture with this regard.
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"Is life within the community better than before electrification?"
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Figure 11. General perceived community impact of electrification on communities in Uganda and Zambia among various

subgroups; Responses in %.

As Figure 2 showed earlier for both countries, spending levels between MG users
versus respondents without energy connection are generally higher with greater signifi-
cance in Zambia where spending levels of MG users are almost double as high as those
of non-connected respondents. For SHS users this correlation is less visible as SHS users
in Uganda reported similar spending levels compared to non-connected respondents in
Uganda while the spending levels for SHS users in Zambia are around 40% higher com-
pared to non-connected respondents. Since the data presented in Figure 2 does not provide
a blanket indication of energy access automatically generating higher incomes or whether
merely consumers who already have a higher income can afford an MG or SHS connection,
respondents have been specifically asked for the impact of getting electrified on their
income. The responses presented in Figure 12 clearly indicate a positive impact on the
income situation for MG and SHS users in Uganda while interestingly about two-thirds of
the Sinda MG users in Zambia stated, that their income remained the same or has even
decreased after getting electrified. This response pattern seems to replicate for SHS users
in Zambia and is largely mirrored by the number of respondents reporting difficulties in
energy payment among SHS users and to a larger extend MG users in Zambia as shown in
Figure 13.

The impact of electrification on income, however, becomes inconsistent when re-
spondents have been asked about their ability to pay for school fees before and after
electrification. While a clear majority of MG users in Uganda and around 53% of SHS users
in Zambia confirmed an increased ability to pay school fees after getting electrified, the
majority of SHS users in Uganda and MG users in Zambia stated no or negative impact of
electrification on the ability to pay for school fees.

"What, if any, has the impact been of getting some electricity in your community?
% Please compare the situation BEFORE and AFTER you received electricity: Income."
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Figure 12. Impact of electrification on income among various subgroups; Responses in %.
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Figure 13. Difficulty in payment for electricity among various consumer subgroups; Responses in %.

Another indicator for the financial community impact of electrification is the devel-
opment of business activity in the community. The response patterns with this regard
reflect positive income development to some extend with the biggest perceived growth of
business activity in the community after electrification for MG and SHS users in Uganda,
to some extent among SHS users in Zambia but with no perceived positive impact among
the respondents from the MG users in Zambia.

A clear majority of respondents across all consumer groups reported increased study-
ing time of children after getting connected which indicates a positive impact on education
in both countries.

These variations among the different indicators related to electrification and end-
user income illustrate the complexity of this dimension and highlight the importance of
a multidimensional approach of measuring the financial impact of energy systems on
community level through a systematic evaluation of various indicators as a sole focus on
household income when measure impact might not reflect the complex reality of rural
communities. For exhaustive coverage, it would also require a measurement system that
includes the non-direct monetary value components such as the ability to purchase certain
goods, increase of months with income, ability to generate savings etc. which could be a
result of changes in end-user income due to electrification.

4.2.5. Experienced Reliability, Technical—And Environmental Issues

As illustrated, the majority of the respondents reported positive impacts of electrifica-
tion in their communities which is largely mirrored by the question of the negative effects
of electrification. Around two-thirds of the respondents using an MG- or SHS-connection
in Uganda as well as MG-users in Zambia report no negative effects which are in contrast to
60% of Zambian SHS-users reporting negative effects of electrification in their community.
However, experienced energy problems vary among user groups and country as shown in
Figure 14. In congruence with the data on consumer finance and energy payment, Zambian
SHS users reported problems with regard to affordability and cost as most significant,
followed by limited energy supply and reliability issues. These concerns are shared with
SHS users in Uganda who, however, see safety issues as their most central problem. Differ-
ences can also be observed among MG users in Uganda and Zambia. While respondents
connected to the Sinda MG mostly reported issues with regard to reliability and energy
cost, MG users in Kalangala overwhelmingly stated certain safety problems such as severe
injuries and death due to electrical shocks as well as electric fires as the biggest problems.
Possible explanations for these reports from Uganda can be the cases of electricity theft
and tampering with the system, as users reported that two or more households are sharing
an electric meter which is clearly dedicated to one household only, instead of a general
lack of technical quality of the installation. While the environmental impact of the energy
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connection has been considered low by the respondents in both countries, social problems,
especially conflicts between community members with—and without energy access seem
to be of some concern to SHS users both in Uganda and Zambia.

"What are negative effects of electrification in the community?"
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Figure 14. Perceived negative impacts of electrification among various subgroups; Multiple responses; Responses in %.

4.3. Mini-Grid Case Studies Zambia

The literature review presented earlier revealed substantial gaps with regard to the
available technical and financial data in MG studies and limited inclusion of community
context data while the previous section illustrated end-user perceptions and socio-economic
conditions that heavily impact mini-grid operation. Consequently, in the third analytical
step of this study, the implementation and operation of two Zambian solar PV MGs located
in Mpanta and Sinda are evaluated in more detail to complement and mirror the analysis
of community—and consumer perceptions. The goal is to analyse the interdependencies of
the technical- financial and socio-economic sustainability components in more detail and
illustrate how the community ecosystem impacts MG operation.

4.3.1. Community and System Context: Socioeconomics and Geography

The solar MG in Mpanta developed and commissioned in 2013 by the REA Zambia
was the first solar PV MG in Zambia. With an installed capacity of 60 kWp, it was initially
designed to provide street lighting in the village as well as basic electricity services to
about 450 private households to power small appliances such as radios, lights, TV sets or
mobile phone charging, to schools, a rural health centre, small businesses, harbour facilities
and churches. The original design of the MG was comprised of 300 x 200 Wp mono-
crystalline solar PV modules, 720 x 650 A/2 V deep cycle batteries, 4 x 15 kVA inverters
and 4 x 100 A/240 V DC charge regulators. The whole system operates at 240 V DC to AC
and electricity is distributed through two 0.4 kV lines within a distance of 1 km. A re-wiring
of the whole system, the exchange of all inverters and charge controllers was necessary in
2015 after lightning hit the system a few times causing high voltage surges which led to the
failure of the components. During the reconfiguration, the string size has been increased
from 10 to 14 panels per string to optimize the voltage requirement of the controllers. The
number of panels was reduced from 300 to 224 which resulted in a reduction of energy
output by 15.2 kW or 25.3% compared to the former configuration leading to an average
energy output of around 209 kWh per day. Accordingly, the number of charge controllers
and inverters was also reduced from four to two providing a 45 kVA instead of a 60 kVA
power output which was sufficient due to the low energy demand. With the downsizing
of the system, the daily power supply is rationed and power is now available only at
certain times and for 14 h a day. The estimated annual energy output is 76,500 kWh based
on a projected local energy yield of around 1700 kWh per kWp installed [71] excluding

43



Energies 2021, 14, 3757

transmission and distribution losses per year. The battery system, which is the largest cost
position in an off-grid solar system is currently sized at 720 batteries each 2 V and 650 Ah
capacity, i.e., total energy storing capacity of 720 x 2V x 650 Ah = 936 kWh in Mpanta.
This configuration if fully operational, would allow two days of battery autonomy so that
the users can enjoy uninterrupted power during cloudy days.

The 30 kWp mini-grid in Sinda village, commissioned in 2017, was developed as a
pilot project to enhance private sector investment in the RE sector in Zambia and has been
developed and owned by the Zambian developer Muhanya Solar Ltd. It is the first MG in
Zambia that has been established as a public-private partnership project and is operated
by a private company in cooperation with the community. The system is comprised of a
30 kWp solar PV generator, one 20 kW inverter and 140 kWh of battery storage capacity
which is connected to four 100 A charge controllers. The 2.5 km overhead distribution
network with a voltage of 230 V currently connects around 60 households and 5 businesses.

The implementation of Mpanta in 2013 was part of a wider $4.78 million energy access
programme rolled out by REA and funded by the United Nations Industrial Development
Organization (UNIDO) with an investment volume for Mpanta MG estimated at around
$1.3 m which was 100% grant-funded [72,73]. The CAPEX for the Sinda MG stands at
approximately $350,000 based on approximately 70% grant funding from Power Africa Off-
Grid Energy Challenge and Musika Development Initiatives which was complemented by
30% equity provided by Muhanya Solar Ltd. [74]. Hence both MGs were implemented with
significant grant investment with CAPEX per kWp installed being almost twice as high for
Mpanta compared to Sinda. Table 3 presents an overview of the technical specifications of
both MGs.

Table 3. Overview technical and financial specifications for Mpanta and Sinda Mini-Grids.

Mpanta MG Sinda MG
Technology solar PV solar PV
Installed capacity 60 kWp (45 kWp) 30 kWp
Inverter capacity 4 x 15kVA (2 x 15kVA) 25 kVA
Total CAPEX/Investment
Volume (approx.) in $ (and 1,300,000 (21,667) 350,000 (11,6667)
per kWp installed)
Current connections (approx.) 190 65 (60 h(?useholds, 5
businesses)
Funding 100% grant 70% grant, 30% equity
Annual current OPEX
(estimation) in 43,000/0.63 * 16,178/0.30 **
$ total/per kWh

*See Table 5; [74]. ** See Appendices A and B.

4.3.2. MG Operation and Tariffs

The socioeconomic conditions in both communities pose critical challenges for the
operation of the MGs which have been outlined in the previous section. Low energy
affordability and high-income fluctuation throughout the year directly impact the revenue
and cash flow of both MGs.

The implementation of the energy tariff system in both locations was independent
of the Zambian regulatory MG framework which was introduced a few years after the
commissioning of the MGs and which now requires cost-reflectiveness in the MG sector.
Before the commissioning of Mpanta MG, members of the community discussed the options
of a pre-paid metering system and a fixed fee. During the consultation processes, few
members raised concerns with regards to trust in a pre-paid system and a vote among
community members revealed a decision towards a fixed fee which was introduced, based
on the size and type of the connected properties. After an introduction period in Mpanta
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which allowed free connections, basic fees of around $5 for the connection and $1.5 for
wiring were introduced and the management including revenue collection was handed
over to the Kafita Cooperative Society (KCS) while REA retains ownership of the plant
which operates on an interim generation and distribution license issued by the Energy
Regulation Board (ERB). The introduction of the connection fee caused complaints and
irritation among the Mpanta community. The perception among the community was
that the project was brought by the government as a grant without the requirement for
end-users to pay. Additionally, the transition from free to prepaid connections was not well
communicated to the community [41].

While Sinda MG also applies a monthly fixed rate, the tariffs are uniform at ZMW 150
($6.5) per customer per month translating into ZMW 5 ($0.21) per day and are significantly
higher than in Mpanta where households pay a monthly fixed fee of between ZMW 30
($1.3) to ZMW 70 ($3.1). Consequently, the majority of respondents surveyed in Sinda
reported difficulties in paying for the electricity and less available income than before
getting electrified as Figures 12 and 13 in the previous section illustrated. The fixed load
in Sinda per household is limited to 300 W and the average customer consumption in
2018 has been estimated at 55 kWh per month but is probably lower due to outages. The
tariff system in Sinda has created complaints especially among low-consuming customers
as consumers operating a single electric bulb for example are paying the same price as
customers running more appliances including fridges, etc. leaving them with a feeling that
clients with low consumption were subsidising those with higher energy consumption.
Table 4 provides an overview of the tariff structures in both locations and also reflects the
currency fluctuation of the tariffs charged in Zambian Kwacha compared to the US-Dollar.

Table 4. Tariff structures Mpanta and Sinda.

Mpanta MG, 45 kWp, (around 190 Customers)

Monthly

Commercial Monthly

Fixed Charge Val;]el;n $ VS;';;Olzrisi Clients/Social Fixed Charge Val;]el;n $ VS:I,";;Ulzrisi
(ZMW) Services (ZMW)
Less than 3 30 26 13 1 roomed shop 60 5.4 2.7
roomed house

4 rhoomed 35 3.1 1.6 2 roomed shop 65 5.7 29
ouse

5 ;Oomed 60 54 2.7 3 roomed shop 70 62 3.1
ouse

6 ;oomed 65 5.7 29 Harbour depot 50 44 22
ouse

7 roomed 70 62 3.1 Health Centre 50 44 22
house

School staff 100 88 45 Primary 50 4.4 22

houses schools
Clinic staff 100 8.8 45 Churches 50 4.4 22

houses

Sinda MG, 30 kWp (around 60 Customers)

All customers 150 13.2 9.5

Tariff structure Mpanta MG as of 2016 [41]; Sinda MG (UNZA data 2018/2019).

In Mpanta, 450 users were initially connected for free in 2013. As of 2020, more than
260 of these users had been disconnected as they were unable to pay the monthly fixed
fee. In addition to these figures, over 60 users were disconnected for various reasons
including due to the collapse of their traditionally built, grass-thatched houses during a
heavy rainy season while 4 users were removed for illegal connection. As a consequence,
more than 50% of the households in Mpanta still rely on pollutant fuels for lighting and
over 95% for cooking. During the operation, community complaints emerged at scale about
miscommunication regarding the tariff scheme when households were initially connected
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or a lack of notification of affected customers about an imminent disconnection when they
were unable to pay [41].

While the Sinda MG operates through a pre-paid metered systems which allow for
some efficiency of revenue collection, the tariff collection is not efficient in Mpanta as local
site visits revealed. As of 2020, the average estimated total monthly collection was only
about ZMW 6000 to 8000 which translates into $300 to 400 applying an average exchange
rate of $1 = ZMW 20 for 2020 or an annual average total of around ZMW 84,000 (or $4200).
These inefficiencies in tariff collection are partially caused by local management problems
but are also rooted in high levels of customer dissatisfaction due to reported power outages,
restricted system capacity and limited understanding of the operation of the system [41].
The current OPEX for Mpanta MG according to REA is ZMW 108,000 for the two staff
salaries. However, there are other costs like office space, materials and equipment, vehicles
and travel which are not included here. Hence, the total annual costs are more likely to be
around ZMW 300,000 which is calculated without component replacement costs according
to a UNZA assessment in 2019. Consequently, the annual OPEX exceeds the collected
revenue by around ZMW 24,000 ($1200) in terms of staff costs or ZMW 216,000 or $10,000
based on 2019 currency values. Although these values are only rough estimations as this
type of data collection has been proven challenging and may fluctuate over time, the plant
is currently generating a significant annual deficit. These costs are currently covered to
large extent by the Zambian Rural Electrification Authority (REA) that subsidizes the mini-
grid. The OPEX deficit is even higher when replacement costs for system components such
as charge controllers, inverters or batteries are becoming part of the equation as they are a
substantial component of OPEX calculation. Table 5 presents an approach to calculate the
current assumed OPEX for Mpanta MG based on information provided by the operators
and market-price estimation for the components installed which however can vary. The
cost estimation of the current system is enhanced by an optimisation scenario which shall
be discussed in the following section.

Table 5. Current and optimised OPEX for Mpanta MG.

Current Layout/Estimations Optimised Model/Assumptions
Plant capacity in kWp 45 45 60
annual kWh output * 76,500 76,500 101,400
Minus 10% power losses 73,953 73,953 91,260
kWh per day 203 203 250
OPEX System (components) (pA) 26,343 11,384 15,206
Management costs (pA) 17,000 11,000 11,000
Total annual OPEX in $ 43,343 22,384 26,206
Total OPEX per kWh in $ 0.59 0.30 0.29
OPEX per kWh incl. Modules & racking system ** 0.63 0.34 0.33
Total OPEX per kWh in ZMW *** 14.40 7.88 7.52

* based on estimated local energy yield of around 1700 kWh per kWp installed [71]

**0.04 $ per kWh

*** as of 04/2021/1 $ = 23 ZMW

Although the OPEX costs for the Mpanta mini-grid are very high and mainly driven
by a battery bank that is designed to provide two days of energy back-up supply when fully
charged as well as high overhead costs, the analytical approach illustrates the importance of
a thorough evaluation during energy project development to determine realistic OPEX costs
and energy tariffs within the local socio-economic context which defines the sustainability
of an off-grid system. It must be noted at this point that the calculation presented does
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not contain any cost of capital as the project was 100% grant-funded. The analysis also
illustrates the interdependency between technical—financial—and community-context
parameters and highlights the necessity of holistic project planning approaches that account
for these interdependencies.

In addition to that, the calculation of OPEX, tariff and revenue reveal the impact of
the significant currency depreciation of the Zambian Kwacha vs. the US-Dollar over the
last years, a problem that most African countries encounter. This poses a serious problem
jeopardising the sustainability of future investments in the whole industry as imports for
components and spare parts as well as the cost of capital payments are usually made in
US-Dollar while local revenues are generated in local currency.

The OPEX for the Sinda MG shown in Table 6 reveals significant differences in the
cost per kWh to the Mpanta MG. But like in Mpanta, the analysis discloses a financial
sustainability gap of around $0.04 per kWh based on an assumed energy retail price of
around $0.26 per kWh and OPEX costs of 0.30 kWh. Taking into account both CAPEX and
OPEX, this gap widens to $0.57 per kWh under a scenario that is assuming a price of $0.83
per kWh LCOE based on the grant and debt funding ratio. The annual revenue in year
one has been estimated at around $11,000 which results in an annual loss of approximately
$5100 with regard to OPEX only. These figures do not include currency depreciation of
around 20% per annum between 2018 and 2021.

Table 6. Overview estimated OPEX costs of Sinda Mini-Grid, 2018 [74].

System OPEX Sinda MG
O&M costs plant ($ p.a.) 5748
O&M costs grid ($ p.a.) 1472
Staff & admin costs ($ p.a.) 8405
Insurance ($ p.a.) 552
Total cost ($ p.a.) 16,178
Approx. annual energy generation in kWh * 52,410
OPEX—Price per kWh in $ as of 2018 0.30
No.of customers year 1 65

*30 kW x 1747 kWh/kW /a = 52,410 kWh.

5. Discussion

The case study analysis presented in this article widely reflects the financial key issues
that have been reported in the literature [7,73,74] but extend the existing scope of the
studies reviewed by the community perspective. The study illustrates the fundamental
impact of the socio-economic community characteristics on off-grid energy systems and
vice versa. Although the community- and consumer perspective have been included in RE
MG system reviews [7,30,75] or were the sole focus of MG implementation reviews [41], it
has been of limited consideration yet, as to what extend the consumer economics influence
MG operation and how MG operation can specifically contribute to enhance and stabilise
the income situation of MG customers as part of a planning approach.

Secondly, while the relation between technical and financial sustainability has been
evaluated in the literature [25,35,74,76], approaches how to implement RE off-grid systems
that combine qualitative energy services at affordable tariffs and potential trade-offs, or
how to optimise existing systems that are not yet financially sustainable have received less
attention with few exceptions [77].

These findings have specific implications for the planning- and development of MGs
from the project-level perspective as well as for the scaling of MGs across SSA. Both
implications will be discussed in the following subsections.
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5.1. The Interdependency of Financial—Technical—and Socio-Economic Sustainability
5.1.1. Towards Break-Even: Optimisation Potential for PV Mini-Grids

As the operation of Mpanta MG is currently seriously financially unsustainable, a
projection has been developed to model a potential improvement of the financial and
operational sustainability of the system. The following projection, which can be applied to
a variety of MG systems, illustrates potential energy availability trade-offs and the conjunc-
tion of technical, financial and socio-economic sustainability. Hence, the analysis presents
one possible approach shown in this section to counter some of the key sustainability issues
of RE MGs detected in developing countries.

Table 5 compares the current system OPEX for Mpanta to an optimized system OPEX
for the current 45 kW system configuration and a 60 kW system which would utilize the
current installed capacity to the full extent but would face the challenge of local energy
demand and affordability to avoid under-usage. The new cost estimates are based on
updated price estimations for the system components and a remodelled battery backup
system. The figure illustrates that the system OPEX could be significantly reduced by
more than a third under a new calculation scheme. In addition to the cost analysis of
the system components, the position ‘Miscellaneous’ as reported by the operator needs
a further assessment as it is quite high. We further note that the battery system is the
largest cost item. This cost could potentially be reduced through some balancing of cost vs.
benefit. The optimisation of the battery size by implementing one-day battery autonomy
instead of two days. Secondly, it is assumed that one-third of the total load is being used
in the daytime and therefore does not need storage. This could be achieved through an
incentivisation of energy use during the day. These two measures reduce the battery size to
less than one-third of the current size. Furthermore, the use of modern Li-Ion batteries can
potentially be suggested, but the higher cost of this technology needs to be accounted for in
relation to the advantages including a much longer life span and higher depth of discharge,
which make their lifetime cost often cheaper compared to that of lead-acid batteries.

These measures reduce OPEX significantly as Table 5 suggests. However, this new
configuration has some trade-offs as end-users will potentially have limited power supply
during cloudy days, especially during the rainy season. These issues would have to be
addressed upfront in cooperation with the community to discuss the balance of energy
supply, service quality and energy tariffs. In series wiring configurations it is advisable, that
each battery should have the same load status which can be achieved through conditioning
the batteries. If batteries are not conditioned or at full capacity, the different battery strings
do not have the same capacity and can display a significant deviation up to minus 30%
or more to the full capacity, especially when they operate under challenging temperature
conditions, for example in heat with no cooling system. Conditioning the batteries would
require re-wiring the battery system including an option to remove single batteries from
the string from time to time to fully charge and recharge that battery, understood as
conditioning the battery, and then add it to the string to ensure that all batteries have
the same condition. In an optimal case, the remodification of the battery system would
also entail introducing temperature balancing and recording of charging/discharging of
the batteries.

These optimisation measures could achieve significant OPEX reduction as shown in
Table 7. A more in-depth technical and financial analysis for example through a HOMER-
simulation [78] or similar software could potentially further refine the optimisation.
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Table 7. Annual energy generated and break-even tariff estimation for Mpanta MG.

Item Value
Plant capacity 60 kW, 45 kWp,
Assume transmission loss 10% 10%
Assamesreags imion!
Average daily energy sold 82,134/365 = 225 kWh 61,601 kWh /365 = 169 kWh
Annual average O&M cost $26,206 $22,384

Break-even tariff per kWh $26,206/82,134 = $0.32/kWh $22,384/61,601 = $0.36/kWh

Although reduction of operating costs as illustrated for the Mpanta case might reduce
the price per kWh to be paid in order to cover operation costs, the utilization of the energy
produced by the mini-grid is a second key element of the financial sustainability of these
systems. A closer look at the socio-economic context in relation to MG financials reveals
severe disparities.

5.1.2. Household Income and Energy Affordability vs. Energy Tariffs

Although the equation presented in Table 5 is based on a number of assumptions,
it can roughly be estimated, that based on the current number of consumers and a total
annual OPEX of $43,343 an average payment of monthly ZMW 437 or $19 per connection
would be necessary to cover the costs of operation which is more than half of the average
reported household income in Mpanta. Translating this scenario which has been discussed
as the ‘energy poverty penalty’ [79] to Europe in order to illustrate the financial burden
for the consumer, the average UK household with an annual income of £29,900 [80] would
have to spend around £1245 or $1474 on electricity per month. In a similar translation to
illustrate the relation between income and expenditure, an average UK household would
have to pay around £31.8 or $37.74 per kWh if affordability and consumption levels of MG
users in rural Zambia are translated in a UK scenario.

The average monthly household income in rural areas of Zambia in 2015 was estimated
at $77 but appears to be lower according to the survey data presented earlier. This limits
the disposable income of private households for electricity to $6-7 US per month when
applying an estimation of 10% of potential energy expenditures per household and month.
Applying a tariff of around 0.30 $ per kWh that would at least cover the OPEX would
allow Sinda customers for example the consumption of approximately 23 kWh which is
far below the projected energy consumption per month and rural customer of 49 kWh
according to the Rural Electrification Master Plan of 2008 [62] and is unlikely to trigger the
productive use of energy. These considerations reveal the extent to which the community
context determines the technical and financial parameters of an off-grid system and that
the understanding of local energy needs and demands is essential for energy system
implementation [81].

A more detailed onsite assessment using household surveys could reveal the actual
income situation and the potential consumption levels at the MG sites evaluated in this
article as well as other locations. The identification of current barriers for customers of
getting and staying connected and their actual energy needs and demands as well as
opportunities for productive uses of energy based on local value chains as discussed earlier
can be key to enhance the operational sustainability of MGs in three ways: First, they could
provide a basis for a tariff scheme that is more adjusted to the consumer needs including
options for prepaid-meters based on actual consumption or schemes that incentivize certain
private and commercial user profiles in terms of volume and timing. Secondly, evaluating
consumer behaviour and satisfaction could also reveal under which conditions an increase

49



Energies 2021, 14, 3757

in the numbers of connections could be achieved. Thirdly, a focus on aspects of productive
use in connection with innovative financing schemes for small business owners or farmers
could provide the basis for economic development, income generation and enhance energy
consumption in the area.

5.1.3. The End-User Perspective and a Community-Ecosystem Approach

The data presented previously revealed high energy-demand levels and a substantial
willingness to pay for upgraded energy services among communities in Uganda and
Zambia. The large majority of respondents within all consumer subgroups, including MG
users in Sinda, confirmed improved living conditions in the community after electrification.
Community surveys in Mpanta also revealed the positive effects of electrification on
household and community level [41] as respondents in Mpanta reported positive impacts
enhanced security (street lighting), better availability of medical supplies, higher levels
of education and growing business opportunities as a result of MG energy access. The
number of communal gatherings increased, people feel better connected and informed
due to higher accessibility of TV and radio and local women emphasized that household
work became much easier due to improved light sources. A significant impact on the use
of traditional fuel, however, such as reduced collecting of firewood or use of charcoal has
not been observed by the researchers in Mpanta [41] and Sinda.

The response patterns on negative and positive energy impacts presented are only a
snapshot of different energy consumer perspectives due to the limited number of respon-
dents in each group but they potentially indicate certain key interdependencies and trends:
Low-patterns of productive energy use and energy affordability are closely interrelated
but the uptake of energy and its productive use are not necessarily linked to a specific
type of connection. The Zambian case illustrates, that connecting users to an MG does not
automatically have a greater potential to generate income and business growth compared
to SHS. The consumer perspective partially confirms the trend of financial and technical
sustainability challenges for MGs as the most dominant problems but their significance
varies according to the rural national context. The data also indicates that technical sustain-
ability needs to be considered along with energy generation, transition and distribution of
an energy system including the end-user connection.

Reported social tensions and the potential tendency of higher-income households
being more likely to obtain a connection as indicated by the data suggests that a further
increasing promotion and uptake of decentralised energy systems in rural areas needs to
incorporate strategies for inclusive approaches to also reach lower-income groups in the
communities to ensure that ‘no-one is left behind’.

A lack of community involvement during the planning stage of the mini-grid main
probably has contributed to the challenges of the Mpanta mini-grid since the actual energy
needs, affordability and social barriers have not been assessed extensively. The planning
and implementation process thus did not address sufficiently the potential payment issues
or promoted a pre-paid metering system which might have been more suitable for the
local economic conditions. In this light, the Mpanta situation the importance of early-stage
community involvement for energy project planning which can potentially lead to a system
design that meets community energy demands and better matches the income structure.
The review of MG case—and feasibility studies has revealed that the socio-economic com-
munity context only finds limited consideration and is mirrored in ‘top-down” energy
access governance approaches and limited strategic community engagement for RE project
development [50,54]. Consequently planning and operation of decentralised energy sys-
tems such as solar PV MGs must be based on this context and follow an interdisciplinary
approach that takes into account financial, socio-economical, cultural, technical and en-
vironmental aspects, not only of the mini-grid itself—but the wider community that is
expected to use the mini-grid and benefit from the provision of clean energy.

For the operational phase, tracking customer satisfaction, issues with regard to
monthly payments and the evaluation of opportunities to introduce other services such as
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the provision of clean water, irrigation, communication or media appliances—powered by
the mini-grid could potentially enhance the utilization of the electricity from the mini-grid,
increase revenue and mitigate the current financial losses the system produces.

The low- and seasonal income levels create a volatile financial situation for these
households which makes the payment of a monthly fixed fee often challenging. Although
around 20 refrigerators are currently in use by businesses and households in Mpanta to
cool soft drinks and produce ice blocks to preserve fish, the access to energy has not yet
generated an increased productive use that would help to utilise energy generated and
stabilise cashflows of the system.

This finding correlates with the survey data shown in the previous section which
indicates that electrification, either via SHS or MG does apparently not create an automa-
tism for income increase, particularly in Zambia. This data also indicates the need for
cross-national, comparative analyses of the specific socio-economic impact of electrification
via SHS and MG on rural communities to filter best practices and strategic cornerstones
which can enhance the income situation of rural consumers and stabilise the financial
sustainability of off-grid solutions.

The socio-economic environment of rural communities in SSA establish complex
demands for energy systems delivery models [41,76,82] but can also create opportunities
that are substantial for the longer-term sustainability of the energy system for example with
regard to the productive use of energy, modern energy cooking [83] and the local creation
of local added value. The project in Mpanta demonstrates the importance of demand
utilization and a steady cash flow as conditions for a sustainable mini-grid operation. As
most communities in rural Zambia and other African countries face similar challenges
like Mpanta village, such as the dependency on seasonal rainfalls, small-scale farming
or fishing as well as limited access to productive appliances, solutions are required to
strengthen community resilience and overcome seasonality in income. The provision of
clean water, internet access, training, innovative and sustainable farming methods coupled
with financing schemes for low energy appliances that extend the opportunities to process
agricultural products to be explored at the project planning stage. The baseline of this
approach is the local value chain and the evaluation of potential added-value creation [84].
These added services can add to an integrated infrastructure service concept that goes
beyond the provision of electricity but sees energy [85].

5.2. Implications for the Scalability of Off-Grid Systems in Africa

The literature review illustrated the substantial sustainability challenges that RE
MGs face in the developing world. The in-depth evaluation of two Zambia MGs largely
confirmed these challenges for the cases evaluated by providing detailed technical and
financial as well as consumer-centric data which is largely missing in most case studies.
The data on socio-economic community parameters and energy demands in Uganda and
Zambia reveals significant challenges for the implementation of off-grid systems and
contributes to the debate of the scalability of electrification efforts in SSA [86].

5.2.1. Off-Grid Planning Approaches

Although the market—and socio-economic conditions vary among SSA countries
and the development of MGs in Zambia with regard to scale is still at a rather early stage,
an energy project that aims to be sustainable requires an individual extensive planning
process that closely involves the local communities [25]. These processes are complex
and cost- and capacity-intensive which in turn have significant cost implications for the
project development and the energy tariffs of the system that have to be charged to achieve
financial sustainability which is often unaffordable for the local rural consumers. The
tariff overview of Mpanta and Sinda MGs reveals significant differences in the energy
tariff structures. While Sinda MG applies a pre-metered flat fee for all customers, Mpanta
has a staggered tariff scheme. Despite the average household tariffs being much lower in
Mpanta, the reports of payment problems and customers getting disconnected are much
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higher in Mpanta and in Sinda which might be due to variations in the socio-economic
parameters of the community and indicate high in-country discrepancies between rural
communities with regard to energy affordability.

This finding generates two important implications. First, energy research and data
collection are usually focused on urban versus rural divides in developing contexts. This
analysis however shows, that for community energy research, a more granular analysis
of inter-community conditions in rural settings can provide important insights for the
deployment and function logic of decentralized energy systems as socio-economic rural
community structures are not homogenous in a country. Secondly, in the context of energy
system development, this data can serve as a baseline for the sizing of the RE systems and
the energy tariffs that can be charged in rural contexts. The size of the MG system must be
based on the energy-utilisation potential of the energy generated as unsold kWh are revenue
losses. The stocking of spare parts instead can reduce downtime and limit revenue losses
if maintenance is required and the system can be upsized if energy demand and income
situation improve in the future, for example through the productive use of energy [25].
However, the technical and financial optimization potential is limited and even the bundled
deployment of MGs which can further reduce maintenance costs to some extent might not
achieve substantial kWh retail price reductions to match affordability levels. Interviews
among developers revealed that the current average solar PV MG tariff in Zambia charged
is between 0.40 to 0.49 $ per kWh. A cost-reflective RE MG tariff for a system of the Mpanta
or Sinda size below 0.30 $ per kWh appears to be unrealistic, even with a further decrease
in component prices at least for the near future and in similar contexts.

5.2.2. Energy Affordability Benchmarking

A detailed energy-affordability benchmarking on a national or regional level for rural
SSA is essential to include in future MG scale-up strategies and can be based on data
for national disposable rural household income, which however might vary between
different locations. Based on the community survey data presented in this study and
regional benchmarking data [87], it can be assumed that the total disposable income for
non-housing costs ranges from 1 to 2 $ per day in rural Eastern Africa. In rural Zambia, it
is significantly lower. Table 8 provides a scenario for affordable energy tariffs at the Sinda
and Mpanta sites based on the current number of connected customers, MG energy output
and local household income and spending levels. The calculation which has been made in
local currency illustrates the significant gap between affordable and cost-reflective tariffs
at both sites. It also indicates that a desired further increase in consumption, for example
through the productive use, would require a further tariff reduction or careful calculation
of added value and income generation through these activities as an automatic increase in
household income through energy access cannot automatically be assumed at all locations
as the survey data indicates. The affordability context in this scenario however is purely
based on a financial calculation and does not include the dimension of energy justice. If
we transfer this scenario to an average UK household connected to Sinda mini-grid, this
calculation would reveal an energy tariff of around 9£ per kWh which would be hard to
communicate to a UK customer. These scenarios also emphasise that energy affordability
does not automatically contribute to energy justice.
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Table 8. MG energy-tariff affordability estimation for Mpanta and Sinda MG sites and comparison to UK household scenario
based on household income and spending levels.

Comparative Scenario of
Sinda Mpanta Average UK Household
Connected to Sinda MG in £

Daily output kWh 105 203 203

No. of customers 65 190 190

Total levels levels per month in ZMW 800 550 2000

Disposable spending after fixed-/food costs (30%) 240 165 600

Disposable Income for Energy (50% from disposable income) per month 120 825 300
Affordable energy spending levels per day in ZMW 4.00 2.75 10

Required kWh consumption per day based on system output/no of connections * 1.62 1.07 1.07

‘Affordable’” household tariff per kWh in ZMW with minimal consumption ** 2.48 2.57 9.35

Current MG OPEX per kWh in ZMW 9.34 14 0.45

* Percentage based on regional income-benchmarking studies [87]. ** Assuming equal consumption across consumers.

5.2.3. Off-Grid Energy Tariffs

With this regard, it is generally questionable whether MG development at scale is
desirable and realistic under the requirement of cost-reflective tariff setting, also in the light
of energy justice. In Zambia for example, private consumers in the on-grid sector currently
pay between ZMW 0.56 or $0.02 and ZMW 2.31 or $0.10 per kWh after a heavily debated
price increase in September 2020 as on-grid energy tariffs remain subsidized in Zambia.
These households represent around 31% of the Zambian population of around 5.5 million
people and are mainly located in the urban areas with an average monthly income of ZMW
3152 or around $142 [69]. A tariff adjustment towards cost reflectiveness suggested by the
Zambian Energy Regulation Board was axed by the Zambian President after serious public
outcry [88] but further tariff increases are on the horizon. Over 95% of rural households
with an average household income of ZMW 810 and below or $36 do not currently have
access to the electrical grid. Interviews with project developers revealed that Zambian
mini-grid customers in rural areas are currently paying around ZMW 10 per kWh under
the latest MG deployment scheme [89]. Hence, within the further roll-out of MGs in rural
areas due to the limited feasibility of scaling on-grid connections exhaustively within the
next decade [54], the majority of the rural population in Zambia could be potentially facing
energy tariffs that are up to 20 times higher than in grid-connected urban areas despite
them having a much lower household income. This is not simply unjust or questionable
with regard to economic feasibility, it also bears the potential of future political or civil rifts
as the energy sector is a highly debated and critical topic in Zambia [88].

A more just approach could either integrate on- and off-grid energy planning and
implementation under a national tariffing scheme which, if scaled, must also address
specific requirements in terms of energy distribution and demand-side management which
will require significant technology investment in developing countries [90-93]. The man-
agement of a potential future integration of MGs in the national electricity grid upon grid
arrival should be a component during the MG planning stage and must also be sufficiently
addressed by the regulatory frameworks to avoid decommissioning of the MG upon grid-
arrival due to limited tariff competitiveness. On national level, strategic energy planning
scenarios should account for the projected or potential integration of solar PV MGs and
other decentralised energy sources such as wind- or hydropower into the national grid in
terms of infrastructure investment—as well as demand-management planning, to avoid
future drawbacks on the grid if this is going to be further extended in the future [94,95].

Alternatively and since off-grid electrification is heavily driven by foreign donor
engagement [43], funding strategies could shift from a purely OPEX-based approach to a
blended model that includes a tariff subsidy component to trigger energy consumption and
include longer-term results-based funding (RBF) components [83] that are focused on MG
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operation and utilisation of electricity generated. This model would then ideally include
a scenario of shifting towards cost-reflectiveness after a certain period of time when the
targeted measures implemented alongside the MG deployment to increase income through
productive use of energy, irrigation or improved farming methods for example triggered the
desired income generation and stabilisation. This strategy could also potentially incentivise
the implementation of financially and technically more optimised solutions, encourage
CAPEX-reduction and incentivise the longer-term sustainable operation of the MG.

6. Conclusions

This study presents an interdisciplinary approach to evaluate the sustainability of
RE mini-grids in SSA incorporating the technical, financial and communal dimensions. A
comprehensive literature review, community survey data from Uganda and Zambia as well
as the in-depth evaluation of two MG case studies from Zambia reveals the interdependency
of financial—technical—and social sustainability.

The study has shown that an off-grid system is operationally sustainable if it can
provide affordable energy access and deliver the desired outcomes over its estimated
lifespan and that these interdependencies, however, exist partially in tension with each
other. Social sustainability which includes affordable tariffs, for example, can bear trade-
offs for example with financial sustainability in terms of recovering MG development—and
operation costs. Consequently, sustainable off-grid electrification in sub-Saharan Africa
requires an approach that goes beyond a top-down planning process that is solely focused
on the provision of electricity.

Actual community energy needs and demands as well as the socio-economic structure
are critical components for the long-term sustainability of energy systems and must be
taken into account when an MG is going to be developed and implemented.

The interdisciplinary study allows five general conclusions with regard to the imple-
mentation of RE MGs in developing contexts:

Current MG energy tariffs are often yet far beyond local affordability levels which
is also related to the requirement of tariff cost-reflectiveness in most SSA countries, high
equipment costs and oversized systems. Consequently, local affordability levels should
function as a key baseline for MG-planning- as well as wider electrification processes and
design the systems based on local income and energy demand levels. This approach also
includes close monitoring and benchmarking of system costs (CAPEX), especially if projects
are donor-funded, the realistic sizing of the system as well as the acknowledgement of key
community challenges that trigger low and intermittent incomes. These considerations also
open the general debate whether it is realistic to achieve national energy access goals for
low-income, rural areas until 2030 through the application of cost-reflective tariff schemes
or whether rural energy consumption can only be triggered through mid- to longer-term
energy tariff subsidies.

The complex challenges for rural African communities that are dependent on small-
scale farming or fishing undermine the longer-term financial sustainability of MGs and are
likely to be exacerbated by the effects of climate change. In addition to that, limited access
to productive appliances, a of local know-how, decency on seasonal rainfalls and a lack
of local capital often restrict rural communities from the uptake of the energy provided
through off-grid systems.

Integrated planning approaches that flank energy system development and which
focus on overcoming these specific challenges, for example through providing irrigation,
training or access to appliances including financing schemes. Consequently, this paper
calls for a change of the energy-access narrative from the focus of systems deployed
or connections provided to the consideration of energy as a tool to support rural socio-
economic development through the creation of added value and as one infrastructure
component to be implemented alongside bundled measures that target key challenges for
rural communities. The access to affordable and good quality appliances for private or
commercial use in rural areas is still a major challenge and the establishment of affordable
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supply—and maintenance systems in the appliance sector are thus key to the utilisation
of energy.

From a policy level, the findings suggest the promotion of feasibility studies that
realistically benchmark local income—and projected energy tariff levels during the project
planning and -application stage, support mechanisms for enhanced community engage-
ment beyond the sole local approval of energy projects and the promotion of integrated
infrastructure solutions. Projects publicly funded by donors or local government need
to be closely evaluated in terms of CAPEX and prospected CAPEX in terms of realistic
market pricing.

The scaling of sustainable RE mini-grids requires innovative financing approaches that
go beyond pure upfront CAPEX grant-financing. Infrastructure solutions in rural settings
of developing countries must be considered in the context of their operational environment,
the community ecosystem which determines the sustainability of these solutions. The
current trend of implementing largely grant financed, CAPEX intensive solutions with
very limited community involvement does neither incentivize the productive use of energy
through lower tariffs nor facilitate long-term sustainability and operation of these systems.
The clustering of mini-grids can help in lowering down CAPEX and OPEX which can
create a positive impact on energy tariffs and consumption. The provision of electricity is
only one element of mini-grid planning and need to be aligned with energy uptake and
added-value generating productive use of energy. Results-based financing approaches and
carbon-credit financing that focus on longer-term mini-grid operation and energy uptake
can be a key element of future financing approaches with this regard but require further
research in terms of practical applicability.

The scaling of sustainable off-grid energy systems also requires adequate regulatory
frameworks that technical quality, frictionless project implementation, strategic energy
planning scenarios that integrate the on-and off-grid sectors flanked by investigating future
grid-distribution strategies.

The danger of creating “White Elephants’ at scale, grant financed projects that are
unsustainable and will be abandoned if operation costs permanently exceed revenues, is
very real. The $1.3 million Mpanta mini-grid, which was commissioned in 2013, is currently
on the brink of being decommissioned as the national electrical grid is now just about
two km away from the village and due to replace the mini-grid very soon. According
to REA Zambia, the solar PV mini-grid will be decommissioned. Batteries will be sold
to a recycling plant. There are currently no plans available for utilising other assets of
the mini-grid.
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Abbreviations

Nomenclature

CAPEX Capital Expenditures

ERB Energy Regulation Board

MG Mini-Grid

OPEX  Operating Expense

RE Renewable Energy

REA Rural Electrification Authority
SHS Solar Home Systems

SSA sub-Saharan Africa

UNZA  University of Zambia

WTP ‘Willingness to pay’

ZESCO  Zambia Electricity Supply Corporation
ZMW Zambian Kwacha
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Table 3. List of RE Mini-grids in Zambia (Source: UNZA research in cooperation with REA).

Description Capacity [kW] District Province STATUS
1 Mpanta Solar Mini grid (60) Samfya Luapula Decommissioning
2 Chitandika Solar Mini grid 28 Chipangali Eastern Operational
3 Muhanya Solar 30 Sinda Eastern Operational
4 Solera Mini grid-Ken Village 25 Katete Eastern Operational
5 Solera Mini grid-Madzi-Atuwa 25 Chipangali Eastern Operational
6 Solera Mini grid-Kapasa 25 Chipangali Eastern Operational
7 Solera Mini grid-Taferasoni 25 Chadiza Eastern Operational
8 Solera Mini grid-Kacholola 25 Nyimba Eastern Operational
9 Solera Mini grid-Chanyalubwe 25 Lundazi Eastern Operational
10 Solera Mini grid-Chikomeni 25 Lumezhi Eastern Operational
11 Solera Mini grid—-Luangwa Market 25 Luangwa Eastern Operational
12 Solera Mini grid-Mnukwa 25 Chipata Eastern Operational
13 Solera Mini grid-Chikalawa 25 Petauke Eastern Operational
14 Magodi Solar Mini grid 48 Lundazi Eastern Operational
15 Zengamina Mini Hydro 750 North-Western Operational
16 Kasanjiku Mini hydro 640 Mwinilunga North-Western Operational
17 Katamanda Solar mini grid 50 Chipangali Eastern Operational
18 Standard Micro grid-Kakolo nA Kitwe Copperbelt Operational
19 Standard Micro grid-Kamuchanga nA Kabwe Copperbelt Operational
20 Standardché[;il;o%l:gfzambia nA Kapiri Mposhi Central Operational
21 Standard Micro grid-Ngwerere 1 10 Chongwe Lusaka Operational
22 Standard Micro grid-Mugurameno 10 nA nA Operational
23 Standard g/[;rcrt‘gegzlljideower 10 nA nA Operational
24 Standard Micro grid-Sioma high 24 Sioma Western Operational
school
25 Standard Micro grid-Undi Village 10 Katete Eastern Operational
26 Standard Micro grid—Katente nA Nyimba Eastern Operational
27 Standardcl\é[ri:l;ooigjfzambia nA Kitwe Copperbelt Operational
28 Standard Micro grid—Chapita nA Katete Eastern Operational
29 Standard Micro grid-Mphila nA Katete Eastern Operational
30 Chunga Solar mini grid nA Mumbwa Central Under construction
31 Lunga Solar mini grid nA Lunga Luapula Under construction
32 Chitokoloki Mission Solar Mini grid nA Petauke Eastern Operational
33 Shiwang’andu nA Shiwang’andu Muchinga Operational

"Does your income change a lot between different months?"

100
; I I I I
0 — N | -
Yes

No

® Zambia m Uganda Zambia MG users

Uganda MG users ®Zambia SHS users mUganda SHS users

Figure 1. Income intermittency in Uganda and Zambia (N = 1016; Responses in %; Multiple responses
possible).
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"Why is your income low during certain months?"

25
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10
) I l
0 m @ m
farmers are  dependency on income low production vegetables dont farming difficult limited market family members
main farming season spending on  due to lack of sell well in rainy due to weather who live in
customers, farming water season conditions town & support
have seasonal struggle during
income these months

Figure 2. Reasons for low income; Southern Zambia; N = 50; Responses in %; Multiple responses pos-
sible.

"What type of electricity supply are you connected to?"

25
20
15
10
5
0 |

Grid Solar home Portable Solar Diesel or  Car Battery Other No supply
electricity system Panel petrol
(Zesco) generator

Figure 3. Type of electricity supply, Southern Zambia (Responses in %; Multiple Responses; N = 50).

"What type of connection/electricity supply and payment model is most attractive

to you?"
100
80
60
40
0 .
Zesco - grid Local solar MG Solar Home system Solar Home one-off ~ Mobile Battery Other
(monthly (monthly (monthly purchase solution (pay per
payment/pre-paid) payment/pre-paid)  payment/rent to charge)
buy)

mAIl = SHS owners

Figure 4. Desired energy connection, Southern Zambia, N = 50, Responses in %.
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"Would you like to use electrical devices to produce goods or services for sale or to

trade?"
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o M_ u O
Zambia all Uganda all Zambia MG Uganda MG Zambia SHS  Uganda SHS
users users users users
EYes mNo

Figure 5. Desire for productive energy use in Uganda and Zambia (Responses in %).

Ability to pay for school fees now compared to before electrification

100

80
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- . 1L nl
0 N — l l-

Zambia SHS users Uganda SHS users ~ Zambia Mini-Grid users Uganda Mini-Grid users

mMore mEqual ®Lless

Figure 6. Impact of electrification on ability to pay school fees among various subgroups; Responses
iI'l 0/0.

Business activity in your community now compared to before electrification

100
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40 I
: m
0 mB - Hm= .
Zambia SHS users Uganda SHS users  Zambia Mini-Grid users  Uganda Mini-Grid

users

mMore MEqual ®less

Figure 7. Impact of electrification on business activity among various subgroups; Responses in %.
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Time children spend studying now compared to before electrification.

100
B} I I I
0 I . . - —

Zambia SHS users Uganda SHS users  Zambia Mini-Grid users  Uganda Mini-Grid
users

mMore mEqual mless

Figure 8. Impact of electrification on education among various subgroups; Responses in %.

"Have there been any negative effects of electrification in the
community?"

60
50
40
30
20
10

0

Zambia SHS users Uganda SHS users Zambia Mini-Grid  Uganda Mini-Grid
users users

HYes ENo

Figure 9. Perceived negative effects of electrification among various subgroups; Responses in %.

Appendix B. Additional Information: Optimisation Approach &
Background—60 kWp and 45 kWp Solar Energy Mini-Grid for a Location like Mpanta

Appendix B.1. Estimating PV Power Output

The estimation of solar PV output power in Mpanta, Zambia is calculated through the
World Bank Solargis map for Zambia [71]. This map provides a summary of the estimated
solar PV power generation potential. It represents the average daily and yearly sum of
electricity production from a 1 kWp grid-connected solar PV power plant calculated for
the recent 24-year period 1994-2017. The PV system configuration consists of crystalline
silicon PV modules mounted at a fixed position and ground-based, free standing structures
with an optimal tilt towards the equator. The use of high efficiency inverters is assumed.

Table A4. Annual/Daily PV power output Mpantan MG-modelling approach.

Item Value
Plant capacity 60 kWp 45 kWp,
Average yearly PV power output 1690 Wh/kW,, 1690 kWh/kWp,
Total yearly PV power output 1690 kWh/kWp, x 60 kW), = 101,400 kWh 1690 kWh/kW}, x 45 kW), = 76,050 kWh
Total average daily PV power output 101,400/365 = 278 kWh 76,050/365 = 208 kWh
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Appendix B.2. Battery Sizing

The use of high-quality components is important as they allow uninterrupted power-
supply and the life-span of the components. Although the initial costs of good quality
components are higher, their life-time cost is usually limited due to less failures, a longer
life-span and higher efficiencies. Batteries are the most expensive component in a solar
PV system with storage. The current trend is to move away from the traditional lead
acid batteries to lithium-ion batteries. Li-ion batteries have a life-time of 15 to 20 years
with an average warranty of 10 years compared to lead-acid batteries which are supposed
to have a life-time of 5 years but often create technical problems and die out before this
time. Lithium-ion batteries have a higher 80% depth of discharge (DOD) compared to 50%
DOD for lead acid batteries. Lithium-ion batteries have a higher efficiency of over 90%
compared to lead acid batteries which are 80% efficient. With these factors, life-time costs
of lithium batteries are lower than that of lead acid batteries. Additionally, lithium batteries
are much lighter and smaller in size. Consequently, Li-ion are the preferred choice in this
new configuration of Mpanta MG.

As a second step, the size of the battery has to be optimised. Keeping in view that
Mpanta community’s ability to pay is very low, only one day battery autonomy can be
provided for cost-reasons. This would mean, that the plant would provide power only
for 24 h without the sun. Consequently, residents would have a restricted power supply
during cloudy days. Further assumed that on average about one third of the load is used
during the day, the need of storage is reduced to two thirds of the daily energy output.
Taking 80% as the depth of discharge for Li-ion batteries, the required size of the battery
system is outlined in the Table below.

Table A5. Mpanta—Optimised battery-sizing scenario.

MG—system sizing 45 kWp 60 kWp
Daily Energy Demand 208 kWh 278 kWh
Depth of Discharge (Li-ion) 0.8 0.8
Assumed day-time energy demand 1/3 of the daily demand 1/3 of the daily demand
Inverter efficiency 0.9 0.9
Battery size 208/(0.8 x 0.9) x 2/3 =193 kWh 278 x (0.8 x 0.9) x 2/3 =258 kWh

Table A6. Current and optimised technical layout and OPEX for Mpanta MG.

Current Layout Optimised Model with Reduced Battery Back-Up System
Annualised Costs
Est. Current Est. Life Time ~ Current Est. Est. Life Time Est. Unit
C ts i Ce s
omponents Costs ($) Units (Years) OPEX pa. omponents (Years) Costs ($) 15KW 60 kW
Batteries 5 o w 600$/193 600 $/258
(8350 x 320) 112,000 720 %150 $ 5 21,600 Batteries (Li-lon) 15 600 units 7720 units 10,320
Inverter * 8000 2 x 15KW 7 1143 Inverter *** 7 4000 3x 1714 4x 2286
Charge 2 x 100 -
onage 3000 Aoy 7 600 Charge controllers 10 1500 3x 450 4x 600
Misc - - - 3000 Contingency/Misc - - - 1500 - 2000
Total - - - 26,343 Total (in $) - - - 11,384 - 15,206

* The system currently only operates 2.15 kW Inverters and 2 charge controllers which probably decreases the actual kWh output of the 45
kWp solar generator by approximately 10-15%. ** The lifespan of Li-Ion batteries is approx. 3x longer compared to the AGM/LEAD
Batteries that are currently used in Mpanta. *** The capacity and the charge controllers has been adjusted in the optimised model to ensure
maximum output in kWh in relation to the solar generator.
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Abstract: The main purpose of the paper is to present a proposal to measure the relationships between
Goal 7 of the 2030 Agenda for Sustainable Development and one of the areas considered in the green
growth concept: environmental production efficiency. Both of these areas illustrate the relationship
between the natural environment and the economy, emphasizing transformations in the field of
energy use. Selected taxonomic methods, TOPSIS, and multicriteria taxonomy, were applied to study
the relationships between the two areas. The results of the EU countries classification showed a
variety of countries” development pathways within a single economic community. Despite continued
attempts to equalize the development levels between European Union countries in many strategic
areas, they remain highly diversified. That is also true for the areas analyzed in the paper, which
is a disturbing situation, indicating that both strategies might not correlate in all respects. Further
research into the relationships linking the remaining dimensions of both strategies is required.

Keywords: green growth; sustainable development; environmental production; relationships; TOP-
SIS; multicriteria taxonomy

1. Introduction

Sustainable development and green growth are ideas for which there has been a
renewed increase in interest among politicians, scientists, and the public in recent years.
The growing interest in these concepts seems to be directly proportional to the increasingly
frequent and more dramatic scientific reports on the progressive degradation and increasing
human pressure on the environment. However, treating these concepts as a kind of
a “remedy” for the current and future problems of the world is more and more often
described as unjustified. Merely investing in increasingly efficient technologies supported
by motivating the business sphere so that national economies can grow further and at the
same time reduce their unsustainable environmental impact seems insulfficient, according
to recent studies. It is worth mentioning here, for example, a project of a team led by
Monika Dittrich [1], which published its first findings in 2012. It showed that with the
economic growth rate of about 2-3% per year, the consumption of, e.g., fish, livestock, the
use of forests, metals, and fossil fuels would increase from 70 billion tonnes per year in
2012 to 180 billion tons in 2050.

In contrast, the value that would allow a balance between economic growth and the
use of the environment was set at around 50 billion tonnes. As indicated in the report, the
value was already exceeded by a civilization in 2000. The Dittrich team also looked at what
would happen if each country immediately implemented best practices for the efficient use
of natural resources. Consumption would then improve, but it would still be as much as
43 billion tons above the accepted equilibrium level.

Does this mean that we should abandon attempts to implement the assumptions of
the concepts for which the overarching goal is to search for the possibility of permanent
decoupling of the GDP from the total consumption of the Earth’s natural resources? The
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answer is obvious—no, we should still search for opportunities to implement the assump-
tions of these concepts effectively. Unfortunately, however, we cannot predict both further
obstacles to their implementation and the possibility of evolution of today’s technological
solutions. Especially that some of these solutions already encounter problems that were
difficult to predict earlier.

For example, it is worth mentioning that Norway achieved a record level of electric
car sales last year. In 2020, as much as 54% of the cars delivered to this market did not
have a combustion engine in any form. However, due to the high repair cost and subsidies,
which lower the price of electric cars, otherwise twice as expensive as combustion models,
their repair is not profitable. As a result, the number of scrap electric cars is growing
exponentially, and at least one in three of them could be repaired. In addition, although
the material from scrapped cars is, according to the manufacturers’ information, 98%
recoverable, only a small percentage of repairs in Norway are made with the use of used
car parts [2].

These reports are contradicted by official statistics used to monitor progress in imple-
menting the concept of sustainable development, which show that Scandinavian countries
are, in fact, the only countries in Europe that have managed to separate economic growth
from negative environmental pressures permanently. What does this mean? Only that the
adopted indicators are too general or too unified. Striving to develop similar evaluation
standards for all countries, e.g., for the European Union, one forgets about the differences
between those countries, which are significant despite relatively similar development
conditions.

Hence, there is a need for more detailed analyses and new tools to support the
monitoring of progress in implementing the sustainable development strategy, such as
green growth. It should be emphasized that this level of detail should not be limited only
to creating increasingly advanced indicators. The relationships between individual areas
of these concepts are also meaningful, as they will allow for a better understanding of each
of them.

The symptoms of similar thinking are visible both in the current and previous concepts
of measuring progress in implementing the Sustainable Development Strategy. The strategy,
in force until 2018, assumed, for example, various levels of its implementation: from the
level of explanatory indicators, through operational indicators, to headline indicators.
The main problem of this hierarchical method of presenting indicators was the lack of
connections between the successive levels of the pyramid (until 2018, the sustainable
development indicators were hierarchical and presented in the form of a pyramid). As
it was shown in [3], achieving the level of indicators close to the assumed values at the
lower levels of the pyramid did not translate into equally high positions at higher levels.
On the other hand, in the current strategy aiming to achieve as many as 17 different goals,
it was decided to immediately identify the goals and appropriate indicators that should
be related to each other. Moreover, in this case, some of these assumed relationships are
not observed in reality, which was confirmed, among others, by the results of the research
presented in [4,5], examining in detail the relationship between the various goals of the
strategy.

These observations prompted the authors to begin research analyzing the strength
and directions of the relationship between the indicators used to measure the latest Sus-
tainable Development Strategy, the 2030 Agenda, and the indicators used to measure the
concept of green growth, which is referred to in the literature [6,7] as a tool for sustainable
development.

Therefore, the study aims to present a proposal for measuring the relationship between
the concepts of sustainable development and green growth. The considerations presented
in the paper focus primarily on the relationships between Goal 7 of the 2030 Agenda (SDG
7), i.e., to ensure access to affordable, reliable, sustainable, and modern energy for all
and one of the areas considered in the Green Growth Strategy (GGS), i.e., environmental
production efficiency. Both of these areas illustrate the relationship between the natural
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environment and the economy, emphasizing the transformations taking place in energy
use. Selected taxonomic methods were used to study the relationships between these areas:
TOPSIS [8] and multicriteria taxonomy [9].

The paper, therefore, formulates the following research questions:

1.  How are the relationships between sustainable development and green economy
shaped in terms of the areas selected for the study related to sustainable energy use
(Goal 7 of the 2030 Agenda and one of the areas of Green Growth Strategy)?

2. Does the high level of development in the area of green growth selected for the study
impact the achievement of Goal 7 of the 2030 Agenda?

The added value of the study is the research approach used by the authors, in which
the values of synthetic measures obtained for both analyzed areas became the basis for
grouping the EU countries characterized by similarity and dissimilarity of development.
This approach was used for the first time in this study. As a rule, studies of this kind are
limited to building rankings of objects in terms of the adopted indicators. The literature on
the subject lacks analyses showing the relationship between sustainable development and
green growth, which is assumed to be a tool for implementing the sustainable development
policy. The research approach used in the paper allows for assessing these relationships
from various perspectives, including the similarity and dissimilarity of development. The
authors of the article identified a research gap in the literature in this area. There are no
studies that show not only the level of development in these two areas but also the way
they are related to each other. This approach is demonstrated in this paper.

The layout of this article includes an introduction (Section 1), which presents the
main purpose of the work and explains the most important motivations of the authors
for researching the relationship between the natural environment and the economy, with
particular emphasis on transformations taking place in the field of energy use. Later in
the paper, research on the green economy as a sustainable development tool is reviewed
(Section 2). Then, the statistical data used in the study are presented, and the research
procedure used in the study is described (Section 3). The article ends with presenting
the research results (Section 4), discussion, and conclusions resulting from the research
(Section 5).

2. Green Growth as a Tool for Sustainable Development-Research Overview

It is assumed that the discussion on the concept of development, taking into ac-
count economic and social, and environmental aspects, began in earnest in the 1970s and
1980s [10], although already in the 1960s, the first publications appeared in the litera-
ture [11], drawing attention to the negative effects of modern large-scale technologies on
the natural environment. Initially, it was rather a political idea aimed mainly at improving
the functioning of the economy in terms of its balance with the natural environment, only
in subsequent years taking into account also social goals [12]. Since then, this concept
has undergone a significant evolution, which was initially aimed at finding the concept’s
proper definition. As B. Caroll (2002) demonstrated in her work, who analyzed as many
as 500 different definitions of sustainable development, most of these proposals did not
contribute much to the most frequently cited definition of the Gro Bruntland report [13].
According to this definition, sustainable development is: “development that meets current
needs without depriving future generations of the ability to meet their own needs”.

Nowadays, more and more often, certain elements (distinctions) are indicated, which
are important for a proper understanding of this concept [14]. These are primarily such
terms as:

e Development [15-18]—this is usually one of the first terms referred to in constructed
definitions;

e Integration [19-21]—also understood as an integration process and balancing most
often related to three main orders: social, economic, and environmental ones,

e the quality of life [22—24]—indicated as the overarching goal of sustainable development.
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Each of these terms allows for a better understanding of the concept of sustainable
development. Their bottom line is to understand this concept as a constantly evaluating
process, which means that there is a need for a dynamic approach to this issue. Integration
is also essential, understood as a kind of relationality, which means that the three main
components of sustainable development form different relationships with each other. In
addition, these relationships are formed between them and the environment. Hence the
numerous attempts to integrate sustainable development into other areas [25-31]. As a
result, there is a growing number of new research areas such as sustainable competitiveness,
sustainable agriculture, and sustainable energy. Each of these areas can be treated separately
or as a development of particular dimensions of the SD—e.g., sustainable competitiveness
or sustainable energy as a development of the economic dimension. The sustainability
of the balance between these dimensions, which is now identified as the most important
sustainable development goal, is also worth mentioning.

There was also a need to develop concepts that will result in a more accurate picture
of what is happening in the economic dimension, which is in a strong relationship with the
other dimensions; social and natural. Previous studies by the authors [32,33] show that
along with economic development, there is a similar rate of social development, which
applies in principle to all European Union countries. On the other hand, in the case of
relations between economic and natural measurements, two types of relationships can
be distinguished: a positive relationship that means that economic growth also entails an
improvement in the environmental dimension and the opposite situation when economic
growth comes at the expense of the environment. Therefore, more advanced analyses are
needed to show what model or models of development we are currently dealing with in
the European Union see: [34,35].

The response to such needs is the so-called concepts supporting research on sustain-
able development, such as the concept of green growth. This concept was first promoted in
2005 by the UN Economic and Social Commission for Asia-Pacific (UNESCAP), mainly
to seek opportunities to introduce a new low-carbon sustainable development model
for rapidly developing Asian countries [36]. The term, as in the case of sustainable de-
velopment, is defined in many different ways. According to the OECD [37] definition,
green growth means “fostering economic growth and development while ensuring that
natural assets continue to provide the resources and environmental services on which
our well-being relies.” UNESCAP [38,39] defines this term as: “...growth that emphasizes
environmentally sustainable economic progress to foster low-carbon, socially inclusive de-
velopment.” According to World Bank [40], green growth should be described as: “growth
that is efficient in its use of natural resources, clean in that it minimizes pollution and
environmental impacts, and resilient in that it accounts for natural hazards and the role of
environmental management and natural capital in preventing physical disasters.” The lit-
erature [41,42] also indicates that the concept of green growth does not replace sustainable
development but achieving the purposes of sustainable development becomes possible
when the economy is functioning right. An essential aspect of this operation is the care of
proper efficient, at least diverse, and efficient use of energy sources.

Energy, access, and use are the theme of Goal 7 of the 2030 Agenda: ensure access to
affordable, reliable, sustainable, and modern energy for all. As indicated in the explanation
to this goal [43]: “Access to affordable, reliable and sustainable energy is crucial to achieving
many of the Sustainable Development Goals—from poverty eradication via advancements
in health, education, water supply and industrialization to mitigating climate change.”

In the case of green growth, the indicators describing energy use were assigned by the
OECD to the economy’s environmental and resource productivity, together with indicators
describing carbon productivity, non-energy material productivity, and environmentally
adjusted multifactor productivity. As indicated in the latest OECD report [44,45], “the
structure of the country’s energy supply and the efficiency of its energy use are key
determinants of environmental performance and economic development.” This report
indicates, for example:
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e Increase in energy used most in the services and transport sector;

e Low levels of productivity in many of the major energy-consuming countries despite
widespread increases in energy productivity;

e  Arelatively minor role of renewables in OECD energy mixes.

The results of the research presented in this paper, on the one hand, allow verify-
ing whether these observed trends are still valid. Thanks to the application of selected
multivariate methods of statistical analysis, it is also possible to examine the relationship
between the degree of achievement of Goal 7 of sustainable development and the results of
energy use within the green growth concept. The following part of the paper will examine
the relationship between these areas.

An overview of current research directions in the field of green economy and sus-
tainable development can also be found in the works published by other authors. Table 1
contains an overview of selected studies in this field, presenting the main directions of
research and analysis in this domain.

Table 1. Research directions in the field of green growth as a tool for sustainable development.

Directions of Research Papers

exploring the relationship bgtween green growth, green economy, and [46-5]
sustainable development

environmental issues, economic growth, and innovation [53-56]

low-emission economy, reduction in greenhouse gas emissions [57-65]

renewable energy, environmental impact and sustainability, barriers, and [66-77]

incentives to the use of renewable energy

3. Data and Methodology
3.1. Statistical Database

According to the adopted assumptions, the analyses covered two groups of data. The
first includes the European Commission’s indicators to monitor progress in the implemen-
tation of Goal 7 of the 2030 Agenda. The second group comprised the indicators describing
developments in one of the areas of green growth, i.e., the environmental and resource
productivity of the economy, from the OECD database. In the paper, all of the indicators
applied by the European Commission (2030 Agenda) and OECD (green growth) were used.
The authors decided not to select indicators from these databases with use, e.g., statistical
methods. It means that all of the indicators created for this purpose by these international
organizations were adopted for the study. This approach will allow for a real comparison
of these areas as they were originally designed.

In both cases, because of the comparative nature of the studies conducted, the 2018
data were analyzed. In individual cases, due to the adopted, for example, 5-year period
of change monitoring, data from 2015 were included in the analyses, mainly in the case
of indicators on the green economy. The study covered the 27 current European Union
members and the United Kingdom, which only formally left the European Union in 2020.
A comparison of both groups of indicators is presented in Table 2. The symbol S next to
the indicator (e.g., X155) means that it is a stimulant—with the increase in the value of this
indicator, an improvement is observed in the analyzed area, while the symbol D means a
destimulant, in this case, the deterioration is observed with the increase of the indicator.
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Table 2. Descriptive characteristics of indicators analyzed in the paper, EU countries and the United Kingdom, 2018 1.

Symbol Description x Vs (%) As
Goal 7. Ensure access to affordable, reliable, sustainable and modern energy for all
X11D Primary energy consumption (tonnes of oil equivalent, TOE, per capita) 321 258.80 1.66
X12D Final energy consumption (tonnes of oil equivalent TOE, per capita) 242 210.85 2.79
X13D Final energy consumption in households (kg of oil equivalent per capita) 560.14 304.99 0.21
X145 Energy productivity (purchasing power standard, PPS per kilogram of oil 8.70 318.45 1.62
equivalent)
X155 Share of renewable energy in gross final energy consumption (%) 21.09 182.37 1.13
X16D Energy import dependency (% of imports in total gross available energy) 56.63 246.50 —0.24
X17D Population unable to keep home adequately warm (% of population) 8.61 101.81 1.67
Green growth: the environmental and resource productivity of the economy
X215 Production-based CO, productivity (QDP per unit of energy-related CO, 704 3733 113
emissions)
Xoop Production-based CO, intensity (energy-related CO, per capita) 6.36 40.87 1.50
Xp36 Demand-based CO, productivity. (C%DP per unit of energy-related CO, 5.08 2011 043
emissions)
Xo4D Demand-based CO; intensity (energy-related CO, per capita) 7.62 35.61 1.00
Xo5D CO, intensity of GDP (CO, emissions per unit of GDP) 0.16 38.49 1.29
X265 Energy productivity (GDP per unit of TPES, US Dollar, 2015) 13,514.71 37.01 1.87
X275 Energy intensity (TPES, tonnes of oil equivalent, TOE per capita) 3.26 37.86 1.03
X285 Total primary energy supply (tonnes of oil equivalent, TOE millions per capita) 0.33 37.07 1.04
X295 Renewable energy supply (% of total energy supply) 16.94 58.35 1.04
X2.108 Renewable electricity (% of total electricity generation) 36.50 58.08 0.55
X211D Energy consumption in agriculture (% of total energy consumption) 2.65 50.98 1.15
X2.12D Energy consumption in industry (% of total energy consumption) 22.93 29.48 0.87
X2.13D Energy consumption in transport (% of total energy consumption) 30.94 26.70 0.90
X2.145 Renewable energy supply, excluding solid biofuels (% of total energy supply) 7.69 54.36 0.88

All the indicators studied have a significant variation level, with coefficients of varia-
tion (V) for indicators describing changes in Goal 7 of sustainable development strategies
are significantly higher than in the case of green growth for the area selected for the study:
the economy’s environmental and resource productivity. The highest level of coefficient of
variation concerns two indicators: X;3p—final energy consumption in households (kg of
oil equivalent per capita) is 304.99% and X 4s—energy productivity (purchasing power
standard, PPS per kg of oil equivalent) is 318.45%. Such a large diversity is influenced,
among others, by significant differences between maximum and minimum values. For
X13p, the highest final energy consumption in households per capita, at 1032 kg, was
recorded for Finland, and the lowest was recorded at 193 kg for Malta. With respect to the
latter, the maximum concerned was Ireland (18.66 PPS per kg of oil equivalent), and the
minimum value (4.73) was also Malta. It is also worth noting that most of the indicators
adopted for the study were characterized by high (Goal 7 indicators) or moderate (green
growth indicators) right-hand asymmetry, which means that for most EU countries, their
values were below average. In the case of indicators classified as destimulants, this is a
favorable situation for most analyzed countries. Their values are below average.

To describe the second study area of green growth, 14 indicators were selected, 8 of
which are stimulants. The coefficients of variation, lower than for Goal 7, range from 20.1%
(X235) to 58.35% (X5.95). The relatively high variation of the indicator describing renewable
energy supply (X395, % of total energy supply) is influenced by a significant difference
between the maximum value, 40.44% for Latvia, and the minimum value of 5.17% for
Malta. It is also worth noting that, compared to the results of the OECD Report [42], there
is still an increase in the use of energy in transport in most of the countries under study, the
largest for the dynamically developing countries of Eastern Europe: Poland (up 4.60 PPS),
Slovak Republic (2.82 PPS), and Hungary (1.45 PPS). There is also a decrease in the use of
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energy in transport, mainly in the Nordic countries: Norway (down 1.96 PPS), Finland
(0.47 PPS), and Sweden (0.55 PPS), but also, e.g., Italy (0.72 PPS) and Latvia (0.50 PPS).

In most countries, the X; 45 energy productivity indicator is also increasing, with the
most notable increase observed in Ireland (17.02%), Malta (14.73%), Romania (11.33%),
Bulgaria (10.76%), Germany (8.60%), Portugal (8.39%), and Croatia (8.20%). The indicator
decreased in the case of Sweden (—4.78%) and Estonia (—0.90%). In many EU countries,
there is also an increase in the use of renewable energy (X3 9s), even by more than 30%, but
at the same time relatively minor role of this energy in energy mixes in the case of, e.g.,
Malta (up 61.21 PPS, with a share of 5.02%), or Ireland (33.23 p.p. and 8.42%, respectively).

The information provided confirms significant development differences between EU
countries, which is important because one of the main objectives of the functioning of such
economic organizations is to strive for equal development of all member states. However,
it appears that these differences are still significant, and efforts to eliminate them are still
needed. The differences between the level of development of EU countries observed at the
level of the individual indicators will also be seen in more advanced multidimensional
analyses. Therefore, it is essential to check whether the improvement of the analyzed area
of green growth: the environmental and resource productivity of the economy is reflected
in the implementation of Goal 7, the 2030 Agenda.

3.2. Statistical Methods

A two-stage research procedure was used to study the relationship between indicators
describing the degree of implementation of Goal 7 of the 2030 Agenda and Green growth
strategy regarding the economy’s environmental and resource productivity. At the first
stage, synthetic measures were calculated based on the indicators in each area concerned,
which allowed ordering the studied countries in terms of their performance. The TOPSIS
method was used to determine synthetic measures. A detailed description of this method
and examples of its application can also be found in the papers [78-86]. This method
is often used in the literature to study customer preferences [78-82]. There are also a
growing number of its application in research on the level and directions of regional
development [84-86]. Its main advantage is the ability to determine the distance from
the so-called pattern and the anti-pattern of development, enabling not only to study the
similarity of development in relation to the pattern but also to identify objects similar to
the so-called anti-pattern. It appears, which is also confirmed by the results of the research
presented in this paper, that a large distance of an object from the pattern (in this case, a
country) does not mean a high similarity to the so-called anti-pattern. This observation
is important for determining the paths of development of the studied objects within the
scope of the studied phenomenon or for comparing objects between one another.

The basis of linear ordering is a synthetic measure whose values are estimated based
on observations of diagnostic variables describing the examined objects. TOPSIS is a
computational technique that belongs to a group of reference methods for which there
are two reference points for objects in multidimensional space, i.e., a pattern and an anti-
pattern. The final result of the analysis is a synthetic indicator that creates a ranking of the
surveyed objects (in this case, countries). The best object is considered the one with the
shortest distance from the pattern and, at the same time, the longest from the anti-pattern.

The determination of synthetic measure in the TOPSIS method is as follows [78,79]:
1. Normalization of variables:

.’XZ']'
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2. Determination of the coordinates of the zgj pattern and the distance of objects from it d:

max{zij} for stimulant variables
—~—

7t = i dr =
0j min {z;;} for destimulant variables "%
=

1

3. Determination of the coordinates of the 2y; anti-pattern and the distance of objects

from it d;;:
min {zi/-} for stimulant variables
N
Zo: = ! . . d, = 3
0j max{zij} for destimulant variables 0 ©)
N
i
4. Determination of the synthetic measure:
d
0
qi = %/ 4)
dip +dj

with: g; € [0;1], méx{qi}—best object, m%n{qi}—worst object.
1 1
5. Division of objects into typological groups according to their distance from the mean
value (using the arithmetic mean g and standard deviation S;) as follows:

e  Group I: q; > 7 + S, containing objects (countries) with the highest values of the
synthetic measure;

o Groupllig+S;>4q;,>7;

o Grouplll:g >gq; >q— Sy

e Group IV: g; < q — S;, containing objects (countries) with the lowest values of
the synthetic measure.

The second stage was devoted to examining the relationship between the results
obtained in the two areas analyzed. The first step is to set linear correlation coefficients: r
Pearson (for the value of synthetic measures) and t Kendall (for the positions occupied by
the studied countries), describing the dependencies between the determined measures and
the results obtained by individual countries [83—89]. The results allowed examining the
relationships between the analyzed areas and, importantly, identifying countries where the
assumed objectives of the green economy supporting sustainable development are being
achieved.

More advanced statistical analysis methods were used to study the relationships
between the analyzed areas. The research used a multicriteria taxonomy described in the
literature [90-92]. The mathematical algorithm of this method takes place in several stages.
A detailed description of this method can be found in [93,94]. The first step requires a
transformation of each indicator utilized in the analyses. The paper proposes that the
clustering of countries should be carried out using the distances from the pattern in the
TOPSIS method (za;.) and the anti-pattern (zaj), which replaces the normalized values
of indicators used as a standard for this method. This approach allows countries to be
grouped by their similarity in the distance to the pattern (the best object) and the similarity
of distance to the anti-pattern (the worst object). In this paper, these distances are defined
as baseline distances. The matrices containing information about the baseline distances
determined for each indicator analyzed were used to determine two final distance matrices
DP (based on distance from the pattern) and DAP (based on distance from the anti-pattern).
Euclidean distance was used for this purpose. In the next step, based on the values in the
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distance matrices, a threshold values d’ should be defined. The following formula can be
utilized for this purpose:

d = mjnmax{di/} (5)
i

The transformation of the DA and DAY distance matrices is carried out. For each
indocator, the affinity matrix of (n x n) dimension is defined. The elements of this matrix:
cg(i,j =1,...,n) are equal to:

Cg; =1 for d‘l < d (6)

cfj =0ford;>d 7)

If inequality (6) is satisfied, the objects designated as i and j are treated as similar. In
opposite, if inequality (7) is satisfied, the analyzed objects are deemed as dissimilar. In
the second case, the affinity measure of ¢;; is equal to zero. Finally, CA(nxn) and CAP(HXH)
affinity matrices are determined. In this case, the following formula is applied in which c;;
elements of these matrices are equal to the product of relevant elements of CA and CA?
matrices for all the analyzed indicators:

r
=11 65 (®)
K=1

Ifc;; =1(i,j = 1,...,n), it means that each of Cf; elements corresponding to it in CX
matrices is equal to one, and if ¢;; = 0, if one of the cfj elements corresponding to it are
equal to zero.

Two analyzed objects (in the paper two countries) are considered to be similar to one
another simultaneously on account of all the criteria if they are similar to one another
separately on account of those criteria individually. Two objects are treated as dissimilar
on account of all the examined criteria if they are not similar to one another, even in terms
of one of such criteria. According to this assumption, sometimes it is challenging to find
many similar objects in terms of every analyzed indicator.

In the following step, the analyzed objects are divided into typological groups. In
the paper, for this purpose, the vector elimination method [87] is used. The procedure
in this method, as in the multicriteria taxonomy, involves several stages. In the first step,
the final C(;, ;) affinity matrix is transformed into a C*(; ;) dissimilarity matrix. Next,
based on C* matrix, the ¢y column vector is estimated with n components. In the second
step, the row is eliminated from C* matrix along with a corresponding column for which
thecy vector component has a maximum value. If thecy vector contains several components
whose value reaches the maximum, such a row and column are eliminated. The second
step of the procedure is repeated until thecy vector components are equal to zero. To the
first sub-group, objects corresponding to the rows and columns that were not crossed off
and remain in C* matrix were assigned.

4. Study Results
4.1. The Results of the TOPSIS Method

The indicators described in the previous parts of the article are now used to construct
synthetic measures describing the degree of the implementation of Goal 7, the 2030 Agenda,
and the Green Growth Strategy within the framework of environmental production effi-
ciency. The results obtained from the classification and grouping of EU countries due to
the examined areas are shown in Table 3.
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Table 3. Ranking of European Union countries in 2018 due to Goal 7, 2030 Agenda, and the environmental and resource
productivity of the economy of Green Growth strategy.

Goal 7, 2030 Agenda The Environmental and Resource Productivity of the

Country Economy, Green Growth Strategy
qi Rank Group qi Rank Group
Western Europe
Austria 0.628 7 I 0.618 2 I
Belgium 0.500 24 v 0.449 21 I
France 0.599 12 I 0.507 14 I
Germany 0.590 14 I 0.490 17 I
Luxembourg 0.408 28 v 0.503 15 I
Netherlands 0.554 21 I 0.374 26 v
Northern Europe
Denmark 0.695 1 I 0.586 3 I
Estonia 0.630 6 I 0.349 27 v
Finland 0.533 22 I 0.534 10 I
Ireland 0.615 10 I 0.540 8 I
Latvia 0.674 3 I 0.552 7 I
Lithuania 0.475 25 v 0.562 5 I
Sweden 0.662 4 I 0.717 1 I
United Kingdom 0.621 8 I 0.515 13 I
Southern Europe
Croatia 0.654 5 I 0.569 4 I
Cyprus 0.469 27 v 0.419 23 I
Greece 0.521 23 I 0.459 19 I
Italy 0.561 19 I 0.539 9 I
Malta 0.557 20 I 0.524 11 I
Portugal 0.578 18 I 0.556 6 I
Slovenia 0.619 9 I 0.483 18 1
Spain 0.598 13 I 0.498 16 I
Eastern Europe
Bulgaria 0.472 26 v 0.417 24 I
Czechia 0.590 15 I 0.389 25 I
Hungary 0.586 17 I 0.443 22 I
Poland 0.601 11 I 0.327 28 v
Romania 0.694 2 I 0.520 12 I
Slovakia 0.588 16 I 0.458 20 11

As it has already been mentioned, many of the papers published so far point out that
the Scandinavian countries are basically the only countries in Europe that have managed
to separate economic growth from the negative environmental pressures permanently.
Similar patterns are also visible in the presented list. Scandinavian countries that are
members of the EU: Denmark and Sweden, and additionally Croatia, are the only countries
in the top five countries with the highest scores in both areas of the survey. For the other
countries, two patterns are visible. According to the first one, EU countries ranking high
on Sustainable Development Goal 7 have lower rankings on environmental productivity
and vice versa. That applies to countries located in different parts of Europe, although
more often those located in:

e  Northern Europe (Estonia: 6 and 27; Finland: 22 and 10; Lithuania: 25 and 5);
e  Southern Europe (Italy: 19 and 9; Malta: 20 and 11; Portugal: 18 and 6; Slovenia: 9

and 18);

e  Eastern Europe (Czechia: 15 and 25; Poland: 11 and 28; Romania: 2 and 12).

In Western Europe, this is the case for only one country (Luxembourg: 28 and 15). The

results of other countries located in this part of Europe are more often at a similar level in
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both analyzed areas. This similarity of the results, that is, the second type of regularity, is
visible regarding other countries located in different parts of Europe, apart from the already
indicated Scandinavian countries and Croatia. The most considerable differences, not
exceeding five positions in the rankings, were noted for: Austria (7 and 2), the Netherlands
(21 and 26), and the United Kingdom (8 and 13). Several different development models
of EU countries (Table 4) can be identified, based on the division into typological groups
(I-1V).

Table 4. EU countries” development model in the areas of Goal 7 of SDS and the environmental and resource productivity

of the economy of GGS.
Environmental and Resource Productivity of the Economy of GGS
Goal 7 of SDS . 0 I v Sum
I 2 3 - - 5
I 1 4 5 2 12
111 - 4 1 1 6
v - 2 3 - 5
Sum: 3 13 9 28

It is clear from the information provided in Table 4 that countries classified in the first
typological group in the case of the first ranking (Goal 7, SDS) were also classified in the first
two groups in the case of the second ranking (Environmental and resource productivity of
the economy of GGS). The first and second typological groups include countries that have
above-average values for taxonomic measures of development. However, this division
is no longer evident for other typological groups. The countries representing the second
typological group in the case of Goal 7 were classified into all groups in the case of the
second analyzed area. In the prepared set, however, no country was identified that was
classified in group IV (with the lowest scores) in the case of both analyzed areas. These
regularities are also confirmed by the assessments of correlation coefficients r Pearson (for
taxonomic measures) and T Kendall (for positions occupied; Table 5).

Table 5. Correlation coefficient matrix r Pearson and 7 Kendall, respectively, for the values of the
synthetic measures determined and the positions held in the built rankings.

r Pearson Goal 7 GG
Goal 7 1.0000 0.3205
GG 0.3205 1.0000

T Kendall Goal 7 GG
Goal 7 1.0000 0.2751
GG 0.2751 1.0000

Their analysis indicates a moderate correlation between both the values of the deter-
mined synthetic measures and the positions taken by EU countries in the case of Goal 7
and GGS.

Of course, the reasons for the differences in performance between countries vary. As
we have already mentioned in the case of the Scandinavian countries, good results in both
areas analyzed result from economic development achieved with care for the environment.
Countries such as Romania or Croatia owe their high places in the rankings primarily to the
lower economic development level compared with other countries. Their GDP per capita
(USD 25,805 and USD 26,018, respectively) is well below the EU average (USD 40,192),
which results in lower than in other EU countries, environmental interference at this
stage of development. The opposite situation can be observed in the case of much more
economically developed countries: the United Kingdom (second place in both rankings
with a GDP of per capita above average (USD 43,720) or France (USD 42,543). The observed
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differences in development directions are confirmed by low Pearson’s r and Kendall’s T
correlation coefficients for the calculated taxonomic measures and GDP per capita not
exceeding the level of 0.3, indicating only a moderate correlation.

4.2. The Results of the Multicriteria Taxonomy Method

The wide diversity of EU countries due to the two areas analyzed is one of the
many reasons that make it difficult, for example, to develop acceptable by all countries
assumptions for various EU policies. Therefore, it is important to check more precisely
to what extent (in terms of which indicators) the analyzed countries are similar to each
other or which ones make the biggest differences between them. However, the aim is to
compare individual indicators from both analyzed areas at the same time. In the literature
of the subject [59], the average level of analyzed phenomena is most often used in this case.
However, in the approach proposed by the authors, the starting point to more advanced
analyses are distance matrices calculated based on the distance between the individual
indicators and the adopted pattern (variant V1) and the anti-pattern of development
(variant V2). The result is the division of the studied EU countries into groups, as shown in
Table 6 and Figure 1a,b.

Table 6. Division of EU countries into typological groups in 2018—variants: V1 and V2.

Group Vi V2
Austria, Belgium, Croatia, Czechia, Croatia, Cyprus, Czechia, Estonia,
Denmark, Estonia, France, Germany,  Finland, France, Germany, Hungary,
1 Hungary, Italy, Latvia, Poland, Italy, Latvia, Lithuania, Netherlands,
Romania, Slovakia, Slovenia, Spain, ~ Poland, Romania, Slovakia, Slovenia,
United Kingdom United Kingdom
I Bulgaria, Cyprus, Greece, Lithuania,  Belgium, Denmark, Ireland, Portugal,
Portugal Spain, Sweden
I Finland, Ireland, Luxembourg Bulgaria, Greece
v Sweden Austria
A% Malta Malta
VI Netherlands Luxembourg

(@)

Figure 1. Cont.
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Figure 1. Division of EU countries into typological groups: (a) variants V1; (b) variants V2.

The compositions of the different groups differ quite significantly, but their comparison
allows drawing some interesting conclusions. It is worth noting that the computational
algorithm used does not allow to determine the order of groups due to their level of
development. The order in which groups are created is conditioned by the number of
objects classified into them. The first group is always the most numerous, while single-
element groups are distinguished last. Despite the different number of EU countries
classified in the first typological group, each of the analyzed cases included countries such
as Croatia, Czechia, Estonia, France, Germany, Hungary, Italy, Latvia, Poland, Romania,
Slovakia, Slovenia, and the United Kingdom. In their case, there is a substantial similarity
of development regarding the achievement of SDG 7. With the exception of Italy, all
countries are above the EU average in terms of reaching Sustainable Development Goal 7
(cf. Table 2). The situation in terms of green growth is more diverse, as for six out of thirteen
countries (Czechia, Estonia, Germany, Hungary, Poland and Slovakia, and Slovenia), the
indicators representing this area often reach unfavorable values compared to other EU
countries (below average). However, the fact that these countries are in the same group
does not raise any doubts when the distributions of the values of the individual diagnostic
characteristics are analyzed in detail. For SDG 7, feature distributions vary distinctively
(101.81% to 318.45%), with a strong asymmetry of the vast majority of all indicators. On
the other hand, the distributions of individual indicators for environmental production
efficiency have slightly different characteristics: variation level from 20.11% to 58.35% and
weaker asymmetry. The typological groups presented in Table 4 are the consequence of
applying a multicriteria analysis that considers both research areas simultaneously, and the
characteristics of the distributions of indicators within each area affect the final result.

Regardless of the adopted variant of grouping, one can clearly see the countries
that differ in plus or minus from the rest of European countries, reaching maximum or
minimum values. They include:

1.  Malta—in the area of achievement of Goal 7 the best in terms of X; 3p—final energy
consumption in households per capita, kg of oil equivalent, and worst in terms of
implementation of indicators: energy productivity, purchasing power standard (PPS)
per kilogram of oil equivalent (X145), energy import dependency, % of imports in
total gross available energy (X ¢p). In the area of green growth, the country stands
out positively in terms of the following indicators: energy productivity, GDP per
unit of TPES, US Dollar, 2015 (X3 ¢s), energy consumption in industry, % total energy
consumption (X3 12p); it stands out negatively for the following: energy intensity,
TPES per capita, tonnes of oil equivalent (TOE; X 75), total primary energy supply,
tonnes of oil equivalent (TOE), millions per capita (X gs), renewable energy supply,
% total energy supply (X2.9s);
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2. Luxembourg—in the area of achieving Goal 7, Luxembourg has achieved unfavorable
values in terms of primary energy consumption, tonnes of oil equivalent (TOE)
per capita (X11p), final energy consumption, tonnes of oil equivalent (TOE) per
capita (X1p); whereas in the case of green growth the following can be positively
assessed: energy intensity, TPES per capita, tonnes of oil equivalent (TOE; X, 7s), total
primary energy supply, tonnes of oil equivalent (TOE), millions per capita (X33s),
energy consumption in agriculture, % total energy consumption (X 11p); negatively:
production-based CO, intensity, energy-related CO, per capita (X, 2p), demand-based
CO;, intensity, energy-related CO, per capita (X;.4p), energy consumption in transport,
% total energy consumption (X3 13p);

3. The Netherlands—this country can be assessed negatively in the case of the indicator
on the achievement of Goal 7—share of renewable energy in gross final energy
consumption, % (X1 55), and negatively in the forename GG—energy consumption in
agriculture, % total energy consumption (X2.11p)-

It would seem that the grouping of countries in two variants, using distances from the
pattern (zgj) and the anti-pattern (zaj) determined in the TOPSIS method, should produce
similar results, i.e., groups of countries similar to each other due to both their similarity
and dissimilarity should be distinguished. This situation occurs only in some cases when
most of the characteristics adopted for the study show similar direction and values, which
happens especially in the case of single-element groups. It should be noted that most
EU countries, due to the characteristics adopted for the study, cannot be unambiguously
assigned to the group of those that achieve only desirable or undesirable values. Their
situation varies greatly, and this has an impact on the obtained results.

5. Discussion and Conclusions

The results of the EU countries’ classification for Goal 7 SD Strategy and Environmental
production efficiency of GG Strategy show how different countries” development paths
within a single economic community can be. Despite continued attempts to equalize the
development levels between European Union countries in many strategic areas, this level
remains highly diversified.

Should we expect that the action taken by the European Commission will eliminate
these differences in every possible area? In our opinion, this is not possible, especially that
this view is also confirmed by the research results presented in this paper. It turns out that
even the Scandinavian countries, which in the EU are among the few countries that have
managed to separate economic growth from negative environmental impacts, are unable
to predict all the pitfalls of their growth and economic development. Problems of this kind
are also experienced in the highly developed countries of Northern and Western Europe.

The literature of the subject [88-90] points out that in the initial stage of economic
development, environmental pollution increases with economic growth. The higher the
level of economic development a society achieves, the more attention it pays to the environ-
ment. Less developed countries should therefore exert less pressure on the environment.
What should these relationships look like for the areas analyzed in the paper? Given the
computational procedure used, where one of the steps is transforming the destimulant into
stimulants, we expect that with economic growth, there will be an improvement in the
areas of sustainable development and a green economy. The higher the GDP per capita,
the higher the results in terms of implementation of Goal 7 SD Strategy and environmental
production efficiency under the GG Strategy should be. However, the results of the studies
presented in the paper show that these relationships are not so obvious. It was noted that
among the countries with the highest GDP values per capita (Austria, Belgium, Denmark,
Finland, Germany, Ireland, Luxembourg, the Netherlands, Sweden, and the United King-
dom), there are also those for which the designated values of synthetic measures were
lower than the average in the group. Countries such as Belgium, the Netherlands, despite
their relatively high GDP per capita, are successful in achieving Goal 7 of the SD Strategy.
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Their environmental production efficiency is also lower than that of other less developed
EU countries, hence their qualification for Group III or IV.

On the other hand, the opposite was observed for Croatia, Latvia, Romania, and Spain.
Despite being lower than the EU average GDP per capita, these countries achieved relatively
high results in the analyzed areas, allowing them to qualify for typological groups I or II.
These observations are also confirmed by the results of studies by other authors [91-95],
which show, among other things, that the relationship between environmental pollution
and the wealth of a country has the shape of an inverted letter “U”—with economic
growth, the pollution increases, but only to a particular level beyond which environmental
pollution decreases with economic growth. In recent years, the above-described curve
has flattened, and the peaks at ever-lower levels signify that even poorer countries are
beginning to pay more attention to the environment. This observation is fundamental in
the analyzed area of environmental production efficiency. It seems that a large group of
highly developed countries may not have reached the so-called tipping point yet—hence
their worse position than in the case of other countries in terms of indicators showing, for
example, CO; production [96].

However, it is worth noting that investments, which often rely on costly and durable
infrastructure, play an essential role in achieving the objectives of both strategies. Vast
amounts of capital are needed to finance infrastructure such as smart grids, renewable
energy sources, resource efficiency. The analysis of EU Community Innovation Survey (CIS)
data for eco-innovation adoption by EU firms—for energy efficiency and carbon dioxide
abatement—suggests that adoption is positively correlated to the emission efficiency of the
countries where the companies are based. There are structural differences in this correlation
across the EU Member States, with leaders and laggards.

This also means that we need reliable data that will allow us to assess accurately at
which development stage the countries currently are and how their development paths may
proceed [97]. The choice of computational method is also important. In the literature, there
are many different proposals for determining the level of development of the analyzed
objects (in this paper, these are the EU countries). These methods focus on determining
the average level of development of these objects. In this paper, however, it is proposed to
examine the distance of the EU countries in relation to the so-called development pattern
and, at the same time, the so-called anti-pattern. On this basis, in the next step, the objects
are grouped in order to recognize their current level of development more accurately. It is
essential for the evaluation of the studied phenomena because it allows illustrating complex
relationships between them. It also enables assessing whether the high level of development
of one phenomenon (in this case, within the selected goal of the green economy) influences
the development of another one (within the selected goal of sustainable development). The
results presented in this paper showed that these relationships are not straightforward.
The high level of development in both examined areas concerns only a few countries.
Economically less developed countries pollute the environment to a lesser extent, but it
can be expected that the environment will be increasingly polluted as the rate and level of
economic development increases.

The key question can be formulated as follows: What can be done? What instruments
should be applied in order to make this development in the less economically developed
EU countries progress in a different way than in the case of the currently most developed
EU countries? How to make the transition from one stage of development to another (high
economic development and low environmental pressure) as fast as possible?

It is also worth emphasizing that the unique value of the study lies in the research
approach that focuses on the relationships between the areas selected for the analysis. In the
literature on the subject, there are no works examining the relationships between different
areas of development, especially conducted in the manner proposed by the authors (the
similarity versus dissimilarity of development). The main concern is to determine the
average level of the studied phenomena. The authors of the paper propose a more advanced
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approach to this issue. The final goal is the degree of correlation between the two areas
and the indication of the different development stages currently faced by the EU countries.

In the subsequent research, the authors also plan to extend the range of research
methods used to study the relationship between these areas to qualitative and quantitative
techniques using, for example, cognitive mapping. The ability to anticipate changes in
the relationships that connect the analyzed areas is the advantage of this approach. Such
attempts in the study of dependencies can be found in the earlier work of the authors of
this article [3-5] and the studies of other authors [98,99]. The authors plan to concentrate
on the relationship between the different goals of sustainable development and the green
economy in their future studies. In this way, the authors will be able to examine more
broadly the relationship between these two areas.
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Abstract: The paper provides the analysis of fuel and energy transition in households sector and its
sustainable development in the period 2004-2019. The main purpose of the paper is to determine
the development trends in the use of renewable energy sources (RES) in the EU countries household
sector in 2004-2019, to recognize the state of development and functioning of the studied area as well
as to indicate their successes and shortcomings in observed reality. The article employs the results of
Energy balance sheets from Eurostat. The research entity were households from 28 European Union
countries, with particular emphasis on households from Poland and selected neighboring countries.
The research subjects there were different sources of renewable energy used by households, i.e.,
solar thermal system, geothermal technologies, primary solid biofuels, charcoal, biogases, blended
biogasoline, blended biodiesels, ambient heat (heat pumps). To achieve the research objective a
number of statistical measures ands methods, including cluster analysis and linear trend indicator
applied. In the analyzed 16 years, an absolute and relative increase in the use of RES in the household
sector was noticed. Taking into account the specificity of using RES in households, 6 clusters of
countries were distinguished. In Poland, it was noted that there was a significant increase in the
use of RES in households, with stagnation in the use of non-renewable energy sources, such as, for
example, hard coal.

Keywords: renewable energy sources; household; primary solid biofuels; solar thermal system;
ambient pumps

1. Introduction

For several decades, strong processes of globalization of economies, intensive in-
terconnections between countries have influenced the interaction between consumption
patterns [1,2]. It seems clear that as fossil fuel resources are depleted, greater use of re-
newable energy sources (RES) will become necessary. [3,4]. In the last decades of the 20th
century, the cost of household investment in renewable energy sources was extremely high
and, thus, out of reach for many consumers. The progress in research and development
activities resulting in creation numerous innovative solutions [5,6], as well as financial sup-
port from EU funds led to the situation that RES began to play more and more increasing
role as energy carriers in households.

Renewable energy sources are the basis for sustainable economic development. Be-
tween 2004 and 2019, in the EU-28 countries, the usage of renewable energy sources by all
sectors of the economy in final energy consumption increased from 5.1% in 2004 to 10.2%
in 2019, while in the household sector from 10.8% to 18.2% [7].

Sustainable development is a basic and main objective of the European Union. The EU
sustainable development strategy aims for the continuous improvement of quality of life
for society [8]. Sustainable production and consumption patterns are important elements
in tackling climate change. Reduction in energy consumption and changes in the fuel mix,
by switching to less carbon-intensive energy sources, is linked to lower CO, emissions.
Transition to a low carbon economy would be an important stage towards meeting this
demand for climate stability.
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The use of energy from renewables brings numerous advantages: decrease in the cost
of energy supply, reducing both environmental pollution and the pressure on fossil fuel
energy production, and also more convenient form of energy production and supply [9,10].
It can also contribute to energy poverty alleviation [11,12]. Replacing fossil fuels with
renewable energy sources also reduces particular countries need for energy imports and
their dependence on countries exporting non-renewable fuels [13].

The paper covers the issue of renewable energy sources (RES) consumed by European
Union households. It considers the use of RES as a whole and also its different type
categories in the household sector from 2004 to 2019, and (in some parts of the analysis)
the time range also includes 1990.

The main purpose of the paper is to determine the development trends in the use
of RES in the EU countries household sector in 2004-2019, to recognize the state of de-
velopment and functioning of the studied area as well as to indicate their successes and
shortcomings in observed reality.

In view of the research goals the following research questions were formulated:

Research Question 1. What changes have occurred in the use of renewable energy between
2004 and 2019?

Research Question 2. What groups of countries can be distinguished according to the
category of renewable energy sources used in the household sector?

Research Question 3. How is the use of renewable and non-renewable energy sources
changing in the household sector from selected EU-28 countries?

The undertaken research topic is important for several reasons. Households are one
of the important sectors consuming energy. In 2019, households accounted for 26.9% of
final energy consumption [7] in the EU-28 countries. Thus, from a practical point of view,
involving them in the process of improving environmental quality can contribute towards
climate improvement by reducing emissions of harmful substances into the atmosphere.
Observing the changes in the household sector in terms of RES consumption gives an
overview of the situation of individual EU members and can be a wake-up call for those
who have accomplished little in the period under study to involve citizens in initiatives
to install new technological solutions based on cleaner energy. From a theoretical point
of view, the diagnosis of the situation of RES use in households is cognitively interesting,
since analyses of RES use, as a rule, appear only for their overall use in the economy or in
relation to transport. Moreover, the use of energy commodities in households can also be
associated with responsible consumption. The problem addressed is also important from
the point of view of the 17 Goals of Sustainable Development [14,15] formulated by the
United Nations.

The originality of the presented article in comparison to the existing literature data lies
in the emphasis on the important role of households in energy consumption and related
problems. The novelty is also the presentation of the author’s types of households observed
in the EU-28 countries, according to the patterns of RES categories.

2. Literature Review
2.1. EU Policy for RES

The European Union, by developing numerous binding policies, is the biggest pro-
moter of renewable energy investments. Within the European Union policies, RES and
its support are strongly anchored in the form of strategies, development goals, priorities
and current legislation [16]. The principal initiative to promote renewable energy at the
European Union level was launched in 1997, when the European Council and the European
Parliament adopted the “White Paper for a Community Strategy and Action Plan”, aiming
to increase the share of renewable energy, which at that time accounted only 6% of gross
energy consumption [17].

EU policy standards for the use of RES have been acquired especially in the last two
decades. Firstly, the EU Sustainable Development Strategy [18] stipulated that 12% of
energy consumption and 21% of electricity consumption should be covered by RES by
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2010, with an increase to 15% by 2015. The Europe 2020 Strategy [19], on the other hand,
has indicated policy standards towards increase of the RES usage and to promote energy
efficiency and greater energy security.

Directive 2009/28/EC of the European Parliament and of the Council (2009) [20] set
a mandatory target by 2020 at the level of a 20% RES energy share. The Directive also
sets out various mechanisms that Member States can implement to achieve their goals
(joint projects, support schemes, cooperation between Member States and other countries).
Moreover, it also defined national renewable energy targets for each country, taking into
account its starting point and overall renewable energy potential. These goals range from a
low of 10% in Malta to a high of 49% in Sweden. The EU countries define how they plan to
meet these objectives and all their renewable energy policies in their National Plans. The
results in achieving the national goals are measured every two years when EU countries
publish national renewable energy progress reports [21].

The Article 3 of Directive 2018/2001 (2018) [22] on the promotion of the use of energy
from renewable sources established a new and binding overall EU target for the total share
of energy from renewable sources in the Union’s gross final energy consumption for 2030
of at least 32%.

The Green Deal for Europe, proposed at the end of 2019, creates new conditions
for a very ambitious climate protection agenda. The vision is for Europe to become the
world’s first climate-neutral continent by 2050. The package of measures in the European
Green Deal should enable European citizens and businesses to reap the benefits of a
sustainable green transition. The measures, together with an initial ‘roadmap’ of key
policies, cover tasks such as reducing emissions, investing in cutting-edge research and
innovation, together with protecting Europe’s environment [23]. The implementation of the
Green Deal for Europe idea will let EU countries achieve energy independence, which may
have a significant impact on the energy market as well as on their regional policies. It is also
assumed that the achieved climate neutrality will contribute to the dynamic development
of the economy and improve its competitiveness [24].

The support accompanying implementation the abovementioned policies in EU coun-
tries resulted in increased the renewable energy use throughout the Community. In the
EU-28 final energy consumption, renewable energy sources accounted for 3.8% in 1990,
5.1%, while in 2019 this percentage increased by a further 5.1 p.p. to 10.2%. A relatively
high share of RES consumption is characterized by the household sector, where the share
of RES in household final energy consumption in 1990 was 8.5%, in 2004—10.8%, and 16
years later by 7.4 p.p. more. [7].

The construction sector in Europe accounts for 40% of energy consumption and
36% of CO, emissions [25]. Due to the estimated, high energy saving potential of the
housing construction sector, the European Union has established a policy framework
focused on reducing energy consumption in buildings, consisting of different policy actions,
i.e., Energy Performance of Buildings Directive (EPBD) [26], Energy Efficiency Directive
(EED) [27], Ecodesign Directive [28], Energy Labelling Regulation [29] and the mentioned
Renewable Energy Directive (RED) [20].

In summary, the EU countries’ policies, since the 1990s, have systematically increased
the importance and role of RES in the energy sector structure s [30]. All plans for the
presumed targets are presented in the National renewable energy action plans 2020 [31].
National RES energy targets for individual countries are established at various levels and
the process of reaching them is different depending on the country [24], which also affects
the use of RES in the household sector.

2.2. The Role of Authorities in Promoting New Energy Solutions

The EU countries are trying to influence and propose different solutions to improve
the situation regarding energy consumption. One of the more effective ways is to exploit
renewable energy obtained from natural resources such as wind, sunlight, geothermal heat,
etc. instead of non-renewable energy [32].
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The consumption of renewable energy is growing in importance and there is an
increasing need to encourage households to cooperate. For the development of renewable
energy, it is important to ensure an active role of government and other authorities at all
levels of general interest. It is even suggested [33] that public institutions, both state and
municipal, should be legally obliged to install solar systems on the roofs of the buildings
where they hold office. Also, electricity buyers can have an important influence on the way
energy is generated in public procurement, where RES energy should be given priority.

However, not all countries have a good appreciation of government policies to pro-
mote RES. For example, in Croatia it is found that citizens are not actively encouraged
to participate in investments that would largely benefit the environment [33]. A study in
Malta [34] concluded that future programs promoted by the government should consider
the role of pro-(and anti-)government sentiment in predicting their adoption in the initial
stages. Strong pro-government sentiment can strengthen citizen initiatives to install new
RES technologies. Delegating RES promotion to municipalities or even commercial entities
may also result in increased citizen interest in such installations. The financial constraints
faced by low-income households are also pointed out [34]. RES technologies are often
expensive and the way in which support schemes are implemented require upfront in-
vestment, leaving households unable to afford to pay (in cash) for any investments. It is
suggested that subsidies and programs offered by the government, should offer staggered
payments for the initial investment in order to provide an incentive. Furthermore, the
experience in Malta [34] emerged that requiring consumers to pay for net rather than gross
value would enable more households to benefit from the program. Support schemes should
also pay attention to vulnerable groups of society. Helping elderly households (for exam-
ple, through preferential feed-in tariffs or targeted communication) could unlock further
potential by encouraging older people to engage in investment. Similarly, significant scope
appears to encourage investment in rental housing. Some programs can be designed to
promote investment agreements between landowners and tenants [34].

Local authorities should assume a central role and responsibility in the task of so-
larizing their territories. They have the autonomy to regulate the situation on-the-spot,
in particular through their well-known water and wastewater utilities, which can also
provide other RES for local energy production (biogas from bio-waste and sewage sludge,
energy stored in water). Such companies would therefore integrate power generation into
their regular activities and could provide installation and maintenance services for power
generation systems installed in their area of competence [33].

2.3. Willingness to Involving in the RES Use by the Household Sector

Energy resources have always played a key role in human life. Sufficient energy
resources influence economic and social development. A kind of interdependence is ob-
served between technological development, energy consumption and world population
growth [35]. Providing adequate energy resources for entities such as households is also
about meeting basic social needs. Energy is one of the main categories of consumer expen-
diture in households [36]. Maintaining adequate thermal comfort affects the consumer life
quality [37,38]. On the other hand, improving this kind of comfort is associated with an
increase in the consumption of fossil energy carriers, which in turn is associated with an
increase in environmental pollution [39,40]. Thus, in order to reconcile social and environ-
mental objectives, it is important to widely involve households in initiatives for the use of
energy from renewable energy sources.

An important issue is the problem of consumers’ attitude and propensity to make
decisions on the use of renewable energy technologies. As indicated by Ropuszyriska-
Surma and Weglarz [41], social acceptance of RES technologies is important for their
development and should be taken into account when shaping policies for sustainable
development in the region.

The results of research by A. Jacksohn, P. Grosche, K. Rehdanz and C. Schroder [42]
suggest that households tend to act fairly rationally in the sense that investors consider the
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costs and benefits of their decision. Since economic factors influence the decision to invest
in a renewable energy system, policy makers can provide reasonable financial incentives to
steer households in the desired direction.

A number of studies show that financial incentives become a strong motivation for
households to switch to renewables. A study of Italian and Austrian households investing
in solar PV found that higher financial support was more likely to attract younger and less
educated people, as well as those with an anthropocentric attitude towards nature [43].

In contrast, Wasi and Carson [44] investigated how households” decisions to switch to
more environmentally friendly water heaters changed with the introduction of a rebate
scheme for hot water systems. They concluded that the likelihood of households choosing
to use the aforementioned renewable system for hot water, or a heat pump, increased
significantly after the introduction of a scheme to financially support these initiatives.
Furthermore, the impact of this rebate policy varied with household income, education,
access to the gas grid, hot water consumption and expectations of future electricity prices.

In Germany, research on household investment in RES found that the propensity to
adopt them was influenced by housing characteristics, household energy consumption and
geographical factors, while most socio-demographic variables were found to be insignifi-
cant [45]. Other studies [46,47] have considered the motives for adopting an innovative
residential heating system based on renewable energy. It was revealed [46] that the influ-
ence of socio-demographic, housing and spatial characteristics was more significant for
households replacing a heating system in an existing house than for households choosing
a heating system for a newly built house.

The likelihood of investing in RES also increases with environmental concern, income,
number of children and solar radiation intensity [48]. Men and well-educated people were
more willing to engage in RES installations than older people.

In Poland, social acceptance of RES varies, and depends on age, gender, education,
income and type of building inhabited. The groups that showed the highest acceptance for
RES installation were men, people aged 30-49 years, having secondary technical education,
low income and people living in a single-family house. The rationale for installing RES was
the expected long-term savings, while the biggest barrier was the lack of financial resources.
The financial aspect is crucial for the installation of RES in Polish households. In the case of
prosumers, besides the financial aspect, were also pointed out technical possibilities, unclear
regulations, complicated grid connection process and lack of knowledge. Thus, besides
financial support, additional support in the form of consumer education, promotion of RES
development, technical and legal support of potential prosumers seems to be necessary [49].

D. Streimikiené and A. BaleZentis [50] studying households in Lithuania paid attention
to employment status and income level that have a significant impact on the willingness
to purchase renewable energy sources in households of this country. The self-employed
showed the highest willingness to purchase RES. Private sector employees and, surprisingly,
pensioners also showed more willingness to invest in RES compared to other social groups.
In terms of education level, only respondents with higher education showed a higher
willingness to buy RES than the rest. Thus, the willingness to pay for RES in Lithuanian
households was determined by factors such as awareness of their existence, education
level and income. Other studies showed that the willingness to pay for RES was influenced
by age, gender, education, income, price, geographical place of residence. In contrast,
membership in environmental organizations, race, political views and perceived health
effects had less influence on household usage of renewable energy technologies [51].

A study conducted in Malta [32] revealed that factors associated with the use of RES
energy (in this case, energy from photovoltaic devices) were the age of those forming house-
holds (the younger the individuals, the higher the involvement in RES) and unemployment
(if present, there were fewer opportunities to invest in RES), both of which suggest that
financial motives and constraints are crucial to household uptake of RES initiatives.

In contrast, a study by Luttenberger [33] for Croatia, showed that people support for
RES projects increased together with knowledge about them. Positive attitudes towards
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new clean technologies prevail in this country. However, there is a general lack of solid
information and understanding of the concepts that are necessary for the possible benefits
for end-users in a household. There is also a lack of professional and trained human
resources for renewable energy issues, there are no relevant courses at universities and
colleges, no systematic research, a lack of experience of local companies in organizing
projects and the volume of theoretical knowledge about RES and practical capabilities
involved is limited [52]. Even though household purchasing power is modest, their owners
are at least declaratively putting aside more money for RES, but only after sufficient
additional information has been provided. Croatians also mention obstacles such as
national solar quotas, administrative barriers and complexity of the procedure [53].

Summarizing the abovementioned studies, it can be pointed out that the financial mo-
tive is an essential motive for household members to undertake RES installations. On the
other hand, educational level and age are indicated among the important socio-economic
characteristics of those willing to accept RES. Providing consumers with extensive infor-
mation and educating them on new technologies for the overall social and environmental
good is also an important determinant of consumers’ commitment to RES application. So,
the impacts of socioeconomic factors provide substantial policy implications for the design
of green electricity programs [54].

2.4. Application of Cluster Analysis in Comparative Research on RES Use in Different Countries

Cluster analysis was first introduced in the work of R.C. Tryon [55]. It is a useful tool
for exploratory data analysis that aims to arrange individual objects into groups so as to
acquire objects within the same group most similar to each other and the objects between
other groups most dissimilar to each other [56,57]. This analysis, using several different
classification algorithms, detects the data structures without explaining why they occur.

European Union member states vary in terms the exploited both of total energy
sources [58] and also of RES. The cluster analysis method may be useful for searching the
similarities between individual member states. This method is often represented by the
simple hierarchical method. The common feature of the stepwise algorithms used in this
method is the clustering by combining smaller clusters, created in the previous steps of the
algorithm. The basis of all algorithms of this method is the appropriate determination of
the measure for object dissimilarity [59].

Below are presented a few selected studies reporting on the results produced by
cluster analysis performed for country classifications regarding RES market. Therefore, for
example, the study by Bluszcz, Manowska [58] is applying the agglomeration procedure,
which results in the division of European Union member states into clusters according
to their similarity, with regard their energy markets. The research results constitute an
interesting study that could potentially provide a model for the creation of so-called
regional energy markets in the transitional integration phase. The above-mentioned authors
chose the following diagnostic variables for the analysis: consumption of electric energy
which is generated from renewables per capita (TWH per person), consumption of hard
coal (million ton per person), emissions of greenhouse gas per capita, available for final
consumption (Gigawatt-hour per person), final energy consumption (thousand ton of
oil equivalent (TOE) per person), petroleum available for final consumption (Gigawatt-
hour), natural gas (Terajoule gross calorific value—GCV) per person, energy intensity of
GDP (kilograms of oil equivalent (KGOE) per thousand euro), import dependency (%).
The paper distinguishes six clusters, consisting of countries with similar levels of energy
system development. The cluster formed by Finland and Sweden presented renewable
energy production at the highest level in the EU. Finland had slightly higher greenhouse
gas emissions per capita in the energy mix and a higher energy consumption factor than
Sweden, as solid fuel use accounted for 9%. Luxembourg formed a one-element cluster.
This country had the highest level of electricity consumption per capita compared to other
UE member states. Greenhouse gas (GHG) emissions per capita and energy dependency
levels were also the highest there. Another cluster, comprising France, Slovenia, United
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Kingdom, Latvia and Romania had levels of electricity consumption per capita below the
EU average. Energy dependency levels were relatively low in this cluster, ranging from
50% in Slovenia to 24% in Romania. The countries grouped in the cluster comprising
Greece, Lithuania, Croatia, Hungary, Spain, Portugal and Italy were characterized by
high levels of energy dependency, ranging from 52% for Croatia and 58% for Hungary
to over 70% for all other countries in this cluster. In these countries, the contribution of
solid fuels to electricity production was significantly higher than in the first and second
clusters. The cluster including countries such as the Czech Republic, Slovakia, Poland,
Bulgaria and Estonia was characterized by a level of greenhouse gas emissions per capita
close to the average and thus exceeded the desired GHG emission factors. For this cluster,
renewable energy consumption per capita was one of the lowest in the EU. The level of
energy dependency was low, less than 1% in Estonia, 36% in Bulgaria and Czech Republic
and 44% in Poland (with the exception of Slovenia, at 63%, the highest in this cluster). The
last cluster containing the following countries: Netherlands, Germany, Belgium, Ireland,
Denmark and Austria had the lowest level of energy intensity, while the consumption of
energy from renewable sources was high [58].

Other researchers [60] analyzed in their paper the renewable energy sector in European
Union countries. The k-means clustering method was used for grouping of countries. This
method is widely used in various areas of science for the data analysis. The advantage of
this method is the intuitiveness and simplicity of the basic calculation idea. In the k-means
method, the distances between objects are determined by the Euclidean distance or its
square (the peculiarity of the algorithm makes the results in both cases the same). The
k-means algorithm can be described in three points: 1. The starting point is the division
of a given set of objects into k subsets (usually generated by assigning each element to
the “closest” preselected representative of the k groups). 2. For each group, the centers of
gravity in the space of diagnostic variables are determined. 3. Each element is assigned
to the nearest center of gravity, and then it is necessary to return to step 2, if at least one
element has been moved to another group [61]. The algorithm of the k-means method can
be regarded as a kind of “inverse” of the analysis of variance. It is helpful in finding a
division of the studied community into k groups, so as to maximize the intergroup variance
and, consequently, the F-statistic [61,62].

In the abovementioned paper, Parobek and colleagues [60] created nine clusters and
the following diagnostic variables were selected forest cover, roundwood production, pri-
mary energy consumption, primary production of energy from renewable resources, share
of renewable in gross final energy consumption, greenhouse gas emissions, employment,
gross value added, GDP growth rate, expenditures on R&D, price of electricity, energy
dependence. The 1st cluster was formed by the leaders in the use of renewable energy
sources and the average production of primary energy from biomass, i.e., Austria, Por-
tugal, Sweden, Finland. However, these countries were below the EU average in terms
of employment rate and energy dependence. The 2nd cluster, consisting of Hungary and
Belgium, had the use of renewable energy sources below the average. The 3rd cluster that
contained Greece and Romania had a utilisation of renewable energy sources slightly above
the EU average. These countries had significant production of wind, solar and hydropower
energy. The 4th cluster, consisting of Bulgaria, Lithuania, Czech Rep., Denmark, Ireland
and Slovakia had a medium level of renewable energy use. The 5th cluster was formed by
Cyprus, Estonia, Latvia, Slovenia, Luxembourg and Malta. In these countries the share of
renewable energy sources remained above average, but on the other hand they their pro-
duction of primary energy from renewable resources was insignificant. Germany formed a
one-element cluster (the 6th cluster) with the highest production of primary energy from
biomass and RES consumption below average. It was also noted that this country is one of
the largest producers and users of wood. Another one-piece cluster formed France (the
8th cluster), which (just as Germany) was a leader in the production of energy from wood
and had a relatively low level of greenhouse gas emissions compared to the countries in
the other clusters. The 7th cluster included Netherlands, Poland and United Kingdom, i.e.,
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the countries having lower primary energy production from renewable resources and the
lowest share of use of renewable resources. Italy and Spain formed the last, the 9th cluster.
Use of renewable energy resources in these countries was below the average, but primary
energy production from renewable resources—above the average [60].

In turn, K. Chudy-Laskowska and co-authors [63] in their article distinguished clusters
on the basis of similarity such EU countries regarding the current level of the wind energy
development. The research applied Ward’s analysis and Wroclaw taxonomic methods.
The Wroclaw method was described and employed in the mentioned article and in other
studies [64,65]. Seven clusters containing from 1 to 7 countries were obtained. Denmark,
forming one-element cluster, turned out to be the wind energy leader in the EU. This
country had not only very profitable use of wind energy but also the highest rates of wind
turbine electricity generation, and also the share of wind energy in gross inland energy
consumption. The following diagnostic variables were adopted: wind farms per 100 thous.
People, number of turbines per one wind farm, renewable (wind offshore) electricity capac-
ity (MW) per thous. people, renewable (wind onshore) electricity capacity (MW) per thous.
people, wind cumulative capacity growth rate, renewable (wind) electricity generation
(GWh) per thous. people, share of renewables in gross inland energy consumption of
which: wind power. The cluster comprising Spain, Portugal, Ireland, Sweden and Germany
also had excellent wind energy technologies. These countries have been leaders in the
introduction and development of wind energy for many years and have had a significant
number of wind farms (above the European average) and these farms were quite large.
Finland is another one-element cluster. This country invests and develops the mentioned
branch of renewable energy. The index on the number of wind farms was above the world
average, so there were more these farms than the EU average, but they were not large.
Three countries: the United Kingdom, the Netherlands and Belgium, forming another
cluster, were relatively strong in terms of both wind energy potential and the level of its
development. There was also an upward trend in wind energy resources in this group. In
the countries forming cluster that included Cyprus, Romania, Greece, Italy and Estonia
there were not many wind farms, but the existing were relatively large. In addition, all
wind energy indices were below the EU average. Another cluster includes six countries:
Austria, Luxembourg, Lithuania, Croatia, Poland and France. In these countries there was
a chance to change their position for the better by possible investing in wind energy. How-
ever, during the analyzed period, the level of wind energy development was still below
the world average there. The last and worst group in terms of both wind energy potential
and development level was a cluster including seven countries: Slovakia, Slovenia, Malta,
Czech Republic, Hungary, Latvia and Bulgaria. This cluster also included Malta, which
did not have a single wind farm, and the other countries in this group had almost no
wind farms. These countries invested in other renewable energy sources. Slovakia, Latvia,
Hungary and Bulgaria invested mainly in hydropower energy, while Hungary and Malta
in solar energy [63].

Overall, the methods k-means and Ward were the most frequently applied clustering
techniques. Other studies using cluster analysis in research on the use of renewable energy
are [66—69].

3. Sources and Research Methods
3.1. Data Sources

The study was focused on European Union households. The research material was
from Eurostat “Energy balance sheets” [7].

The energy balance is the most complete statistical data of energy products and their
flow in the economy. The energy balance offers a complete view on the energy situation of a
country and of individual sectors (e.g., households). The energy balance is a multi-purpose
tool, is the natural starting point to study the energy sector [70].

The research entities were the countries of the European Union. The subject of the
research were various sources of renewable energy used by households, i.e.,
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Solar thermal system,
Geothermal technologies,
Primary solid biofuels,
Charcoal,

Biogases,

Blended biogasoline,
Blended biodiesels,
Ambient heat (heat pumps).

The data for the different products are expressed in a common energy unit: thousands

of tons of oil equivalent (ktoe) [70].

3.2. Study Design

To achieve the research objective and carry out the tasks presented in this article, the

researcher had to apply a number of statistical measures and methods. Subsequent research
tasks were subordinated to research questions.

Step 1. Monitoring the evolution of RES consumption in European households required:

aggregation of data from the Eurostat Energy balance sheets database for
individual countries;

calculating the structure of the RES energy carriers used in each country;

generation of a ranking of countries in terms of the RES amount and its share in total
household energy consumption.

Step 2. Identification of European household types in terms of RES consumption. This

task required:

data standardization;

Ward clustering method and establishing the optimal number of clusters;
carrying out clustering with the k-means method;

description and labelling of clusters.

The use of Ward’s method cluster analysis provided an answer to the question about

the optimal number of country (state)groups [71,72]. A plot of clustering distances by
clustering step indicated that the first clear spike was at the level 23.45. The dendrogram
was cut at this level, yielding six clusters of households (Figures 1 and 2). Ward’s method
for determining the optimal number of clusters is also used by other researchers [73].

binding distance

160

140

120

100

80

60

40

20

-20

0

Step — binding distance

Figure 1. Results binding distance according to binding steps. Source: own elaboration based on
data from [7].
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Figure 2. Results of the hierarchical grouping of similarities between the EU countries in final energy
consumption from renewable energy sources in households’ sector in 2019 using the Ward’s method.
Source: own elaboration based on data from [7].

Then, the k-means method was used to group countries. K-means cluster is widely
described in the literature on the subject [74-77]. The algorithm for the k-means method is
presented in Theorem 1.

Theorem 1. The algorithm for the k-means method

k
Y sim(cidy) )

dteDi

M»

] =

Il
-

The research algorithm of the k-means method consists of several stages, presented
in the publication [78]. More about the k-means algorithm on the example of country
grouping in the article [78,79].

Step 3. Examining trends of changes in RES use among households in Poland and
neighboring countries. This task required the use of a directional trend indicator. A linear
trend is a special case of linear regression, where the explanatory variable X is the time
variable t [80]. A trend model belongs to a special class of econometric models in which
the variability of the explained variable is described by a specific explanatory variable,
namely time. In general, these models do not explain the mechanism of development of
the considered explanatory variable but illustrate the development of this variable over
time. In this case, therefore, a time series is considered, that is, data that are time-stratified.

Theorem 2. A formula of linear trend function.
Y=a-t+b ()

where: a—trend slope: - B
Lt —X)*(; - Y)

(- 1)

a=
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b—trend intercept: B
b=Y—axt

ti, Y; values of the variables t and Y.

t, Y—means of variables t and Y.

When a > 0 we are dealing with a growing trend. The greater the a, the faster the value of Y
increases over time.

When a < 0, there is a downward trend. The smaller the a, the faster the Y value decreases
over time.

4. Results
4.1. Changes in the Use of RES in European Households

The aim of this section is to analyze the changes in the use of renewable energy sources
in EU-28 households between 2004 and 2019.

In absolute terms, the leaders in household sector RES consumption are the French,
Germans and Italians. In 2019, RES energy in these households represented between
6508.6 thousands of tons of oil equivalent (ktoe) in Italy, 8293.3 ktoe in Germany and
9094.3 ktoe in France. The least RES energy consumed households in Malta (14.0 ktoe)
and in Luxembourg (19.3 ktoe) (Figure 3). Between 2004 and 2019, the highest increase in
energy in absolute units was observed precisely in the mentioned leader countries. In Italy
the amount of energy used in the household sector increased by 4247.9 ktoe, in Germany
by 3348.3 ktoe and in France by 2123.4 ktoe. Relatively large increases in RES consumption
over the 16-year period were also observed in the UK (by 1897.8 ktoe) and the Czech
Republic (by 1027.4 ktoe). Even though in the majority of EU countries an increase in
household RES consumption was observed, there were also decreases, such as in Latvia
(by 255.6 ktoe), Portugal (by 110.4 ktoe), Croatia (by 96.0 ktoe), Lithuania (by 57.1 ktoe) and
Slovenia (by 2.1 ktoe).
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Figure 3. Energy from RES in EU households in 2004 and 2019, in thousands of tons of oil equivalent. Source: own
elaboration based on data from [7].

In absolute terms, the consumption of RES by the household sector depends, among
others, on the country size and the number of households in it. In the further section of
this paper, the RES consumption in relative terms and the type structure of the energy
used will be analyzed. Thus, in 2019—in relative terms—the first place in the ranking of
renewables use by EU-28 households had Croatia, where RES accounted for more than
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46% of household energy exploited. A high share of RES in the energy carriers used in
households was also recorded in Slovenia and Latvia—more than 43% of final energy
consumption each. In turn, Estonian, Romanian and Portuguese households had more than
36% share of RES in energy carriers used. At the other end of the scale were households of
Ireland, Iceland, Luxembourg, the UK, the Netherlands and Belgium, where the share of
RES in household final energy consumption did not exceed 9% (Figure 4).

The greatest progress—in relative terms—in the use of RES in EU-28 households was
observed in Cyprus. Over a period of 16 years, the increase in the percentage of RES used by
these households was 27.3 p.p. However, it is worth mentioning that the first data for this
country appeared in 2005, where 11.1 p.p. of RES in household final energy consumption
was recorded and all of this energy came from solar thermal system. The next highest
increase in RES use by households was in the Slovak Republic (increase by 22.1 p.p.). A
relatively high progression was observed in the case of RES usage between 2004 and 2019
by households of Hungary, the Czech Republic, Malta, Italy, i.e., by about 14 p.p. Here it
should also be noted that in the case of Malta—as well as the aforementioned Cyprus—no
RES usage was recorded in households in 2004 at all. In 2010 Maltese households started
using RES (6.2%), which came mainly from solar thermal technology (close to 83%), as well
as from primary solid biofuels.

The largest decrease in RES consumption in the household sector was recorded Be-
tween 2004 and 2019 in Latvian and Lithuanian households, with a 9.0 p.p. and by 3.1 p.p.,
respectively, decrease in the share of energy used from RES by these households.
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Figure 4. The share of energy from RES in the final energy consumption in European Union households in 2004 and 2019.
Source: own elaboration based on data from [7].

The main renewable energy sources used in the EU-28 households are primary solid
biofuels. In 2019, the share of primary solid biofuels in the total consumption of renewable
energy sources in households was 83%, while in 2004—96.6%. This was followed by
ambient heat at 11.6% (0.9% in 2004) and solar thermal technology at 4.0% (1.3%). Charcoal
and biogases each accounted for 0.6% and geothermal heat for 0.1% (Figure 5).
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Figure 5. Structure of RES used by the household sector in 2004 and 2019, percentage. Comment: ST—Solar thermal system,
G—Geothermal system, PSB—Primary solid biofuels, C—Charcoal, B—Biogases, RMW—Renewable municipal waste,
BBG—BIlended biogasoline, PB—Pure biodiesels, BBD—Blended biodiesels, OLB—Other liquid biofuels, AH—Ambient
heat. Source: own elaboration based on data from [7].

4.2. Identification of Household Types in Terms of RES Consumption

The aim of this section is to identify the types of European households showing
similarities in the structure of use of the different renewable energy sources. In the first step
of the analysis, the EU countries were divided into similar groups, according to the total
amount of energy used from RES in households and the structure of particular sources of
this energy in 2019. The EU countries were divided into six clusters (k-means method),
based on the assumed optimal number of groups (Ward’s method). The adopted division
was made on the basis of the first significant jump in the bonding distance related to the
bonding stages (Figures 1 and 2, Table 1).
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In accordance to the analyses performed, measures of intra- and inter-cluster variation
and degrees of freedom (df) were determined. The obtained values of the F-statistic, which
is the ratio of the variation between clusters to the variation within clusters, made possible
to identify the most important clustering variables in terms of their discriminatory power.
This means that the higher value of the F-statistic for a given variable, the more important
the assignment of given countries to particular clusters.

The analysis of variance showed that blended biodiesel use played the greatest role in
the assignment of EU countries to particular clusters. The value of the F statistic for this
variable was the highest at 2995.72, followed by geothermal energy (47.05). Biogases, for
which the value of the F statistic was 3.07, were the least significant factor in the assignment
of EU countries according to the criterion adopted. However, it is worth remembering
that each diagnostic variable, i.e., each renewable energy source, ultimately influenced
the grouping of EU countries into homogeneous clusters both in terms of structure and
volume of energy exploited from these sources.

As blended biodiesels and geothermal heat were important factors in assigning EU
countries to particular clusters, countries using these sources formed single-element clus-
ters. The compositions of the formed clusters and the distance from their centers (cluster
centers) are presented in Table 2. The greater the distance of a given EU country from the
center of the cluster in which this country was located, the greater its variability in relation
to the countries whose distance from the cluster center was smaller.

Table 2. Analysis of variance for renewable energy consumption in households’ sector.

Specification Between SS  Specification Between SS  Specification Between SS  Specification
Renewables and biofuels 2247 5 4.53 22 21.85 0.0000
Solar thermal 22.79 5 421 22 23.84 0.0000
Geothermal 24.69 5 231 22 47.05 0.0000
Primary solid biofuels 22.47 5 4.53 22 21.84 0.0000
Charcoal 18.99 5 8.00 22 10.44 0.0000
Biogases 11.10 5 15.90 22 3.07 0.0298
Blended biogasoline 19.15 5 7.85 22 10.73 0.0000
Blended biodiesels 26.96 5 0.04 22 2995.72 0.0000
Ambient heat (heat pumps) 22.10 5 4.90 22 19.86 0.0000

Source: own elaboration based on data from [7].

The results indicate the homogeneity of two clusters (thelst and the 3rd clusters).
Sweden (the 1st cluster—Specific A), as the only country using blended biogasoline and
blended biodiesels, is located in the 1st cluster. No other country has reported the use of
this renewable source in households. The Swedes were also ones of the few to use biogases
(3.2%), while primary solid biofuels consumption accounted for nearly 94% (Figure 6,
Table 3).

Cyprus (the 3rd cluster—Specific B), on the other hand, was one of the few countries
with a relatively high geothermal energy consumption in households (1.6%). Cypriot
households are also leaders in the use of solar thermal energy (62.5%) and also a relatively
low use of primary solid biofuels compared to other countries (18.5% of total household
RES consumption) is reported there. In addition, ambient heat (11.4%) and charcoal (6.0%)
and geothermal heat (1.6%) appeared among the RES sources in households of this country.
The overall use of RES by Cypriot households in final consumption energy was 27.3%.

The 2nd cluster (Follower) comprised seven countries with total RES use ranging from
over 14% in Germany to 30% in Austria. These countries were characterized by relatively
high use of primary solid biofuels, i.e., from nearly 62% in Greece to over 98% in Hungary.
In almost all countries the RES categories observed in the renewable energy mix were solar
thermal energy (from 1.0% in Hungary to 26.7% in Greece), charcoal (from 0.1% in Slovakia
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to 4.4% in Greece, in Hungary this category was generally absent) and ambient heat (from
0.7% in Hungary to 13.9% in Germany).

Renewables and biofuels
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Figure 6. Mean values of energy consumption from renewable energy sources for individual clusters (results of the non-
hierarchical grouping of similarities between the EU countries in final energy consumption from renewable energy sources
in households’ sector in 2019 using the k-mean’s method). Source: own elaboration based on data from [7].

The obtained results revealed that the six countries in the 4th cluster (Sleeper) acquired
the lowest average value of energy obtained from RES, ranging from 2.5% in Ireland to
over 15% in Poland. Primary solid biofuels in this cluster were the relevant source of RES
for households ranging from nearly 35% in Ireland to over 93% in the UK. The second
place was for heat pumps, i.e., its total household RES use was from 5% in the UK to 47%
in Ireland. Luxembourg and Ireland had also relatively high use of solar thermal energy,
i.e., 13% and 19% of household RES consumption, respectively.

The most numerous cluster was formed by 8 countries (the 5th cluster—Leaders). This
cluster had the highest value of renewable energy used by households. It was found that in
2019 the use of renewable energy sources in final energy household consumption ranged
from just over 31% in the Czech Republic to over 46% in Croatia. These households relied
mainly on primary solid biofuels, ranging from over 89% in Slovenia to 100% in Estonia.

In the 6th cluster (Active), which includes five countries, there are countries with
rather low total RES use, i.e., from 14% in Malta to 37% in Portugal. In these countries there
was relatively less use of primary solid biofuels in the household sector (in total RES use
ranging from 12% in Malta to 80% in Denmark) and more use of ambient heat (ranging
from 19% in Denmark to 52% in Malta). In Malta, solar thermal was a relatively popular
source of RES, with more than 36% of RES coming from this source. An overview of the
average RES energy shares for each country, cluster by cluster, is presented in Table 3.

Between 2004 and 2019 a diversification of RES sources is observed. Even though
primary solid biofuels still remain the dominant source of RES in households, other sources
are emerging, notably ambient heat and solar thermal system. In 2004, a sector of house-
holds in nine EU-28 countries used ambient heat, while 16 years later this source appeared
in 23 countries. In 2004, households in 16 countries used solar thermal energy, while in
2019—in 24 countries. Another RES source, charcoal appeared in households of six EU-28
countries in 2004, while in 2019—it extended to 12 countries.
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4.3. Changes in the Use of RES in Households from Poland, Slovakia and Germany

The aim of this subsection is to analyze changes in the use of energy carriers in Polish
households and selected neighboring countries, i.e., Slovakia and Germany. The case of
Poland was chosen due to the fact of high use of hard coal in this country. Poland is the
largest hard coal producer and the second largest brown coal producer in the EU, generating
about 80% of electricity from coal. Resistance to limiting coal mining and consumption
comes from various sides, namely coal corporations, trade unions, parts of civil society and
the government—and their coalition partners. Their objection centers around the prospect
of lost business, previous negative experiences of structural change, fears of rising energy
prices and concerns about energy security, as well as potential unemployment in regions
almost entirely dependent on coal [81].

Germany and Slovakia were chosen for comparison for the following reasons. Firstly,
they are neighboring countries. The winter climate in these countries is quite cold, which
makes it necessary to use heat energy in every sector, especially in households. Secondly,
Germany is a country from the so-called ‘richer” west of Europe, while Slovakia, similar to
Poland, is a central and eastern European country with a similar history and socio-economic
development. There are more than 20 countries in the world whose share of renewable
energy sources in total energy consumption exceeds 20%, and Germany is among these
countries. By 2050, Germany plans to achieve a 60% share of renewable energy in the
country’s total energy balance and 80% in electricity production [82].

Raising the level of economic and human development has increased the demand for
fossil fuels. Currently, conventional energy sources dominate in terms of resources used
by economies, including some European households. Many countries in the world, facing
the problem of energy and national security, have intensified their efforts to transition
from conventional energy sources (primarily fossil fuels) to alternative energy sources [83].
However, these transitions differ from country to country.

Polish households are a kind of “coal island” on the map of Europe [84]. In 1990, the
use of hard coal in total energy consumption in Polish households accounted for 38.2%,
and for nearly three decades this percentage has been reduced by 10.8 p.p. In the same
period the use of hard coal in German households decreased from 15.3% to 0.6% and
in Slovak households from 19.4% to 1.1% (Figure 7). Thus, the progress in this respect—
beneficial from the environmental point of view—was definitely better in the countries
neighboring Poland.

1990 2019 1990 2019 1990
Poland Germany Slovak Republic

M Solid fossil fuels ~ m Renewables and biofuels

Figure 7. Use of solid fuels and renewable energy sources in the Polish, German and Slovak household sector in 2019.

Scheme 7.
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Between 1990 and 2019, the use of RES in households in relative terms increased, most
notably in Slovak households—by 23.3 p.p., while German (10.9 p.p.) and Polish (15.2
p-p-) households had smaller achievements in this respect. Even though looking at this
aspect in absolute terms, between 1990 and 2019 the use of RES by the household sector in
Poland increased by 1662.7 ktoe, in Germany by 5308.8 ktoe and in Slovakia by 615.5 ktoe.
However, it is worth noting that in 1990 in Slovakia there was no RES consumption in the
household sector at all.

In Poland, residential heating is mainly provided by hard coal. In the total consump-
tion of energy carriers in Polish households, hard coal and other bituminous coal accounted
for 54.5% in 2019. In the 16-year period, since 2004, coal consumption in the household sec-
tor has decreased slightly, i.e., by 2.6 p.p. [7]. The high share of coal in the total consumption
of energy carriers is the cause of air pollution, among others in sulphur dioxide, nitrogen
oxides and dusts. The household sector is responsible for total atmospheric emissions of
sulphur dioxide in nearly 23%, nitrogen oxides in about 8% and dusts in nearly 36% [85].

Based on the directional coefficient of the trend, it can be concluded that the consump-
tion of renewables in Polish households has statistically significantly increased between
2004 and 2019, on average by 31.1 thousands of tons of oil equivalent (ktoe). Similar to
other European households, among renewable energy sources, primary solid biofuels
are here in the lead, accounting for 88.4% of total RES consumption in these households.
Ambient heat accounts for 8.5%, solar thermal system for 2.4% and geothermal energy for
0.7%. Thus, the hierarchy of RES consumption in Polish households is consistent with that
observed in European ones. Regarding the different types of RES, a significant increase was
recorded for solar thermal (by 4.47 ktoe on average per year), geothermal power (0.77 ktoe)
and ambient heat (15.5 ktoe). In addition to the increase in renewable energy sources,
Polish households enhanced the natural gas consumption, on average by 28.4 ktoe per
year. Other energy sources showed a decrease (manufactured gases, gasworks gas, oil and
petroleum gases, gas oil and diesel oil) or stabilization (solid fossil fuels, other bituminous
coal, lignite, coke oven coke) (Table 4).

Table 4. Trends in the use of energy sources in Polish households in 2004-2019.

Specification The Trend Slope Factor p Value R?
Total —33.10 0.5164 0.0307
Solid fossil fuels —23.10 0.5484 0.0263
Other bcl(t):fnmous ~23.09 0.5314 0.0285
Lignite 0.96 0.3427 0.0644
Coke oven coke —0.96 0.6923 0.0115
Manufactured gases —0.19 0.0000 0.9550
Gas works gas —0.19 0.0000 0.9518
Oiland petroleum ~3435 0.0000 07717

products
Liquefied petroleum 388 0.0245 0.2626
gases
Gas oil and diesel oil —30.47 0.0000 0.7577
Natural gas 28.4 0.0028 0.4453
Renewables and 311 0.0001 0.6327
biofuels

Solar thermal 4.47 0.0000 0.8870
Geothermal 0.77 0.0000 0.9262
Primary solid biofuels 104 0.1531 0.0787
Ambient heat 155 0.0000 0.9124

Comment: Tables 3-5 include the categories of energy sources that are used in a given country. The list of energy
source categories in Tables 3-5 differs due to the differences (the absence of certain categories) in their use between
countries. Source: own calculations based on data from [7].

Slovak households in 2019 were dominated by two energy carriers, natural gas and
RES, which accounted for 42.4% and 23.3% of the total consumption of energy carriers,
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respectively. Since 2004, natural gas consumption in the household sector has decreased by
13.4 p.p., instead of renewables and biofuels, which have increased by 22.1 p.p. In particular,
between 2018 and 2019 consumption of renewables and biofuels in Slovak households
increased markedly, due to the increase of primary solid biofuels in total consumption. The
share of hard coal in the total consumption of energy carriers in Slovak households was
1.1% in 2019, while 16 years earlier it was 3.9% [7].

The directional coefficient of the trend demonstrates that the changes in consumption
of renewable energy sources in Slovak households in 20042019 were not statistically
significant. However, the analysis of particular types of renewable energy sources shows
that the significant increase was recorded only in relation to solar thermal energy (by 0.52
ktoe on average per year) as well as other bituminous coal (average annual by 0.95 ktoe)
and brown coal briquettes (average annual by 0.09 ktoe) (Table 5).

Table 5. Trends in the use of energy sources in Slovak households in 2004-2019.

Specification The Trend Slope Factor p Value R?
Total —17.38 0.1398 0.0723
Solid fossil fuels —3.205 0.0011 0.5107

Other bituminous
coal 0.95 0.0000 0.7285
Patent fuel 0.0197 0.1148 0.1086
Lignite —4.073 0.0001 0.6590
Coke oven coke —0.1950 0.0024 0.4564
Brown coal briquettes 0.089 0.0189 0.2870
Oiland petroleum ~0.3894 0.1060 0.1169
products
Liquefied petroleum —0.3894 0.1059 0.1169
gases
Natural gas —20.09 0.0014 0.4973
Renewables and 132 0.0909 0.1327
biofuels

Solar thermal 0.52 0.0000 0.8439
Primary solid biofuels 12.0 0.1060 0.1168
Characoal 0.098 0.0929 0.1305
Ambient heat 0.62 0.1052 0.1765
Heat —10.82 0.0002 0.5973

The same comment as in Table 3. Source: own calculations based on data from [7].

Regarding German households, three energy carriers dominate the overall consump-
tion of energy carriers, i.e., oil and petroleum products, gas oil and diesel oil, renewables
and biofuels, which accounted for 20.6%, 19.0% and 14.4%, respectively, in 2019. Since
2004, consumption of oil and petroleum products in the household sector has decreased
by 6.7 p.p., gas oil and diesel oil by 6.6 p.p. and renewables and biofuels have increased
by 6.7 p.p. The share of hard coal in the total consumption of energy carriers in German
households in 2019 was—0.6% [7].

From the directional coefficient of the trend, it can be concluded that the consumption
of renewable energy sources in German households increased statistically significantly
between 2004 and 2019, on average by 198 ktoe. As for the individual types of renewable
energy sources, significant increases were recorded for solar thermal technology (average
annual increase of 34.7 ktoe), geothermal heat (1.81 ktoe), biogases (22.7 ktoe) and ambient
heat (68 ktoe). In German households, apart from the increase in renewable energy sources,
there was no significant increase in the consumption of other energy carriers (Table 6).
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Table 6. Trends in the use of energy sources in German households in 2004-2019.

Specification The Trend Slope Factor p Value R?
Total —543 0.0045 0.4104
Solid fossil fuels —15.70 0.0533 0.0487
Anthracite —2.407 0.0340 0.2313
Other bituminous _5.99 0.0272 02530
coal
Patent fuel 4.04 0.2815 0.0167
Coke oven coke —2.590 0.0002 0.5989
Brown coal briquettes —8.76 0.0343 0.2310
Oiland petroleum —432.7 0.0002 0.6243
products
Liquefied petroleum _5.86 0.3362 0.0661
gases
Motor gasoline
(excluding biofuel —1.085 0.0000 0.7845
portion)
Other kerosene —0.007 0.9442 0.0004
Gas oil and diesel oil
(excluding biofuel —425.7 0.0001 0.6366
portion)
Natural gas —115.2 0.11727 0.0663
Renewables and 198 0.0004 05791
biofuels
Solar thermal 34.7 0.0000 0.9714
Geothermal 1.81 0.0000 0.8675
Primary solid biofuels 67 0.1296 0.0960
Characoal 3.33 0.0011 0.5137
Biogases 227 0.0000 0.9422
Blended biodiesels 0.059 0.1057 0.1176
Other liquid biofuels 0.0021 0.9771 0.0000
Ambient heat (heat 8 0.0000 0.9926
pumps)
Heat —79.6 0.0044 0.4122

The same comment as in Table 3. Source: own calculations based on data from [7].

5. Discussion of the Findings

Investment in renewable energy technologies is essential to cut greenhouse gas emis-
sions [86]. However, global CO, emissions are increasing, between 2004 and 2019 the
increase was 28.6% [87]. In 2020, the COVID-19 pandemic reduced energy demand and re-
duced global CO, emissions by 8% compared to the previous year. This reduction resulted
in a return to the CO, emissions of a decade ago [88]. It is conjectured [88] that, as after
previous crises, the rebound in emissions may nevertheless be greater than the decline,
unless the wave of investment to restart the economy will be allocated more widely to
cleaner energy infrastructure. Nevertheless, there is an urgent need for policy action to curb
the upward trend in CO; emissions. On the positive side, there has been an increase in the
use of energy from renewable sources—the only one at the time of the COVID-19 pandemic.
It should also be noted that, despite the global increase in CO, emissions, Europe has seen a
fall in these emissions, thanks precisely to investment in solutions that promote renewable
energy sources.

The transition to low-emission energy sources is occurring at different speeds in
individual Member States of the Community. This is due to the divergent energy security
interests of these countries and leads to dissonance in the energy union [89]. Achieving the
objectives of the new EU energy strategy setting the goal of reaching 32% of the energy
balance from RES in 2030 [90] requires reducing dependence on fossil fuels. The unbalanced
perception of this issue and the different security priorities among the EU Member States
result in a new west-east division of the Community, thus perpetuating the division that
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has existed since the former Union of Soviet Socialist Republics (USSR) satellite countries
joined the EU organization [91]. The own study shows that with regard to the household
sector, a higher share of RES energy—in relative terms—in final energy consumption
occurs in the so-called “poorer” part of Europe, while in countries with higher living
standards [92] (Ireland, Luxembourg, UK, the Netherlands, Belgium, Sweden, Germany)
RES use remains at a lower level. This may be due to the fact that improvements in the
quality of life manifested by an increase in the area and standard of furnishings of dwellings
and the possibility of obtaining an optimal indoor microclimate [93,94] result in significant
energy consumption, which consequently diminishes the relative increase of RES in final
energy consumption. In EU countries, the share of expenditure on energy consumed by
households has an increasing trend [95]. Income growth is a strong determinant of increase
in household energy expenditure [37,96,97]. Income is also a key determinant of investment
spending on RES energy extraction. Thus, when considered as a whole, the reason for
the smaller improvement in overall RES use is the higher living standards and changing
lifestyles (more household appliances and larger dwellings) of today’s consumers. Even
though the share of RES energy is increasing, the overall increase in consumer energy use
diminishes these achievements.

It is worth mentioning that the leaders in absolute terms in the use of RES by sector
households are the French, Germans and Italians. According to own research, these
countries also saw the highest growth in RES use by sector households between 2004
and 2019. It is noted that Western European countries, but also Scandinavian countries,
have for many years been taking and supporting measures to increase the share of RES in
total energy production. This includes tax incentives and educational measures as well as
public support programs in subsidies for investments in renewable energy [98-100]. At
the same time, the energy transition is more manageable in these countries because these
economies are not based on fossil fuels (coal) [101]. The leadership role in the use of RES
by Western European and Nordic countries is emphasized in many publications [60]. It
is worth mentioning that Germany is the largest energy producer in the EU, i.e., 19.7% in
total energy production in the whole European Union. Germany is followed by France,
with an energy production of 17.6% and the United Kingdom with 10.6%. Italy 8.8%, Spain
8.7%, Poland 5.0% and Sweden 4.8% are also responsible for % of total energy production
in the EU [102].

The self-analysis grouped the EU-28 countries into 6 groups according to the size
and structure of household RES used. This classification indicates that the countries with
the highest use of RES in households are the countries of Central, Eastern and Southern
Europe. In these countries the dominant RES category is primary solid biofuels. It can be
expected that in these countries, due to lower living standards [92], citizens cannot afford
to invest in more expensive RES technologies. Deciding to use primary solid biofuels is a
cheaper RES alternative than, for example, heat pump installations. Primary solid biofuels
include, among others, wood pellets. In Poland, for example, the introduction of the “Clean
Air” program (EU support) has widely promoted the replacement of old boilers using
non-renewable solid fuels with boilers using biomass. Of all heat source applications, 1/5
requested subsidies for biomass boilers [103]. Some countries have even committed to
increasing the use of wood pellets. Croatia, Slovenia and Slovakia by signing the Kyoto
Protocol (The Kyoto Protocol) have committed to reduce GHG emissions precisely by
promoting the use of wood biomass, primarily wood pellets [104].

In countries in the richer part of Europe, the use of primary solid biofuels in the RES
use structure is usually at a lower level. In Western and Northern Europe (e.g., Ireland,
The Netherlands, Finland, France) a relatively high use of heat pumps in households
is observed. Heat pump technology is regarded as one of the environmentally friendly
solutions for increasing energy efficiency and reducing harmful gas emissions into the
atmosphere. As indicated, the use of heat pumps is economically beneficial in the Baltic
region and the market share of these systems is increasing [105].
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Solar thermal technology is also popular in richer European countries such as Ireland
and Luxembourg. It is submitted that the interest in solar thermal energy may continue
to grow due to the COVID-19 epidemic, which has changed the balance of energy con-
sumption across countries. In particular, household energy consumption increased as
people were encouraged to stay indoors [106]. This fact may lead to an increase in solar PV
investments in residential buildings [107].

For climatic reasons, it is obvious that solar thermal technologies are most popular
in households in the south of Europe (Cyprus, Malta, Greece). Cyprus, which formed a
single-element cluster, records the highest use of RES in households. Cyprus is the world
champion in terms of solar energy applications [108]. Already in the first decade of the 21st
century, it was estimated that about 90% of residences in this country had a solar water
heater installed. This record in thermal applications was mainly attributed to favorable
weather conditions, a pioneering solar energy industry and a strong coordinated effort
by all the concerned [109]. In Malta, on the other hand, the use of solar thermal energy,
although dominant among household sources used, is generally in a smaller proportion
of households. Solar water heaters in the first decade of the 21st century were present in
several percent of all dwellings. It is surprising as the Maltese islands have the highest
insolation in Europe [110]. The wider uptake of RES in Maltese households occurred in
the second decade of the 21st century. As indicated [111], driven by the need to meet
mandatory European Union (EU) renewable energy targets and facing the constraints
of a limited territory, Malta was one of the first countries to rely almost exclusively on
households to meet its clean energy targets. In 2009, a subsidy scheme was launched to
encourage households to install photovoltaic systems on their own properties to feed into
the energy network [111].

The results of our own research indicated that the leaders in EU-households respecting
the RES share in final energy consumption (in relative terms) are Croatia, Slovenia and
Latvia, among others. Croatia has the technical and economic potential of renewable
energy sources necessary to achieve 100% RES in energy consumption [33]. The solar
energy potential in Croatia far exceeds both existing and future, energy needs. The sunniest
parts of Croatia, receive about 40% more solar energy than Central Europe and 60% more
than Northern Europe. In winter, the continental part of Croatia receives twice as much
solar energy as Northern Europe, with the central and southern coastal parts receiving
3-5 times more than Northern Europe, or twice as much as Central Europe [33]. Croatia
is also rich in biomass and waste, hence the high use of solid biofuels. It is worth noting
that in the late 1970s this country was one of the few regions in the world to initiate a solar
energy program in response to the 1973 oil crisis [34,112].

From our own research we found that in Polish households, although there is a
significant statistical increase in RES, the share of solid fossil fuels still remains at a relatively
high level. Between 2004 and 2019, the increase in the amount of renewable energy used
was at the level of the EU-28 average. As indicated [113], there is potential for development
of RES technologies in Poland. Solar energy, wind power and solid biomass processing
have the greatest chances for development.

Yang and Zhao [114] analyzing the financial aspect of fossil resource use for shorter
periods found that fossil energy generally has lower financial costs compared to renew-
able energy but based on the conditions of sustainable development and then long-term
projections, renewable energy is the only way to achieve sustainable living in the world.
The energy system must provide energy services that are socially acceptable, economically
sustainable and environmentally friendly [114].

In comparison, in countries neighboring Poland, i.e., Germany and Slovakia, the
process of transition of households from fossil energy sources to renewable energy sources
has been more favorable. Currently, household sector uses only a small percentage of
fossil fuels in these countries. In general, solid fuels in Poland constitute the largest
part of the energy mix on the EU scale, which significantly complicates the achievement
of environmental goals, especially with the emphasis on decarbonization [84,115]. The
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transformation of the energy market in Poland depends on the financial situation of all
energy producers (mainly coal companies in Poland) and power generators, whose activity
is exposed to high financial risks [116,117]. The evolution of the Polish energy system
is mainly influenced by the necessity to integrate energy markets in the EU. Despite the
difficult conditions of the energy system in Poland, structural changes towards meeting
the adopted environmental requirements are taking place. Therefore, the energy policy of
the Polish country focuses on the energy supply security. In addition, competitive costs,
minimal environmental impact and increase in energy efficiency are taken into account [58].

In conclusion, it can be stated, following Bak and co-authors [101], that there are many
factors influencing the disproportions between EU countries in the use of RES. Each EU
Member State should look for the reasons why these disproportions become in order to
answer the question how to improve its position in terms of RES use and how to change its
policy to be more effective [101]. However, it is indispensable to include the household
sector in the transition process from non-renewable to renewable energy sources.

It is impossible to compare the results presented in this paper with the results of similar
studies because they have not been conducted so far. To date, taxonomic studies have been
carried out on renewable energy in a broad sense, but not only on household consumption
of renewable energy. The country classifications obtained in the studies quoted in the
second part of the article do not coincide with the classification presented in this paper. It
is not surprising that diverse cluster analysis results have been found, since they refer to a
variety of aspects in the renewable energy sector and take into account multiple variables
for the study. For this reason, the results presented in the paper contributes further to the
issue of renewable energy sector in EU countries.

6. Conclusions

The household sector is an important contributor to overall energy consumption in the
economy and should therefore be actively involved in measures to improve environmental
quality. For a common future, it is necessary to include renewable energy in the long-term
planning process of the energy sector. The use of renewable energy has numerous benefits,
but investment in new RES technologies often proves costly, so many countries rely on the
cheapest solutions using, for example, primary solid biofuels. Nevertheless, every year
there is an increase in the use of RES in EU households, with diversification of the sources
of this energy.

As in other aspects of life, there is a certain polarization among EU countries regarding
the use of RES in the household sector. In central and eastern European countries there
is a greater use of energy sources such as primary solid biofuels, while households in
western European countries are more likely to install ambient heat, solar thermal systems
or use biogases.

Many factors influence the disproportion between EU countries in the use of RES.
Each EU Member State should look for optimal and efficient solutions to develop RES in
the household sector in order to improve its position in terms of their use. The literature
review shows that an important factor is an active State policy and extensive education of
citizens on RES. Raising citizens” awareness of the opportunities and benefits of installing
RES-based solutions with parallel taking care of the energy efficiency in residential building
should bring tangible benefits in the long term.

The conducted analyzes gave answers to the research questions posed in the in-
troduction to the study. Based on the analyses carried out, the following conclusions
can be drawn:

- RES consumption in households is increasing, with the diversification of renewable
energy sources. In some countries the growth of RES use by individual consumers is
accelerating, while in other countries there is a kind of stabilization or even regression,
which should prompt public authorities to become more involved in promoting the
use of RES in households, which is the answer to 1 research question;
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- The leaders in terms of absolute use of RES by the household sector are France,
Germany and Italy. These countries also have the highest growth in household RES
consumption. On the other hand, in relative terms, the CEE and SEE household
sectors perform better than the households of the other EU members. The share of
RES in final energy consumption in the CEE and SEE countries is the highest. It can
be assumed that there is potential for development of RES technologies in the EU
countries. Properly created mechanisms can further push forward investments from
national budgets to develop renewable energy sectors, which is the answer to 1 and 3
research questions;

- EU-28 countries can be divided into six groups according to household RES use,
with—in relative terms—poorer European countries (e.g., Croatia, Romania, Bulgaria)
having higher household RES use than richer Western countries (e.g., Luxembourg,
Belgium, the Netherlands). However, these poorer countries rely primarily on primary
solid biofuels, while in the richer parts of Europe there is a wider use of ambient heat,
solar thermal technology and even biogases. The use of primary solid biofuels is a
cheaper solution in RES use and this enables the poorer countries to meet the energy
policy targets set at EU level, which is the answer to 2 research question;

- InPoland the use of RES by the household sector is increasing year by year, in particu-
lar the use of solar thermal or geothermal technology, and ambient heat. However,
the RES consumption is still at a relatively low level, which demonstrates the need
to make household members aware of the advantages of investing in modern RES
technologies for households. At present, Poland dependence on fossil fuels cannot be
denied; on the other hand, the development of RES in Poland should be looked upon
positively, which is the answer to 3 research question.

Some limitations in this research should be considered. Identifying the situation of RES
use by the household sector at the country level gives only a general issues characterizing
the discussed subject understanding of the topic under study is a considerable limitation for
this study. The household sector is diversified in terms of demographic and socio-economic
characteristics. Thus, a number of studies could be usefully developed basing on these
results. Subsequent research should take into account the RES use by specific types of
households, for example, by demographic, social, economic and culture characteristics.

The research could be extended with the analysis of specific categories of renewable
energy sources and could also include other countries, outside Europe. This can be helpful
in an assessment of the influence of various factors (e.g., social, economic, legislative,
environmental, political, etc.) on the cluster structure. Similar future studies will also give
a guidance to determine if there are any changes in the structures of separate clusters.

For energy policy makers and managers offering modern RES technologies, the infor-
mation that the country remains low in RES consumption by household sector is a signal
to deepen the work to raise public awareness about the advantages of introduction this
modern and environmentally friendly technology into households.
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Abstract: Corporate social responsibility (CSR) is one of the main drivers of corporate reputation.
Many studies show that CSR can positively affect financial performance (FP) and vice versa. However,
the relationship between FP and CSR depends on the type of industry in which the company
operates, and there is little research regarding the energy sector in this area. The basis of empirical
research in this study is slack resource theory which argues that financial performance is the cause of
corporate social performance. This paper aims to analyze if financial performance affects corporate
social responsibility adoption in energy sector companies. In order to achieve this goal, the study
specifically examines the relationship between selected financial performance indicators and CSR
adoption. Analyzing an international sample of 219 companies from thirty-two countries for 2020, we
observed the statistically significant relations between financial performance and the implementing
of the CSR strategy of the energy industry companies. The Return on Assets measure (ROA) and
the Earnings Before Interest and Taxes measure (EBIT) were significantly higher among companies
implementing the CSR strategy. The Enterprise Value to earnings before interest, taxes, depreciation,
and amortization ratio (EV EBITDA) was lower among companies that adopted CSR. We did not
confirm that the Return on Equity measure (ROE), Beta coefficient, and EBITDA per Share correlated
with CSR adoption. Our research had implications for firms” investment policies in social initiatives
and highlighted the relation between the financial performance and CSR initiatives of the energy
sector companies.

Keywords: CSR strategy; financial performance; energy sector

1. Introduction

Corporate Social Responsibility (CSR) is a concept that is often defined in scientific
literature. Most definitions of corporate social responsibility describe CSR as a concept
whereby companies voluntarily incorporate social and environmental issues into their
economic activities and have interactions with stakeholders [1]. At an early stage, it was
thought that CSR could only be satisfied by fulfilling responsibilities to individuals and
not to society as a whole [2]. However, later, other researchers started to define CSR as a
more integral concept relating to the full range of business obligations to society, including
legal, economic, ethical, and other optional categories of business activity [3]. For example,
CSR is defined as activities that seem to serve a particular social good, going beyond
the company’s interests and what is required by law [4]. They can include supporting
local businesses or charities, developing recycling programs, promoting minority employ-
ment [5], adopting advanced human resource management programs, and producing
products which integrate social attributes [6]. Therefore, the basic concepts of corporate so-
cial responsibility are to reflect the company’s total commitment to its internal stakeholders,
such as employees, shareholders and external stakeholders, including suppliers, customers
and the community. Thus, CSR combines economic, public, and social responsibilities. The
content and goals of CSR may differ depending on the country of origin of the company.
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The implementation of CSR may depend on the macroeconomic conditions in the coun-
try [7] and the existing differences in regional economic development [8], special economic
zones [9], differences in productivity, regional innovation performance, the effectiveness
of labor market policy [10], and productivity convergence in the regions from which the
researched companies come from [11,12].

The result of CSR is corporate social performance (CSP), defined in the literature
as a configuration of CSR principles, social-response processes, programs, policies, and
observable results related to the company’s social relations [13]. Undoubtedly, activities in
the field of CSR bring about social benefits. Still, in the literature, there is a discussion of
whether they improve the financial performance of the companies and if the CSR depends
on the financial performance, and empirical research in this area has not yet reached
a consensus.

A review of empirical studies on the relationship between CSR and financial per-
formance shows that most studies treat social performance as an independent variable
used to predict financial performance [14]. Approximately 50% of the studies found a
positive relationship between CSR and FP [15]. The fact that CSR gives a competitive
advantage translates into better financial performance is justified by the theory of instru-
mental stakeholders and the hypothesis of social impact. The instrumental stakeholder
theory framework assumes that if the interests of multiple stakeholders of an organization
are taken into account, they can improve the company’s image and status. The focus on
such aspects can positively affect the company’s productivity, financial performance and
value creation [16,17]. Inspired by this theory, the hypothesis of social impact suggests that
good (bad) social outcomes generate good (bad) financial results [18,19]. It postulates that
if a company satisfies its stakeholders, e.g., by implementing social projects, it will improve
its image and reputation, and thus its financial results. On the other hand, if a company
fails to achieve positive social impact, it will create image concerns among stakeholders,
increasing costs and reducing profits [20].

Good social performance is also associated with managerial competencies and good
management practices, leading to good financial results. For example, large companies
benefit from favorable long-term stock performance [21], and companies with substantial
shareholder rights tend to have a lower cost of equity capital than their competitors [22].
Good stakeholder relations and acceptance by the community have a positive effect on the
financial outcomes of the companies in the long term. For instance, building a new plant
in such a case is more accessible because of lower costs through government regulation;
this can also obtain government tax breaks [23]. Moreover, CSR can stimulate human
capital accumulation. A firm that adopted CSR on a high level is usually more attractive
to employees and has a low turnover, which reduces the costs of recruiting and training
employees [24]. The literature describes many other different ways in which CSR adop-
tion can affect a company’s FP, e.g., CSR can positively influence a company’s resources
and capabilities. It can positively impact reputation, which can lower operating costs in
terms of reducing waste and risks, or can positively impact employee engagement and
productivity [25]. The four benefits of a commitment to CSR are cost reduction, competitive
advantages, reputation and legitimacy building, and the search for win—win outcomes.
These benefits create a solid resource base and lead to excellent financial results [26].

Other researchers (around 5%) believe that CSR adoption has a negative impact on
FP [15,27]. According to them, investments in any CSR activities increase costs due to
inefficient resource allocation [28,29], create conflicts of interest between stakeholders [6],
thus creating unfavorable competition conditions for firms in a competitive market, and
ultimately harm the company’s performance. Therefore, firms which have adopted CSR
bear higher expenditures and have a lower competitive advantage than companies without
CSR [30]. The spending on CSR activities may therefore not be covered by the generated
profits. Consequently, CSR activities have a negative effect on the company’s FP [31,32].
The negative relationship of CSR-FP is theorized within the compromise hypothesis [33].
This theory is that the company must meet its different needs within a limited resource
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base. Directing resources towards CSR can consume vital resources that could be used for
more productive purposes. The negative relationship is also explained by the hypothesis of
managerial opportunism, which assumes that the goal of managers and stakeholders may
be contradictory, and in such a case, managers can only support their own interests [33].

Only a few studies regard the inverse relationship between CSR and FP, implying
that FP precedes CSR and treats enterprises’ CSR as a dependent variable [14]. Empirical
evidence showing that better FP affects good CSR confirms the slack resource theory,
according to which a financially successful company is better positioned to invest in
CSR. This theory states that companies only engage in CSR when the company brings
financial benefits. In this case, the firm has enough financial resources to invest in social
projects. Financial success is, therefore, the main driver of CSR. The first empirical study to
support this theory found that a company’s social performance was positively related to
the company’s previous and future FP [20]. In most other studies, the relationship between
social and financial performance was positive in many different contexts and sectors
because the companies with better financial results spent more resources on social activities.

In turn, the negative relations between CSR and FP are justified by the hypothesis of
managerial opportunism. According to this hypothesis, the more an enterprise is financially
effective, the less it will be socially effective. This is explained by the fact that managers
who do not achieve good financial results invest in social activities to justify their poor
performance. However, when FP is high, they avoid investing in social activities to increase
their private profit in the short term [33].

In conclusion, the cause-and-effect relationship between CSR and FP can veer in both
directions. Most authors consider the possibility of a “virtuous circle” created by simulta-
neous and interactive interaction as increased CSR leads to better financial performance
and vice versa [17,20].

According to some researchers, applying a corporate social responsibility strategy
depends on the industry’s sensitivity to the environment. Companies with production
processes that harmfully affect the environment need more information than companies
from other industries. Such companies include, among others, companies from the energy
sector [34]. Energy companies are increasingly forced to take on greater social respon-
sibilities, including labor rights, stakeholder engagement, environmental performance,
human rights, and social impact [35]. This is mainly because the energy sector, responsible
for the vast majority of emissions, requires optimization measures to reduce emissions.
These activities can have different costs, application difficulties, environmental and social
impacts [36]. By its nature, the energy sector plays a crucial role in sustainable development
and is also a forerunner in CSR issues [37]. However, in this sector there are many varied
challenges related to the management and implementation of CSR. These include high
costs, a lack of information and awareness, insufficient human resources, poor cooperation
with stakeholders, a lack of beneficiary involvement and the integration of CSR initiatives
into more extensive development plans, an excessive focus on technical and management
solutions [38,39].

Our study considered energy companies that are recently being forced to address
a broader set of CSR and sustainability-related efforts and activities. Due to increasing
demands from stakeholders related to CSR and sustainability issues, energy companies
are under pressure to respond adequately to these needs and expectations, comply with
national and international laws and regulations; and follow global initiatives and prac-
tices to improve sustainability performance. As a result of the environmental and social
issues caused by business organizations operating in environmentally sensitive industries,
the importance of CSR and sustainability-related reporting practices based on globally
recognized reporting guidelines, has increased.

There is a wide range of research focusing on CSR in the context of energy. However,
studies examining the relationship between CSR adoption and FP are scarce. Most of the
research on the energy sector concerns the impact of CSR on financial performance. For
example, other studies based on data from Thomson Reuters for 2011-2018 showed that
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higher CSR performance did not guarantee better financial results, as demonstrated by
both the market and accounting results [40]. Another study found that the three individual
dimensions of environmental responsibility (product innovation, resource reduction, and
emission reduction) were positively related to the financial performance of companies.
Still, the impact of the third dimension (emission reduction) was not significant [41]. A
positive effect of CSR on corporate FP was also found in a study that examined the data
of 210 energy firms worldwide. These results were measured as a market capitalization
value [42]. A study that used a case study approach demonstrated the link between socially
responsible corporate performance and profitability [43]. Although this study did not
investigate the direction of causation, the results nevertheless indicated that CSR was
positively associated with a better financial performance (profitability) and the relationship
was statistically significant.

In conclusion, while many efforts have been made to understand the effect of CSR
on FP, the accessible empirical evidence remains ambiguous. Research on the impact of
CSR activities on FP can be divided into those who support positive correlation and those
whoclaim the opposite. While some studies showed that the additional revenues generated
by companies from CSR exceeded the expenditures incurred, the other studies argued that
the costs incurred to conduct CSR activities exceeded the profits [44].

Although the existing research considers CSR in the context of the energy industry
from many different perspectives, and despite its general importance in the energy sector,
most studies concern the analysis of the impact of CSR on FP. The inverse link of FP-CSR
in the energy sector is underrepresented in this context; we found only one item treating
CSR as a dependent variable. The analysis of panel data for 14 companies from the energy
sector for the years 1991 and 2009 carried out by Patéri et al. [25] aimed to examine whether
investments in CSR affected corporate financial performance and the reverse relationship.
CSR was measured here using two separate constructs: strengths and concerns of CSR used
in the ratings provided by MSCI ESG Research. The results did not support bidirectional
causality between CSR and FP. According to these results, changes in two FP indicators,
ROA and return on invested capital (ROIC), did not cause Granger causality in the total
number of CSR strengths or concerns. According to Nelling and Webb [5], Corporate Social
Performance (CSP) seemed to derive from the unobservable characteristics of companies
rather than their financial performance.

Despite a great interest in CSR, and especially its relationship with financial results,
the results of previous studies are inconclusive. It is difficult to determine whether CSR
influences FP, or whether companies that achieved financial success are more proactive
in sustainable development. This means that the field is full of ambiguities. Moreover,
previous researchers focused mainly on the various dimensions of CSR rather than its
adoption, and, to date, little research has been conducted in the energy sector. The impact
of the FP on CSR adoption in the energy sector has not been investigated so far. Therefore,
our goal is to reduce this research gap.

We would like to address the research gap in the literature by examining the relation-
ships between energy sector companies’ financial performances and CSR adoption. It is
worth emphasizing that the degree of linkage between CSR and FP may vary depending on
the measurement of specific financial ratios. Thus, this study aims to investigate whether
and to what extent various financial indicators affect the implementation of CSR strategy
in companies in the energy sector. This study proposes that six different indicators can
measure financial performance: ROA, ROE, EBIT, Enterprise Value to EBITDA, EBITDA
per Share, and Beta coefficient. These indicators are considered the potential factors that
may impact CSR adoption. The study further examines whether each of the five FP indi-
cators positively influences the implementation of the CSR strategy in energy companies.
Therefore, our research hypotheses are as follows:

Hypothesis 1 (H1). ROA has a positive impact on CSR adoption among energy sector companies.

Hypothesis 2 (H2). ROE has a positive impact on CSR adoption among energy sector companies.
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Hypothesis 3 (H3). EBIT has a positive impact on CSR adoption among energy sector conpanies.

Hypothesis 4 (H4). The Enterprise Value to EBITDA ratio has a positive impact on CSR adoption
among energy sector companies.

Hypothesis 5 (H5). EBITDA per Share has a positive impact on CSR adoption among energy
sector companies.

Hypothesis 6 (H6). The Beta coefficient has a positive impact on CSR adoption among energy
sector companies.

This survey provides energy sector company managers with a clear insight into which
kinds of financial performance are conducive to implementing a CSR strategy. The rest of
the article is structured as follows. The second section describes the data collection and
methodology, the third section presents the empirical results, and the final section discusses
the findings and conclusions.

2. Materials and Methods

The methodology of the study involves a three-stage approach: (i) identification of
the variables that may impact CSR adoption, (ii) investigation of the descriptive statistics
and correlation between identified independent variables (iii) estimation of a logit model
to examine the impact of identified independent variables on CSR adoption. The research
focused on energy sector companies.

2.1. Data and Sample

This study uses non-probability sampling with a purposive sampling method which
determines research samples using defined criteria. The criteria used by researchers for
sampling are as follows: public companies from the energy sector listed in the Thomson
Reuters Eikon (TR EIKON) database in 2020 who have a number of full-time employees
higher than 150 with complete financial and non-financial data related to the research vari-
ables. We made this choice based on the assumptions that Corporate Social Responsibility
(CSR) was associated mainly with big companies; they are often better resourced and are
more able to invest in CSR. They attract more media attention, and they are particularly
concerned with protecting and enhancing their reputations with the broader public and
key stakeholders. The coverage of the TR EIKON database extends worldwide, reaching
99% of the market capitalization. The database contains more than 72,000 firm-level data
of publicly traded companies from 150 countries. TR EIKON provides company funda-
mentals also published for the energy sector, including companies that produce, supply,
and distribute energy. The analysis covered 219 companies from 32 countries (Table 1).

Table 1. The number of analyzed firms by country.

Country n %
United States of America 90 41.10
Canada 38 17.35
China 16 7.31
Bermuda 10 457
United Kingdom 8 3.65
Norway 7 3.20
Australia 6 2.74
Thailand 6 2.74
Indonesia 5 2.28
Brazil 4 1.83
France 3 1.37
Netherlands 3 1.37
Greece 3 1.37
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Table 1. Cont.

Country n %
Ttaly 2 0.91
Papua New Guinea 1 0.46
Russia 1 0.46
Hungary 1 0.46
Turkey 1 0.46
Austria 1 0.46
Spain 1 0.46
Switzerland 1 0.46
Israel 1 0.46
Poland 1 0.46
Sweden 1 0.46
South Africa 1 0.46
Luxembourg 1 0.46
Belgium 1 0.46
Finland 1 0.46
Jersey 1 0.46
Japan 1 0.46
Portugal 1 0.46
Monaco 1 0.46
Total 219 100

As can be seen from Table 1, most of the firms covered by the analysis have their
headquarters in the USA (41.10%), Canada (17.35%), and China (7.31%). The headquarters
of almost 13% of the analyzed companies are in Europe. The majority of countries (18) are
represented only by one company.

2.2. Key Variables

The dependent variable in the model is CSR adoption. CSR is a complex construct to
measure due to its multidimensionality and invisibility. Various empirical and theoretical
studies measure CSR in many distinct methods. In our research, CSR adoption is measured
by a dummy variable, which takes the value of 1 if the company has implemented CSR
and 0 if it has not. Measuring CSR by using a dichotomous variable was already measured
in several previous studies [45-49].

FP indicators used in the previous studies can be roughly split into market and ac-
counting measures. Market measures (e.g., Tobin Q) are calculated from the investors’
points of view on a particular date. Accounting measures (e.g., EPS, ROA, ROE) are cal-
culated on time results [50]. Unlike market measures, accounting measures can reflect
managerial performance and the internal decision-making process [4]. Moreover, identify-
ing the relationship between CSR and FP using accounting measures rather than market
measures is more appropriate for detection [51]. Therefore, based on the previous research,
we consider six independent variables (ROA, ROE, EBIT, Enterprise Value to EBITDA,
EBITDA per Share, and Beta coefficient) as the possible factors that may influence the
adoption of CSR strategy.

Return on Assets (ROA) is the first variable related to the company’s FP. Profitability
ratios show the company’s ability to generate profit. One of the main profitability indicators
is the ROA used by investors for investment decisions depending on potential returns [52].
Some studies show that ROA has a positive effect on goodwill. In this way, higher returns
and rates of return force investors to invest, thereby increasing share prices and good-
will [53]. ROA is a measure of financial performance, commonly used in analyzing the
effect of CSR on company finance [48,54-57].

Return on Equity (ROE) is an FP measure calculated by dividing the net income by
equity. ROE demonstrates a company’s ability to turn capital investments into profits.
In other words, it measures the returns made on each monetary unit of equity. It is one
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of the all-time favorite and most widely used general measure of corporate financial
performance [58], also confirmed by Monteiro [59]. ROE is popular with investors because
it combines the income statement (net profit/loss) with the balance sheet (equity). The fact
that ROE results from a structured financial ratio analysis, known as the Du Pont analysis,
also contributes to its popularity with analysts, financial managers and shareholders [60].
ROE is already used in research on this topic [47,50].

Earnings Before Interest and Taxes (EBIT) is the company’s net income before taxes
and interest costs. EBIT is used to analyze the effectiveness of the company’s core business
without capital structure costs and tax expenses affecting profit. The approach of using
EBIT in terms of CSR adoption is already presented in the literature [55,61,62].

EBITDA stands for earnings before interest, taxes, depreciation, and amortization, and
is used to evaluate a company’s operating performance. It can be seen as a representative
of the cash flow of the business of the entire company. EBITDA is already analyzed in the
literature as a financial performance measure regarding CSR adoption [63,64].

In terms of the enterprise value to earnings before interest, taxes, depreciation, and
amortization (EV EBITDA), the enterprise value (EV) includes both debt and equity, and
EBITDA is the profit available to investors. Since a change in capital structure has no
systematic effect on company performance, this ratio is less susceptible to manipulation by
changes in capital structure. Only when such a change lowers the cost of capital will it lead
to a higher multiple [65].

The Beta coefficient (BETA) measures an investment’s volatility and risk compared to
the overall market. Beta is a statistical tool, which gives an idea of how a fund will move in
relation to the market. In other words, it is a statistical measure that shows how sensitive a
fund is to market moves. EV EBITDA and the Beta coefficient have not been previously
used in the literature to analyze the FP-CSR relationship.

2.3. Research Model

In the second stage of our research, we estimated the correlation between the inde-
pendent variables. Following that, we specified and estimated a logit model in order to
examine the impact of identified independent variables on CSR adoption. Several authors
already used the logit model in similar research studies [36,66,67].

The model is specified as follows:

logit (Probability of CSR adoption) = 0 + B1(ROA) + B2(ROE) + B3(EBIT)

1
+ BA(EBITDA per share) + B5(EV EBITDA) + B6(BETA) + e ™

Data were analyzed based on descriptive statistics, such as means, standard deviations,
medians, and interquartile ranges. Differences were calculated with the Mann-Whitney test.
A p-value of less than 0.05 was considered statistically significant. We used STATISTICA,
(TIBCO Software INC., Statsoft Polska, version 13.3, Palo Alto, CA, USA).

3. Results
3.1. Descriptive Statistics and Correlation Matrix

Table 2 provides a condensed view of various descriptive statistics for all independent
variables. The average values of ROA and ROE were —8.317% and 27.39%, respectively. The
Beta coefficient was 1.447. The average earnings before interest were EUR 467,626,496.818.
Descriptive statistics are presented in Table 3 separately for companies that have imple-
mented CSR and for other companies.
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Table 2. Descriptive statistics of the sample firms.

Variables Mean (SD) Median (Q1; Q3)
ROA —8.317 (16.223) —3.266 (13.571; 1.408)
ROE —27.39 (363.88) 2.940 (—5.714; 8.724)
Beta 1.447 (0.586) 1.342 (1.057; 1.814)
467,626,496.818 46,310,761.980
EBIT (1,934,173,648.88) (—40,537,996.858;
R 371,448,973.763)
EBITDA Per Share 2.956 (6.628) 1.270 (0.388; 3.105)
EV EBITDA 14.601 (25.344) 9.585 (6.572; 14.14)

SD—Standard Deviation; Q1—first quartile; Q3—third quartile.

Table 3. Comparison of variables of companies that confirmed and did not confirm CSR adoption.

CSR Adoption (1 = 159) CSR Non-Adoption (n = 60)
Variables Mean (SD) p-Value
Median (Q1; Q3)
—6.500 (13.503) —13.131 (21.254)
ROA —2.720 [—11.16; 2.089] 5124 (—20.661; 0.866) 0.075
—35.942 (426.212) —4.748 (39.204)
ROE 3.770 [ 4.661; 8.706] 0.303 (—7.068; 8.855) NS
Bt 1.436 (0.567) 1.475 (0.640) S
eta 1.336 [1.097; 1.791] 1.383 (0.990; 1.905)
SBIT 636,045,952.00 (2,243,399,749.418) 21,314,940.955 (256,879,626.43) 006
125,499,113.600 [ —58,544,200; 536,477,760]  3.754.670,965 (—14,541,069.2; 52,592,469.19) :
EBITDA 2.764 (5.106) 3.464 (9.597) S
per Share 1.466 [0.409; 3.159] 0.898 (0.260; 2.815)
11.163 (7.554) 23.713 (45.871)
EV EBITDA 9.179 [6.291; 13.604] 9.974 (7.473; 19.348) NS

SD—Standard Deviation; Q1—first quartile; Q3—third quartile.

Based on the analysis of data, 72.6% of the companies adopted CSR. We found sta-
tistically significant differences between companies that confirmed and did not confirm
CSR adoption in terms of ROA and EBIT. The average ROA in companies that confirmed
CSR adoption was two times higher than among companies that did not confirm CSR
adoption. The average values of ROA were —6.15% and —13.131% for companies that
adopted and did not adopt CSR, respectively. In terms of the value of EBIT, we observed
that it was almost 30 times higher among companies that adopted CSR compared to the
other companies covered by the analysis. We did not observe a statistically significant
difference between companies that adopted and did not adopt CSR in terms of ROE, Beta
coefficient, EBITDA per Share, and EV EBITDA.

Table 4 presents correlations between the analyzed variables. We found a positive
correlation between ROA and ROE, ROA and EBIT, as well as the Beta coefficient and EBIT.
A positive correlation indicated that the variables increased or decreased together. The
pairwise correlation coefficients were less than 0.4, indicating multicollinearity, and were
not observed in the model.
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Table 4. Spearman correlations coefficient between independent variables.

EBITDA

Variables ROA ROE BETA EBIT EV to EBITDA
per Share
ROA 1 0.0653 * 0.1387 * 0.0293 * 0.0058 0.0004
ROE 0.0653 * 1 0.0045 0.0001 0.0004 0.0001
BETA 0.1387 * 0.0045 1 0.0231 * 0.0024 0.0021
EBIT 0.0293 * 0.0001 0.0231 * 1 0.0001 0.0031
EBITDA Per Share 0.0058 0.0004 0.0024 0.0001 1 0.0106
EV EBITDA 0.0004 0.0001 0.0031 0.0031 0.0106 1

* Correlation is significant at the 0.05 level (2-tailed).

3.2. Binary Logit Model

To analyze the indicators affecting CSR adoption, we used the binary logit regression
model. The dependent variable (CSR adoption) was a binary variable reaching the value
of 1 (the company adopted CSR) or 0 (the company did not adopt CSR). The logit model,
based on cumulative logistic probability functions, was computationally easier to use and
could predict the probability of CSR adoption in the company. The results are presented in
Table 5.

Table 5. The multivariate logistic regression model.

Variables 3-Coefficient OR IC p-Value
ROA 0.023 1.023 (1.002-1.044) <0.001
ROE —0.002 0.998 (0.990-1.005) 0.556
BETA 0.099 1.104 (0.617-1.976) 0.738
EBIT 0.000 1.000 (1.000-1.000) 0.121
EBITDA Per Share —0.027 0.974 (0.931-1.018) 0.238
EV EBITDA —0.034 0.967 (0.937-0.997) <0.001

The results confirm a statistically significant positive impact of ROA on CSR adoption.
From Table 5, we found that, with a 95% confidence level, only ROA and EV EBITDA ratios
had a significant effect on the CSR adoption with a p-value of less than the significance
level alpha = 0.05, although these effects were minor. In the logistic model, if the odds ratio
was greater than 1, the higher the value of the variable, and the higher the odds were of
implementing CSR. Only ROA had a positive effect on CSR adoption. That is, increasing
the ROA ratio level increased the probability of adopting CSR. In terms of the Enterprise
Value to EBITDA ratio, a statistically significant negative effect was observed. We did not
confirm the influence on CSR adoption in terms of the other analyzed variables. Thus, only
Hypothesis 1 was supported.

The area under the ROC curve was found to be 0.685 (Figure 1). Since the area under
the curve was more than 0.5, and the closer the curve followed the left-hand border and
then the top border of the ROC space, the more acceptable the model.
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Figure 1. ROC curves for model results with AUC of 0.685.

4. Discussion

One aspect of understanding the relationship between CSR and financial performance
was understanding the direction of causation. This meant to understand what factor acts
as a predecessor and the consequence of such a relationship. Most studies treated financial
performance as a dependent variable. In the context of this study, we checked whether
better financial performance led to CSR adoption. Our study, however, went beyond the
boundaries of linking general financial performance to CSR and proceeded to assess the
impact of specific financial indicators on CSR adoption.

This study applies the binary logit regression model to examine the impact of selected
financial indicators on CSR adoption in companies from the energy sector. The ratios
include ROA, ROE, EBIT, Enterprise Value to EBITDA, EBITDA per Share, and the Beta
coefficient. The analysis results show that the only indicator that increases the probability
of CSR adoption is ROA. The increase in the Enterprise Value to EBITDA has a negative
impact. We do not find any relationship between CSR adoption and ROE, EBIT, EBITDA
per Share, and the Beta coefficient. Compared to other metrics, companies with high
returns on assets show the highest likelihood of CSR adoption. Such companies are more
willing to invest in social initiatives than others. A way to encourage companies with
a high ROA to adopt CSR as their primary means of improving their public image and
long-term performance may be through society’s use of moral persuasion. This means
to motivate companies to implement quality-of-life practices in the community in which
they conduct business to contribute to that community’s educational, social, and economic
development [68].

In this context, our research confirms the Slack Resources Theory, which explains the
positive impact of FP on CSR. This theory indicates that better FP results in slack resources
for companies mean that they can invest them in social ventures, thus emphasizing that
better FP would cause better social performance [69]. Other studies in the literature con-
firm that better financial results translate into CSR adoption and better CSR activities. For
instance, research conducted based on data from large American corporations showed that
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this also positively influenced the following year’s financial results [33]. Another study ex-
plored the relationship between CSR disclosure and financial performance, and vice versa,
using different approaches, i.e., statistical through multiple regression modeling techniques.
The study results showed that the financial results based on the company’s profitability
had a cause-and-effect relationship with the disclosure of CSR, and vice versa [70]. Recent
research also showed a significant causal link between FP and CSR adoption, as spending
on social activities depended on financial outcomes. Profitability motivated an investment
in social activities and inspired investor confidence [71]. Recent studies also showed that
FP affected the company’s CSR in the short term and the long term [72].

The variable that was most often used to reflect financial performance in the FP-CSR
relationship research was ROA; this could be found in at least 22 other studies [73]. Our
analysis showed that ROA indicators had a positive and statistically significant impact on
CSR adoption, thus supporting Hypothesis 1 (H1). In other words, ROA indicators were
the only financial factor determining the ability of companies to engage in CSR activities.
Similar results were reported by other researchers [74-76]. Dewi’s [77] research showed not
only a direct positive impact of ROA on CSR but also ROE on CSR. The positive correlation
between the financial ratios of ROA and ROE and the CSR showed that companies with
social and financial performance tended to have wide-ranging social disclosure [29]. In our
research, the impact of ROE on CSR adoption turned out to be statistically insignificant, so
the Hypothesis 2 was not confirmed. The estimated probabilities from the model showed
that profitability had little effect on CSR adoption (low odds ratio—OR). This important
finding contradicted some existing research that showed that profitability had a significant
direct impact on investment in CSR.

Other hypotheses were also not confirmed in this study. The relations between EV
EBITDA and CSR adoption among energy sector companies were negative. We believe that
the negative impact of the Enterprise Value on EBITDA was because high-value companies
tended to develop and remain competitive. Hence, they devotde most of their resources to
maintaining that value rather than engaging them in social endeavors. Other relationships
between financial indicators and CSR adoption were not statistically significant.

Additionally, previous research showed that CSR adoption appeared to be positively
related to profitability ratios. However, the links between CSR and profitability were
studied using simple statistical methods and linear regression [43]. A similar analysis,
which also used a regression approach, was carried out on data from 30 publicly listed
Nigerian companies [78]. Another study explored the additional effect of leverage on CSR
disclosures using data from 41 listed firms [79]. As in other studies, it was found that
profitability and company size positively affected CSR adoption. Importantly, it was also
found that highly leveraged firms were less likely to engage in CSR. The regression model
was also used to study the CSP-CFP relationship in the context of emerging markets [80].

The previous research which showed that CSR adoption appeared to be positively
related to profitability ratios did not consider that many different financial indicators. The
profitability measure used in another regression model used the financial data of 40 listed
companies; in addition to the Return on ROA assets, was the Return on equity (ROE) [56].
Accounting indicators such as the Return on assets (ROA), return on capital (ROE) and
return on sales (ROS) were also used as indicators of the financial results. However, these
studies did not show a significant relationship between the examined variables. Other
methods used in the analysis of FP-CSR included Dynamic Circulation Viewpoint and
Multivariate Analysis of Variance (MANOVA). These studies showed a positive and mutual
relationship between the variables [81].

According to Reverte [82], neither profitability nor other financial indicators explain
the differences in CSR disclosure practices between companies. Thus, it is worth consider-
ing the moderating influence of other variables on these relationships. Control variables
should be included in the study when there is reason to believe that they may play a role in
analyzing the relationships between CSR and FP. The most influential variables explaining
the differentiation of companies in CSR assessments are those related to public or social
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visibility. The effect of visibility has a significant, positive relationship between visibility
and CSR assessment, which is confirmed in other studies [83]. Other authors [84] argue
that to investigate CSR’s impact on the company’s financial performance, the moderating
role of corporate governance should be examined. In turn, other researchers [85] investi-
gate the role of CEO power (measured by the relative pay of the director) and find that
CEO power positively moderates the relationship between CSR and financial performance.
Influential CEOs have considerable freedom in determining expenditure on social and
environmental activities of enterprises. So, for example, they can suspend social and
environmental activities to demonstrate a better financial performance, or they can, in other
cases, increase spending to gain a personal reputation for being socially responsible. There
are also studies providing empirical evidence of the relationship between board attributes
and CSR engagement, as well as CSR engagement and financial performance in the global
energy sector. These results indicate that board diligence and CSR committees are strong
drivers of CSR performance [40].

5. Conclusions and Implications

Our study makes some contributions to the literature regarding CSR. First of all,
this article is one of the few attempts to use specific financial indicators to examine the
decisions of companies from the energy sector regarding the implementation of CSR. While
other researchers attempted to investigate the impact of overall financial performance on
CSR, they were not able to discern different forms of response to financial performance
feedback, because they did not analyze the effect of individual financial metrics separately.
Secondly, while the energy sector has a significant environmental and social impact, no
empirical cross-sectional study specific to the industry has been carried out so far from an
international database of large companies. As far as we know, no previous studies on this
topic have focused on a sample of international firms. Third, although the analyzed studies
examined the links between companies’ financial results and CSR, they are insufficiently
investigated in the energy sector. Analyzing CSR adoption as a dependent variable is used
to a limited extent and is not the subject of any research in the energy sector. By using this
dummy variable, the results for CSR could be easily compared with other studies. Due to
the variety of CSR measures, the possibility of comparing the results concerning CSR is
limited. Therefore, this study adds new evidence to the existing literature by providing an
empirical analysis of the relationship between FP and CSR adoption in the energy sector.
The impact of the FP on CSR adoption in the energy sector has not been investigated so far.
Therefore, our goal is to reduce this research gap.

Our findings also have some management implications. The results of our study may
be helpful in the further understanding of the motivation of companies’ decisions in the
field of CSR implementation. CSR activities are becoming more and more important for
the sustainable business of companies, ensuring the legitimacy and facilitating exchange
relations with their stakeholders [1,25]. We show that companies are more likely to engage
in CSR activities when they achieve better financial results, as measured by the ROA ratio.
The relationship between other financial measures and CSR adoption is not so clear.

Our study also offers a methodological improvement through the use of the binary
logit regression model, which allows the determining of the likelihood that a company
will engage in CSR, taking into account its financial characteristics. This approach avoids
measurement errors encountered in studies aiming to determine whether there is a positive
relationship between CSR investments and the financial results [74].

CSR has become an important research area for researchers looking into its relationship
with other variables, such as financial performance. This study shows that, compared
to other financial ratios, the size of the ROA has the most significant impact on shaping
the company’s CSR policy. This evidence is based on the financial characteristics of
energy sector companies with a number of full-time employees higher than 150. Other
financial ratios examined include ROE, EBIT, Enterprise Value to EBITDA, EBITDA per
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Share, and Beta coefficient. However, most of the studied variables turned out to be
statistically insignificant.

The approach in this study differs from previous studies, as CSR is measured as a
binary variable, assuming values of 1 for companies that have implemented CSR and 0
for other cases. CSR is then linked to the size of the financial ratios under study using
the binary logit regression model in this categorical form. The analysis results show that
CSR is a positive function only for ROA and a negative growth function of the Enterprise
Value to EBITDA. Clarifying the relationship between FP and CSR adoption is critical to
promoting the implementation of CSR in all business companies and communities in every
country worldwide [50].

6. Limitation and Future Research

This study has several limitations, which should be considered when evaluating
the results. The study sample is based on firms listed in the Thomson Reuters EIKON
database whose shares are traded in stock markets. Consequently, the results may not be
generalizable to other firms not listed in a stock market. As far as we know, no previous
studies on this topic focus on a sample of international firms. Our research contrasts
with past research conducted in individual countries. Since the studied sector comprises
large capital-intensive businesses, frequently operating as natural monopolies on national
markets, choosing a single jurisdiction for analysis would not yield sufficient empirical
material for quantitative analysis.

On the other hand, it would be interesting to undertake future research, including a
complete sample to consistently support our hypotheses. A comparative analysis between
countries in different cultural and geographical areas could generate an interesting line of
future research. We also believe that interesting conclusions could be drawn by introducing
various control variables into the analysis. Therefore, in future research, it would be worth
also focusing on the relationship between financial performance and CSR, considering the
control variables. The possible channels through which FP could affect CSR, or vice versa,
could be the location of the firms, corporate governance, corporate visibility, the role of
board diligence and the CSR committee, the gender of the director, corporate governance
mechanisms, and the location of the firms.

In our study, we used only accounting-based indicators. We chose the six account-
ing variables presented in this paper because they permitted us, on the one hand, and
were more appropriate for detection rather than market measures, on the other hand.
According to some researchers, market results may be an interesting factor in assessing
and understanding CSR implementation, which could be checked in subsequent studies.

To analyze the indicators affecting CSR adoption, we used the binary logit regression
model. The dependent variable (CSR adoption) was a binary variable reaching the value 1
(company adopted CSR) or 0 (the company did not adopt CSR). The logit model, based
on the cumulative logistic probability functions, was computationally easier to use and
could predict the probability of CSR adoption in the company. Another widely recognized
alternative approach to the analysis of CSR adoption was the Environmental, Social, and
Governance (ESG) score measure, used with a linear regression model. The study of the
degree of applicability of CSR implementation was also a possible extension of future work.
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Abstract: The policy related to the use of renewable sources is a key element of the energy policy
executed in the European Union (EU). One of the targets set for 2050 is to increase the share of
electricity in energy consumption to 50%, and 80% of electricity is to be generated from low-carbon
sources. In recent years, the EU economies have significantly modified their electricity production,
which raises the question of the scale of these changes. The aim of the presented analysis is to assess
changes in the use of renewable sources for electricity production in the EU countries in 2005-2019.
Gini coefficient and k-mean are applied in the analysis. The conducted research shows that EU
countries, in line with the energy policy assumptions, have both increased the share of renewable
sources in energy production, especially in electricity production, as well as increased the diversity of
used renewable sources. The results also indicate a vast diversity in terms of the use of such sources
for the production of renewable electricity in the EU. This indicates that the energy transition is being
implemented by EU countries with individual country-level approaches. Nonetheless, a variety
of the EU’s both support and restrictive measures are of considerable importance for the ongoing
energy transition.

Keywords: gross electricity production; renewable sources; energy transformation; concentration
analysis; cluster analysis; k-means; European Union

1. Introduction

The energy policy is one of the key pillars of the functioning of individual countries, as
the energy sector is a driving force behind the economic development. The energy demand
has been growing worldwide for many years, in line with the dynamic development of the
economy on a global scale. This trend also continues in projections for the next decades [1].
Numerous actions have been taken around the world to accelerate the energy transition
towards low-carbon economies using renewable energy sources (RESs). This is because,
among other things, such an intensive use of energy products has negative effects on
the environment, such as excessive exploitation of non-renewable energy sources and
high emissions of harmful substances, including CO,, SO,, or nitrogen oxides. These
problems are highlighted and discussed in References [2-7], among others. Such actions
on a global scale include the United Nations Framework Convention on Climate Change
(UNFCCC) [8] signed in Rio de Janeiro in 1992, and the Kyoto Protocol [9], which came
into force to supplement the UNFCCC. However, the greatest intensification of energy
transition activities has been observed in Europe.

The policy related to the use of renewable sources is a key element of the energy policy
implemented in the European Union (EU). In a broader context, it is a pillar of activities
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undertaken in the implementation of the sustainable development goals. In the document
“Next steps for a sustainable European future European action for sustainability” [10],
the European Commission (EC) has outlined goals to be achieved by 2030. Among the
17 goals, there are two that relate directly to the energy sector. The first one concerns
ensuring access to energy sources that are, above all, affordable, reliable, and sustainable.
The second of these goals concerns acting to mitigate climate change and its impacts. In
another document, “Clean energy for all Europeans” [11], the EC has set a target of 50% of
electricity in total EU energy consumption in 2050. Furthermore, 80% of the electricity is
to be obtained from renewable sources or nuclear energy. This means that electricity will
gain importance, and ultimately, it will be the key source of energy in the EU. The policy
of moving towards low-carbon economies also means that the main burden of electricity
production will be on renewable sources.

Eurostat’s statistics clearly show that while electricity consumption has not increased
significantly in recent years, the changes that have taken place in electricity production are
significant. Firstly, the share of renewable sources in electricity production has increased
significantly, from 16.3% in 2005 to 34.6% in 2019. Secondly, the diversification of renewable
sources used has increased across the EU countries. Currently, wind energy has the largest
share among renewable energy sources. In line with “EU Strategy to harness the potential of
offshore renewable energy for a climate neutral future” [12], further intensive development
of wind energy technology is planned in particular in marine areas. Solar energy is also
gaining importance. From the perspective of the consumer, internal business processes,
the development and financial aspects, solar and wind energy are considered the most
competitive renewable sources in electricity production [13].

Therefore, the question arise what changes have occurred in the use of renewable
sources in the production of electricity in the EU countries. In particular, the period of
interest is 2005-2019. The beginning of this period was selected for two reasons. First,
2005 was the first full year in the EU after its largest enlargement. Second, when analyzing
the statistics, since 2005, the greatest progress in the use of renewable sources in the EU
can be observed. The end of the study period is related to the availability of data at the
time of the analysis. Due to the fact that the composition of the EU underwent changes, in
the presented analysis, it is assumed that the research sample includes countries from the
composition from 2020 (EU-27) and the UK as the EU member until 2019. It should also
be noted that the aggregate statistics for the EU area provided in the presented analysis
concern the composition of the EU-27. These statistics are also used as a benchmark for
national statistics. However, in more detailed analyses, considering individual countries,
the UK is also added.

The aim of the conducted analysis is to assess changes in the use of renewable sources
for electricity production in the EU countries in 2005-2019. This goal is carried out in two
steps. In the first step, changes in the concentration of renewable sources are assessed
in the production of electricity from renewable sources, using the Gini coefficient. In the
second step, we apply k-means algorithm for clustering of EU countries (EU-27 + UK). The
conducted study allows us to verify the following hypotheses:

1. Activities related to energy policy reduce the concentration of the use of renewable
sources for electricity production.

2. Thereis a large diversity between EU countries in the use of renewable sources for
the production of electricity, while the development of individual energy sources in
specific countries is to a large extent supported by government bodies.

The literature presents numerous studies on the use of renewable sources, which are
presented in international cross-sections. However, they mostly refer to several issues. The
first is the analysis of the use of RES (or types of RES) in energy consumption or production
(without dividing this energy into its types). The second is the analysis of share of total
RES in different types of energy consumption or production. The third is the analysis of
only one type of RES. In contrast, there is a lack of studies that present an analysis of the
use of different types of renewable sources in the production of renewable electricity and
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examine their concentration. The approach presented in this paper is fulfilling the research
gap. It should also be noted that we aimed to show changes in the composition of the
energy portfolio composed only of RES used for electricity generation in the presented
study. Therefore, this analysis refers to “renewable electricity”.

2. Renewable Energy Sources in Literature and EU Directives

Renewable energy sources (RESs) are in line with the concept of the “Sustainable
Development Strategy of the European Union” adopted in June 2001. The very notion of
sustainable development was defined in the Brundtland Report (WCED, 1987) as develop-
ment meeting the needs of the present generations without limiting the same possibilities
for the future ones [14]. Such development is then to be applied at both the social and
environmental levels. The verification of the 2001 strategy that took place in 2006 allowed
to pursue a long-term concept of sustainable development. Article 3 of the Treaty on the
Functioning of the European Union (TFEU) urges the EU to disseminate the principles of
sustainable development and to guard climate change and a low-carbon economy, inter
alia, by lobbying multilevel actions improving the quality of the environment [15]. It is
being implemented on multiple levels, both in the long and short terms [16]. In the case
of energy policy, this takes place on the basis of various directives or strategies of the
European Energy Union.

Moreover, the TFEU, and in particular, its Article 194, can be indicated as a point
of reference for formulating strategies related to the EU energy policy in general. The
first point of Article 194 presents the objectives of the EU energy policy by calling all EU
countries, among others, to promote energy efficiency, to save energy, to develop new and
renewable forms of energy and to ensure security of energy supply in the EU. The first
milestone indicated in the process of formalizing the EU’s energy strategy is said to be
the White Paper on renewable energy, adopted in 1997 [17]. The White Paper included
goals that the production of electricity from renewable sources was to increase to 23.5%
by 2010 (from 14.3% at that time). The next step was, the already mentioned, issuance of
Directive 2001/77/EC of the European Parliament and of the Council of 27 September
2001 on supporting the production of electricity produced from renewable sources on the
internal market [18]. This Directive indicated country-specific targets to be met by the
year 2010 with regard to the use of RES in the production of electricity. For the entire EU,
this indicator was 22%, and for individual countries it ranged from 5.7% for Luxembourg
to 78.1% for Austria. The biggest increase was expected for Denmark—by 20.3%, from
8.7% in 1997 to 29% in 2010. On 10 January 2007, the European Commission issued a
communication entitled “Renewable energy road map—Renewable energies in the 21st
century: building a more sustainable future” [19]. In that document, the Commission
indicated that the greatest progress with regard to the use of renewable sources has been
made in the production of electricity. In addition, there were suggestions that in 2020,
electricity production from renewable sources could increase up to 34% (from 15% at
the time of the release). “Directive 2009/28/EC of the European Parliament and of the
Council on the promotion of the use of energy from renewable sources” was issued in 2009,
amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC [20]. The
Directive 2009/28/EC set a target that by 2020 the share of total energy consumption from
renewable sources should amount to 20%. This goal was mentioned in the Europe 2020
strategy [21] as one of the five main priorities determining the development of the EU.
Furthermore, the directive 2009/28/EC also contained guidelines related to the electricity
production, in detail it stressed that energy produced from renewable sources should be
prioritized and use of support schemes for electricity production from RES. In 2018, the
Renewable Energy Directive was amended again [22] and showed that support schemes
for renewable electricity have proved to be useful tools. In addition, a target was set to
increase the share of renewable energy consumption in the total energy consumption up
to 32% by 2030. In March 2019, the EC published the “Clean energy for all Europeans
package” [11] presenting numerous strategic proposals in the field of energy. According to
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this document, electricity will gain strategic importance in the EU. Additionally, estimates
are given that electricity will be responsible for more than half of the EU’s energy needs by
2050, with RES and nuclear energy expected to account for 80% of the electricity generated
in the EU. A discussion of the factors affecting electricity is given in Reference [23].

Due to the fact that one of the priorities of the EU’s energy policy is to increase energy
efficiency and increase the share of renewable energy, there is a strong synergy of renewable
energy concept with some of the goals of sustainable development [24]. Research on various
renewable energy sources in terms of sustainable development indicators (e.g., price of
generated electricity, availability of renewable sources, gas emissions, land requirements,
efficiency of energy conversion, water consumption, and social impacts) rank individual
energy sources. Assuming that all factors are of equal importance, wind, hydro, solar
and geothermal energy are in the first place. Wind energy has the lowest greenhouse gas
emissions but requires a large land area and high investments [25].

The EU put great emphasis on various types of activities and promotion of renewable
energy [26-28]. However, due to its high cost, generating energy from renewable sources
on a large scale is not possible without support [29]. These support strategies differ from
one Member State to another [30]. There are many ways to promote ecological solutions,
as well as their various combinations. Some of the EU countries decide to promote one
support system, others promote hybrid solutions [31]. However, as it turns out, one of the
most beneficial actions is financial support [32,33]. Next to it, there are also tax incentives,
feed-in tariffs and tenders [34]. Important aspects related to the promotion of renewable
energy are social pressure, environmental impact, and the level of development of the
country. The concern for the environment and the pressure of subjective norms have also
an indirect influence [35].

The increased focus on sustainability in the energy field is a response to dwindling
natural resources and high CO, emissions. Required technological changes supporting
sustainable development strategies include replacing fossil fuels with renewable energy,
saving energy, or improving the efficiency of its production [36]. The EU is taking a number
of actions to reduce CO; emissions such as supporting the development of the renew-
able energy sector and supporting research on innovations within this sector. Restrictive
measures are also taken, for examples introduction of the “European Union Emission
Trading” [37,38]. RES are considered a solution to an environmental degradation [39],
depletion of non-renewable resources, destruction of the ozone layer or increasing energy
consumption [40]. Another reason for using renewable energy and striving to increase its
share in energy consumption by the EU is the awareness of high dependence on energy
imports [41] and the shortage of energy reserves [42]. The higher variety of energy sources
ensures higher energy security that should take into account the security of energy supply
and demand for it, as well as the existing energy shortages and its surplus [43]. The EU
countries apply equal strategies in this field. In the case of coal-based countries, the coal
is converted into a growing share of gas and a slow increase in the share of renewable
energy [44]. Renewable energy can also be a factor in supporting economic growth. En-
vironmentally friendly companies and institutions also receive a positive perception [45].
In the long run, there is a two-way relationship between economic growth and renew-
able energy consumption [46,47]. Renewable energy production also expands spatially to
neighboring countries. This is due to the spread of knowledge and the similar potential of
renewable energy [48].

It is also worth noting, in the context of considering electricity generation, that this
aspect (getting electricity) is considered when evaluating regions in terms of attractiveness
to investors [49]. In turn, given the strong focus on creating socially responsible businesses,
sourcing electricity from renewable sources gains an additional dimension.

According to Eurostat, RES include hydro (RA100), wind (RA300), Solar (including
RA410—Solar thermal and RA420—Solar photovoltaic), biofuels (R5110-5150_W6000RI—
primary solid biofuels, R5220P—pure biodiesels, and R5290—other liquid biofuels), bio-
gases (R5300), renewable municipal waste (W6210), other (RA200—geothermal and RA500—
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tide, wave, ocean). In the literature, individual sources are mentioned in different level
of detail. For example, Reference [50] mentions sun, wind, waves, tides, or biomass fuels.
Meanwhile, the main sources are solar, wind, and biomass energy [51].

RES are used directly to heat or light homes, as well as to produce fuel and electric-
ity [52]. The importance of the transport sector is increasing, the increase in renewable
energy consumption reduces CO, emissions in this sector by around 12% [53]. This occurs
through, inter alia, use of biofuels [54] that are combined with other technologies [55].

The EU promotes the direct use of renewable energy for both heating and cooling [56].
Research on transforming the heating sector into solutions using renewable energy is
focused, for example, on smart grid or smart energy systems [57]. In urban environments,
district heating and cooling systems (5GDHC) are proposed, among others concepts [58].
However, in the case of cooling, the RES Directive does not contain a definition of renew-
able cooling, and therefore it may be difficult to directly include cooling from renewable
sources [59]. Nevertheless, the future lies in various types of integrated energy systems
that will ensure high energy efficiency. In the case of cooling, these include, for example,
district cooling systems (DSC) used in the construction sector for drying and cooling rooms.
The most suitable RESs for such systems are biomass, solar, geothermal, surface water,
solar, and waste heat energy [60]. The adaptive energy supply systems under development
try to also consider the changeable availability of renewable energy. Finally, thanks to new
technological solutions, renewable energy has a chance to be cheaper [61].

The development of new renewable energy technologies could be reflected in a de-
crease in electricity production costs [62]. This, in turn, could translate into lower electricity
prices. Lower electricity prices can be equated with achieving the EU’s affordable and
clean energy goal (Sustainable Development Goal (SDG) 7). The prices of energy carriers
have a wider dimension. They affect the general price level in the economy and thus have
an impact on economic growth (see, e.g., References [63,64]).

The production of electricity by using renewable energy is confirmed by green cer-
tificates. They are used by energy companies, which are obliged to include renewable
energy in the overall energy balance. They are therefore traded, which can help to meet
the renewable energy target [65]. Green certificates also support producers of renewable
energy. Apart from green certificates, feed-in tariffs are another form of support [66].

In connection with the new proposals for the EU on increasing the share of renewable
energy in general energy consumption, considerations of 100% of renewable energy share
arise in the literature. Multistage analysis, considering the impact in terms of energy,
environment and economy indicates that such system is achievable by combining heating,
electricity, cooling, and transport sectors [67,68]. Such considerations can also be found in
relation to specific countries. A Danish study showed that the pursuit towards 100% of the
share of renewable energy from local sources is possible. A decision on the participation
of biomass and wind energy is said to be crucial [69]. According to [70] a total transition
to renewable energy and closure of nuclear energy is also possible in Germany by 2050.
An overview of other literature on different energy systems in terms of 100% renewable
energy can be found in Reference [71]. The literature also points out the need for electricity
storage in the case of transition to renewable energy and including it in intelligent energy
systems [72]. The renewable energy defects include the lack of continuity of its production,
which is often associated with the climate. There are different solutions in the field of
optimization methods [73].

Due to the subsequent objectives placed by the EU, renewable energy will play more
and more importance. It is anticipated that the share of renewable energy in gross final
energy consumption in the EU in 2050 will amount to 55-75% [74]. Furthermore, the
achievement of climate neutrality is associated with an increase in renewable energy by
2050 by over 80% [75]. Therefore, the national and local level implementation of these
goals, as well as the similarity among EU countries in terms of achieving the targets of
sustainable development, concentration of renewable sources or their shares are crucial.
Recent research on a relationship between RES and sustainable EU development carried
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out on the basis of a hierarchical method of cluster (Ward’s method) gave division of
countries into five clusters. Countries that best deal with the use of renewable energy and
make progress in sustainable development are Denmark, Finland, Latvia, and Sweden.
Meanwhile, at the other end, there are Belgium, Cyprus, Lithuania, Luxembourg, and
Malta [76].

Pacesila, Burcea and Colesca [77] examined the similarity in terms of the share of
renewable energy in total consumption for EU countries, however the share of renewable
energy considered was treated jointly for all sources. The research, carried out by using the
k-means method for data from 2013, resulted in three clusters: the first cluster included
countries with energy dependence of up to 30% (Denmark, Sweden, Estonia, Romania,
and Czech Republic), the second one consisted of countries with energy dependence
between 30% and 70% (Latvia, Austria, Slovenia, Finland, Germany, France, Bulgaria,
Croatia, Greece, Slovakia, Hungary, Poland, Netherlands, and United Kingdom), and
the last cluster (Lithuania, Portugal, Spain, Italy, Belgium, Cyprus, Ireland, Malta, and
Luxembourg) with energy dependence higher than 70%. Additionally, a ranking was
created in terms of the characteristics of renewable energy. The results showed that RES
can help reduce energy dependency.

On the other hand, Reference [78] determined the concentration of consumption
of RES in 28 EU countries in 2016. The concentration factor was 0.59. The high value
of the coefficient was due to the fact that there were several countries that have high
consumption of renewable energy, while all the rest have low consumption. Countries
with high consumption of clean energy were Germany, Italy, and France.

The share of renewable energy in total energy consumption in 2004-2016 and the
concentration of total energy consumption and renewable energy were examined in Refer-
ence [79]. The Gini coefficient was calculated for 2004 and 2016 and a high concentration
of renewable energy consumption was found in several countries. For the energy in total,
the concentration factor was 0.62 in 2004 and 2016. In the case of renewable energy, 0.58
(2004) and 0.59 (2016). The highest total energy consumption was in Germany, France, the
UK, Italy, and Spain. The structure of renewable energy consumption was very similar;
however, Sweden took the place of the UK. The concentration factor was also determined
in Reference [80], but it only referred to the level of primary production, export, import,
and total energy supply in the EU.

Due to the fact that the existing research focuses only on the share of renewable energy
in total energy production, there is a need for extended research in terms of the use of
renewable energy in electricity production. This paper will fill the research gap in this area.

3. Data and Methodology

The main analysis focused on the share of each renewable energy source in gross
electricity production from renewable sources, which can be written as follows:

L GEP—RESiﬁ_l()OO/ M
T GEP_RES;

where GEP_RES;j; is the amount of electricity production from the i-th renewable source
or biofuel in the j-th country in the period ¢, (GWh); and GEP_RES it is the total amount of
electricity production from renewable sources and biofuels in the j-th country in the period
t (GWh), where GEP_RES); =} | GEP_RESj;.

We use publicly available Eurostat’s data in the presented study [81]. In the analysis
the EU countries (2020 composition) and United Kingdom are included. United Kingdom
is counted since this state is the EU member until the end of 2019 and the analysis cover
the period 2005-2019.

The Gini coefficient (G) is applied to the concentration analysis in Reference [80]:

" 1(2i —n —1)GEP_RES;;

Gjp = 2
" n2GEP_RES;; @
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where GEP_RES;j; is the amount of electricity production (GWh) from i-th renewable
source in j-th country in period t, and n = 7; and GEP_RESj; = % Y.i—1 GEP_RES.

The considered sources of renewable energy are as follows: i = 1 (hydro), 2 (wind),
3 (solar), 4 (biofuels), 5 (biogases), 6 (renewable municipal waste), and 7 (other: geothermal
and tide, wave, and ocean).

The k-means is the research tool applied for data clustering. This algorithm is in-
troduced by Reference [82], (see also the description of the algorithm presented in Ref-
erences [83,84]). A procedure scheme for the application of the k-means is presented by
Reference [85], among others. The calculations are prepared by using STATISTICA 13
software (TIBCO Software Inc. Palo Alto, CA, USA). In the first stage, all variables are
standardized. Then Euclidean distance is used as a distance measure. The clustering
is conducted for a different number of clusters, k = 2, ..., 12. The number of clusters
is selected by using the silhouette index (SI index [86]; see also References [87,88]. The
highest value of SI index indicates the best division. In turn Reference [89] or [88] reports
that acceptable divisions are characterized by the values of the SI index at least 0.5 (then
the structure of the clustering is considered reasonable).

In the data clustering, seven variables constructed according the Formula (1) are
considered. The list of variables is as follows:

Xjjr—the share of electricity production in hydro power plants in total electricity
production from renewables and biofuels (GEP_RES;) in j-th country in period t;

Xpjr—the share of electricity production in wind power plants in total electricity
production from renewables and biofuels (GEP_RES;) in j-th country in period t;

X3j;—the share of electricity production from solar power (solar thermal and solar
photovoltaic) in total electricity production from renewables and biofuels (GEP_RESj;) in
j-th country in period t;

Xyjr—the share of electricity production from biofuels (primary solid biofuels, pure
biodiesels, and other liquid biofuels) in total electricity production from renewables and
biofuels (GEP_RESj) in j-th country in period t;

Xsj—the share of electricity production from biogases in total electricity production
from renewables and biofuels (GEP_RES}) in j-th country in period t;

Xgjr—the share of electricity production from renewable municipal waste in total
electricity production from renewables and biofuels (GEP_RES};) in j-th country in period t;

X7j—the share of electricity production from other sources in total electricity produc-
tion from renewables and biofuels (GEP_RES;) in j-th country in period ¢ (other sources
are geothermal and tide wave, ocean).

4. Use of Renewable Energy Sources and Biofuels in the Electricity Production in the
European Union

This section presents selected issues related to the use of renewable sources for electric-
ity production in the European Union. In the first part, we present the share of electricity
production from renewables and biofuels in the total electricity production. This part of the
analysis covers the European Union (EU27, for the period 1990-2019) and the individual EU
countries, including the UK (for the years 2005 and 2019). In the second part, we describe
the types of renewable sources (RESs, according to the Eurostat’s classification) used for
the electricity production in the EU and characterize the changes that have occurred in the
shares of the five most popular RES in renewable energy production from RES (GEP_RES).
In the third part, we report an analysis of changes in the level of concentration (measured
by the Gini coefficient) of individual RES in GEP_RES production. We conduct this part
of the analysis for the EU area (EU27) for the period 1990-2019 and for the individual EU
countries, including the UK, for the years 2005 and 2019).

4.1. Renewable Energy in the Electricity Production in the EU

The main determinant of electricity production is the demand for electricity created by
consumers. According to Eurostat data [90], in 2019, final energy consumption in the EU
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accounted for 10,879,807.319 GWh and was 5.1% lower than in 2005. The share of electricity
in total final energy consumption is 22.8%, which is higher than the corresponding rate from
2005 by 1.6 percentage point (pp). In general, the electricity final consumption increased
by 2.1% in the analyzed period. Increasing the share of electricity in the EU’s total energy
consumption is included in the Clean energy for all Europeans package [11].

Figure 1 shows the gross electricity production (GEP), GEP from renewables and
biofuels (GEP_RES) and share of gross electricity production from RES in total GEP in
the EU (EU-27). As the presented data dates back to the year 1990, it can be noted that
until around year 2005, gross electricity production in the EU had been steadily growing.
During that period (1990-2005) GEP increased by 28.2%. As in the period of 2005-2019,
one can observe a relatively constant level of GEP in the EU. In 2019, there was even a
slight decrease in GEP compared to 2005—by 0.5%. However, analyzing the changes of
the production of electricity from renewable sources (GEP_RES) shows that, in the period
1995-2005, there was an increase in its production by 49.2%, while, in the period between
2005 and 2019, there was an intensification and increase amounted by 110.8%. The total
increase in the production of GEP_RES in the extended period (1990-2019) accounts for
214.4%. The vast development is also visible from the share of RES in GEP production
(columns in Figure 1). In 1990, this share was 14.1%; in 2005, it slightly increased to 16.3%,
but in 2019, it was already 34.6%. One of the reasoning behind such increase is the fact that
the new member states joining the EU in its largest expansions in 2004 undertook many
actions to adopt the guidelines related to the transition to low-emission economies (e.g.,
reduction of CO, and other harmful substances emissions and the use of renewable sources
for energy production to a greater extent).
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Figure 1. Gross electricity production (GEP), gross electricity production from renewables and biofuels (GEP_RES), and
share of gross electricity production from RES in the total gross electricity production (%RES) in 1990-2019 in the European
Union (EU-27). Source: Reference [81].

Table 1 shows the shares GEP_RES in the total GEP in individual EU countries (includ-
ing UK) in 2005 and 2019. In 2005, these shares ranges from 0% in Malta to 69.6% in Latvia.
In 17 out of 28 analyzed countries, in 2005, the share of RES in electricity production was
below the EU level (16.3%). The RES shares in GEP ranges from 10% in Cyprus to 85.9%
in Luxembourg in 2019. In three more countries, the share of RES in GEP is greater than
70%; Lithuania (81.9%), Denmark (78.2%), and Austria (77.8%). Numerous countries have
recorded a significant increase in the share of RES in GEP. In 11 countries, it is higher by
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20 pp, and in three by as much as 50 pp: in Denmark (by 51.1 pp), Lithuania (by 76.3 pp),
and Luxembourg (by 61.8 pp). This means that the policy of increasing RES for energy
production has brought visible effects, especially in the case of electricity production. As a
result, there is a noticeable reduction in the differentiation between EU countries in terms
of this feature.

Table 1. Share of electricity produced from renewable sources and biofuels in the total electricity production in individual
EU countries in 2005 and 2019.

Share of RES_GEP

Share of RES_GEP

Change Change

Country in GEP (%) 2019-2005 Country in GEP (%) 2019-2005
2005 2019 (pp) 2005 2019 (pp)
BE—Belgium 39 219 17.9 LT—Lithuania 5.7 81.9 76.3
BG—Bulgaria 10.7 18.0 7.3 LU—Luxembourg 241 85.9 61.8
CZ—Czech Republic 4.6 129 8.3 HU—Hungary 52 13.8 8.5
DK—Denmark 27.1 78.2 51.1 MT—Malta 0.0 10.5 10.5
DE—Germany 11.3 40.9 29.6 Netherlands 7.5 18.9 11.4
EE—Estonia 1.1 28.1 27.0 AT—Austria 64.7 77.8 13.1
IE—Ireland 8.5 389 30.3 PL—Poland 3.5 16.0 125
EL—Greece 11.7 332 215 PT—Portugal 18.6 542 35.7
ES—Spain 16.2 37.8 21.6 RO—Romania 34.0 42.0 8.0
FR—France 10.6 20.7 10.0 SI—Slovenia 23.6 32.6 8.9
HR—Croatia 54.4 66.2 11.8 SK—Slovakia 15.2 242 8.9
IT—Italy 18.3 40.1 219 FI—Finland 334 46.6 13.3
CY—Cyprus 0.0 10.0 10.0 SE—Sweden 51.3 58.7 74
LT—Latvia 69.6 49.6 —20.0 UK—United Kingdom 5.0 37.8 32.8

EU27 16.3 34.6 18.3

Source: Own study based on data [81].

4.2. Types of Renewable Energy Sources Used for Electricity Production in the EU

Energy data are collected by Eurostat according to a strictly defined methodology [91].
Data are collected in areas that allow to assess, firstly, the origin of energy, secondly,
the degree of dependence on energy imports, and thirdly, the types and costs of energy
consumed. A key element of the EU’s energy policy is increasing the use of renewable
sources, in particular regarding electricity production. As previously mentioned, the Clean
energy for all Europeans package [11] assumes that, by 2050, electricity will account for
over 50% of the energy consumption in the EU, with a significant share of renewable energy
sources. Reliable and comparable statistics are therefore essential to be able to evaluate
activities and progress in this area. In Table 2, we present the types of renewable sources
and biofuels used for electricity production listed by Eurostat. While in 2019 the amount of
electricity produced from all sources decreased slightly compared to 2005 (by 0.5%), the
production of electricity from renewable sources and biofuels increased by 100.8% and
exceeded 1 M GWh. This stands for an increase in the share of RES in the total electricity
production by 18.3 pp (from 16.3% in 2005 to 34.6% in 2019).

Table 2 also shows the shares of individual sources used in gross electricity production
from renewables and biofuels (XIEU) in 2005 and 2019 (columns three and five) in the
EU-27 area. Figure 2, additionally, presents the changes in the shares of selected sources
in an extended period of 1990-2019. In 2005, hydropower constituted the largest share
of the RES_GEP (71.4%). Hydropower [92] noted a great decrease compared to 1990 (by
22.9 pp), when hydropower was responsible for over 94% of electricity generated from
renewable sources (see Figure 2). Continuously, this share significantly decreased by 2019—
by 37 pp. (to the level of 34.3%). Even if the actual amount of the electricity produced
from hydropower has slightly increased since 2005 (by 1.4%), the highly decreased trend is
due to other emerging technologies enabling the use of other renewable sources. In the
study period (2005-2019), energy produced from wind; kinetic energy of wind exploited
for electricity generation in wind turbines [93] gained a lot of importance, and increased by
439.1%. Its share in the production of electricity from renewable sources in 2019 was 36.5%
and is higher by 22.2 pp from that in 2005. In 2019, both wind and hydro were responsible
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for 70.9% of electricity produced from renewable sources. Thus, these two sources are
currently the main RESs used for electricity production. Another source that has gained in
importance in recent years is solar energy. Eurostat distinguishes two types of solar power;
solar photovoltaic (sunlight converted into electricity employing solar cells which exposed
to light will generate electricity [94]) and solar thermal (heat from solar radiation (sunlight)
exploited for useful energy purposes [95]). The second type of energy is produced by
using, for example, solar thermal-electric plants, and its technology for the production
of electricity is currently under development. According to Eurostat data, in 2005 this
source was not used, and in 2019 it accounted for 0.6% of electricity production. In total,
in 2019, solar energy was responsible for 12.5% of electricity produced from renewable
sources. This indicator was higher than in 2005 by 12.2%. Since 2007, which is the year
of the technology development, there has been an increase in the share of this type of
energy (see Figure 2). Among the other technologies for the production of electricity from
renewable sources, biofuels (solid and liquid biofuels) and biogases are a significant source.
Electricity production from solid and liquid biofuels increased by 102.9% in the period
2005-2019, and the share of GEP production from RES slightly decreased (from 8.9% in
2005 to 8.5% in 2019). Furthermore, biogas significantly increased its importance in the
production of electricity. In their case, the XF! ratio increased by 3.8 percentage points
in the analyzed period, to the level of 5.5%, while the production of electricity from this
source increased by 581.5%. RES of minor importance in the entire EU-27 are renewable
municipal waste, which in 2019 was responsible for about 2% of electricity produced from
RES and geothermal and tide, wave, and ocean. The latter two sources are used by only
a few countries. Geothermal is most used in Italy; and tide, wave, and ocean are used in
France. While in 2005 their share in GEP_RES was 2%, in 2019, it was only 0.7%. Thus, it is
not a technology of strategic importance in the production of electricity, and its importance
is marginalized in the scale of the entire EU.

Table 2. Gross electricity production from RES and the total gross electricity production in EU-27 in 2005 and 2019.

Energy Product-Source 2005 2019 2019/2005
(Eurostat’s Codes Included) GWh XiEu(%) GWh Xfu(% ) G EP_RESiEU
©) 2 3) 4) ®) (6)
RA000—Renewables and biofuels 476,989.593 100 1,005,271.556 100 110.8%
RA100—Hydro 340,546.184 714 345,264.887 34.3 1.4%
RA200—Geothermal 5397.673 1.1 6725.806 0.7 24.6%
RA300—Wind 68,094.587 143 367,115.301 36.5 439.1%
RA410—Solar thermal 0.000 0.0 5683.000 0.6 X
RA420—Solar photovoltaic 1458.688 0.3 120,034.721 119 8129.0%
RA500—Tide, wave, ocean 480.895 0.1 498.964 0.0 3.8%
R5110-5150_W6000RI—Primary solid ; 5g3 55 8.5 80,720.546 8.0 98.9%
biofuels
R5220P—Pure biodiesels 0.000 0.0 29.541 0.0 X
R5290—Other liquid biofuels 1767.730 0.4 5170.842 0.5 192.51%
R5300—Biogases 8063.642 1.7 54,951.305 5.5 581.47%
W6210—Renewable municipal waste 10,596.666 22 19,076.643 1.9 80.02%
TOTAL—Total 2,917,663.780 X 2,904,012.166 X —0.5%
EU
Source: Own elaboration based on Reference [81]; AGEP_RESEY = (% - 1) -100% —means a change in the production of
—E21,2005

electricity from the i-th source in the period 2005-2019.
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Figure 2. Shares of selected renewable sources (Xf‘u) in the production of electricity from renewable sources (GEP_RES).

Source: Own calculation based on Reference [81].

4.3. Concentration of Renewable Sources in Electricity Production

In our analysis, we determine the Gini coefficient (see Formula (2)) by dividing
renewable sources into seven categories (see Section 3, Data and Methodology). Figure 3
shows the evolution of this coefficient for the EU-27 area in 1990-2019. In 1990, the value
of this coefficient was 0.83. This means that, in the EU, there was a high concentration of
renewable sources used to produce electricity, and hydroelectric power plants were mainly
used during this period. The energy produced by this method accounted for almost 95%
of electricity production from renewable sources. In the following years, we observe a
decrease in the value of the Gini coefficient. The pace of its changes is firstly slow, till
around 2001, and then it accelerates. This is the result of measures taken to use more diverse
sources of renewable energy. After 2001, we observe the use of wind energy and biofuels
to a greater extent. In turn, after 2007, we can see that the importance of solar energy was
increasing. In 2005, the concentration of renewable fuel sources was 0.704 and was lower
than in 1990 by about 15%. In the following years, an even greater decline in the Gini
coefficient occurred. In 2019, it was 0.512 and was lower than in 2005 by over 27%. This was
influenced by several factors. Firstly, it refers to the largest enlargement of the EU in 2004.
The EU-27 area for which we calculate the Gini coefficient includes the countries currently
constituting the EU. Before accession, they were not obliged to implement measures for
low-carbon economies on the scale that followed. The newly admitted member states had
to comply with the introduced rules concerning the use of renewable sources for energy
production. It is worth noting that, in the years 1990-2005, the average change in the
concentration coefficient of the use of renewable sources for electricity production was
higher in the EU-15 countries, and it was 0.11 (refer to the formula from the Methodology
section), and for the new coming countries in 2004 or later, this change was only 0.02. In
the period 2005-2019, the situation was different. It is in the new member states that the
changes intensified (the Gini coefficient dropped by 0.16 on average, and for the EU-15
countries decreased by 0.08). Therefore, it is visible that the greatest progress in this area
was recorded by the states of the EU-15 before 2005, and the newly admitted states only
after joining the EU structures.
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Figure 3. Changes in concentration of analyzed types of renewable sources in the production of electricity from renewable
sources (GEP_RES) in the EU-27 in 1990-2019. Source: Own calculation based on Reference [81].

Table 3 presents the values of the Gini coefficients for 2005 and 2019 for the EU and
UK. In 2005, the highest concentration of RES appeared in Bulgaria, Croatia, Lithuania,
Romania, and Slovakia (in their case, the G coefficient exceeded 0.85), as well as France,
Latvia, Austria, Slovenia, and Sweden (0.85 > G > 0.8). These are the countries that
used mainly hydroelectric power at that time, and the share of this type of source in the
generation of electricity from RES was about 90% or more. In 2005, only in eight countries,
the concentration level was lower than 0.7. During this period, we notice the greatest
diversity in the use of renewable sources in the case of the UK (0.51), Germany (0.562),
Estonia (0.583), Belgium (0.584), the Netherlands (0.626), Portugal (0.664), Spain (0.685),
and Ireland (0.697). In the UK, the distribution of renewable energy use was as follows:
hydro (40%), biogases and biofuels (41%), wind (14%), and other (5%). Germany, on the
other hand, made the greatest use of wind (39.6%), hydro (37.6%), biofuels (10.8%), and all
others (12%). It is also worth taking a closer look at the diversity of the use of individual
sources for the production of electricity. Assuming that the i-th source can be considered
significant in the production of renewable electricity, we see that the limit of X; > 1% is
set, then in 2005 for two countries the limit of 1% was exceeded in the case of six sources
(Germany and Italy). Furthermore, for four countries, X; > 1% was recorded for five
sources (Belgium, Luxemburg, Netherlands, and the UK). For 14 countries, there were only
three or fewer sources. In 2019, the concentration level above 0.8 was recorded only in
Malta (0.849), which mainly uses solar energy (97%), and Slovenia (0.807), where hydro is
mainly used (89.3%). In nine countries, the concentration level was below 0.6. The lowest
values of the Gini coefficients were recorded for the Czech Republic (0.409) and Italy (0.448).
The Czech Republic used mostly hydro (28.3%), biogases and biofuels (43.9%), and solar
(20.6). On the other hand, in Italy, hydro (40.9%), solar (20.1%), and winds (17.2%) are used
the most. Considering the diversity of the use of sources, the shares of X; > 1% for each
of the seven sources, this was the case only for Italy. For seven other countries (Belgium,
Germany, France, Lithuania, Luxembourg, Hungary, and the UK), X; > 1% were recorded
for six sources. For only two countries (Malta and Cyprus), the number of valid sources
was three (Cyprus) or less (two—Malta). In Cyprus, mainly 46.3% winds and 42.4% solar
and 11.3% biogases were used, while in Malta, the main source of renewable electricity
was solar energy (97.04%) and, to a much lesser extent, biogases (2.93%). Looking at the
changes in the concentration factor, it is clear that the concentration of renewable sources in
electricity production increased in the analyzed period (2005-2019) in three countries. It is
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most noticeable in Estonia, where the value of the Gini coefficient increased by 0.104, due
to an increase in the use of biofuels by 58.8%. An increase in concentration coefficient was
also recorded in the case of Ireland (AG = 0.074) and the UK (AG = 0.057). The largest drops
in the concentration level were recorded in the Czech Republic (AG = —0.373), Bulgaria
(AG = —0.342), Hungary (AG = —0.274), Italy (AG = —0.265), and Lithuania (AG = —0.244).
The Czech Republic has significantly reduced the share of hydropower (to 28.3% in 2019)
in favor of solar energy and biofuels and biogases. In Hungary, in 2005, the largest share
was recorded for energy produced from biofuels; in 2019, the importance of this source
was reduced in favor of a greater use of solar and winds.

Table 3. Concentration of types of sources in the production of electricity from renewable sources in
the EU countries—the values of Gini coefficients.

2005 2019 2005 2019
Country Gooos G019 AG Country Gaoos Goo19 AG
Belgium 0.584 0.536 —0.048 Lithuania 0.852 0.608 —0.244
Bulgaria 0.857 0.515 —0.342 Luxembourg  0.790 0.594 —0.196
Czech Republic 0.782 0.409 —0.373 Hungary 0.791 0.517 —0.274
Denmark 0.716 0.711 —0.005 Malta X 0.849 X
Germany 0.562 0.552 —0.01 Netherlands 0.626 0.591 —0.035
Estonia 0.583 0.687 0.104 Austria 0.816 0.737 —0.079
Ireland 0.697 0.771 0.074 Poland 0.752 0.655 —0.097
Greece 0.795 0.614 —0.181 Portugal 0.664 0.621 —0.043
Spain 0.685 0.646 —0.039 Romania 0.857 0.722 —0.135
France 0.804 0.625 —0.179 Slovenia 0.845 0.807 —0.038
Croatia 0.856 0.708 —0.148 Slovakia 0.853 0.688 —0.165
Ttaly 0.713 0.448 —0.265 Finland 0.731 0.603 —0.128
Cyprus 0.747 0.672 —0.075 Sweden 0.820 0.711 —0.109
Latvia 0.846 0.700 —0.146 UK 0.510 0.567 0.057
EU27 0.704 0.512 —0.192

Source: Own calculation based on Reference [81]. AG = Gyp19 — Gaos-

In summary, we note that there has been a significant reduction in the concentration
of renewable source types used for electricity production in almost all EU countries over
the period analyzed. In those countries with slightly higher levels of concentration, wind-
generated electricity in particular has gained in importance. In general, we are now seeing
trends across the EU where two sources in particular are gaining in importance: wind and
solar. Supporting these sources is part of the EU’s energy policy.

5. Classification of the EU Countries by the Usage of Renewable Sources for
Electricity Production

To examine similarities and differences in the use of renewables for electricity genera-
tion, we conducted the classification of the EU countries (including the UK) by applying
the k-means algorithm. As in previous parts of the paper, the year 2019 was set as the
reference year. The selection of the number of clusters was made based on the values
of the silhouette coefficient (SI) presented in Table 4. The highest value of SI = 0.603 in
the 2019 classification was obtained for 10 groups, and thus it was adopted as final. This
is a satisfactory result because, with SI > 0.5, it is considered that the obtained division
is characterized by a strong class structure. In the 2005 classification, the SI value for
10 groups is 0.81 and is slightly lower than the highest score for 12 groups (0.852). With
an SI score > 0.7, the obtained division is considered to have a strong class structure. In
addition, for the classification of data from 2011, the best division turns out to be the one
into 12 groups (SI = 0.832). However, to ensure the comparability of the results, further
analysis considered the division into 10 clusters, which is considered satisfactory, because
the value of SI = 0.554 exceeds the limit of 0.5.
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Table 4. Silhouette coefficients for the 2005, 2011, and 2019 classifications and the selected number
of clusters.

Silhouette Coefficient
Number of Clusters

2005 2011 2019
8 0.713 0.598 0.519
9 0.790 0.480 0.590
10 0.810 0.554 0.603
11 0.830 0.649 0.545
12 0.852 0.832 0.537

Source: Own calculations.

The breakdown for 2005 (see Table 5) shows, first, numerous of one-object (one-
element) clusters—as many as 7 out of 10. These are the following groups: 1 (UK), 3 (Hun-
gary), 4 (Denmark), 5 (Netherlands), 8 (Malta), 9 (Cyprus), and 10 (Italy). Those clusters
constitute countries classified as standing out from the others in terms of the use of renew-
able sources for the production of electricity.

Table 5. The results of the classification of EU countries according to the shares of individual renewable energy sources in

the production of electricity (clusters averages, %)—data from 2005.

# Country Hydro Wind Solar Biofuels Biogases Waste Other
—2005 —2005 —2005 —2005 —2005 —2005 —2005
X X2 X3 Xy X5 Xo X7
1 UK 39.52 14.62 0.04 16.98 23.99 4.85 0.00
BG, CZ, EL,
FR, HR, LV,
2 LT, 93.34 2.44 0.14 2.53 1.00 0.49 0.06
LU, AT, RO,
SISK, SE
3 HU 10.81 0.54 0.00 84.18 1.31 3.15 0.00
4 DK 0.23 67.41 0.02 19.30 2.86 10.17 0.00
5 NL 1.18 27.75 0.48 49.63 3.96 17.00 0.00
6 DE, ]];g, IE, 37.62 45.84 0.48 8.35 6.30 1.40 0.00
7 BE, I;If' PL, 58.61 7.59 0.02 27.77 2.28 3.52 0.20
8 MT 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 CY 0.00 38.54 61.45 0.00 0.00 0.00 0.00
10 IT 77.62 4.24 0.06 3.92 217 2.37 9.63

Source: Own calculation in STATISTICA based on Reference [81]. Country abbreviations refer to those used by Eurostat; see Table 3.

In 2005, Malta did not use renewable sources to produce electricity. Therefore, this
country is naturally classified as a separate group. However, to maintain the consistency
of the samples with the samples used in the other classifications (for 2011 and 2019), it is
also included in the analysis for 2005. Italy in 2005 is distinguished primarily by the fact
that it used sources that for the purposes of the presented classifications are categorized
as other (variable X7). In Italy, geothermal is a popular source of energy. In 2005, this
source contributed to the generation of almost 10% of renewable electricity. In the case of
Cyprus, the main characteristic is that, in 2005, solar energy was mainly used to produce
renewable electricity (over 61%). Moreover, in 2005, only two renewable sources were used
in Cyprus—apart from solar energy, Cyprus used wind energy (over 38% share). Hungary
is distinguished as a single-element group due to the fact that biofuels (over 84%) has
a significant share in the production of renewable electricity. On the other hand, in the
case of Denmark, the distinguishing factor is the share of wind energy (over 67%). The
Netherlands and the UK are distinguished from other EU countries by the considerable
variety of renewable sources they use. In the case of the Netherlands, these are biofuels
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(almost 50%), wind (over 27%), and waste (17%). The Netherlands is the only country
where waste is classified as meaningful. In turn, the UK uses mainly hydro (almost 40%),
as well as wind, biofuels, and biogases, the share of which in the production of renewable
electricity is greater than 10% (for each of the sources). The UK is distinguished by the share
of biogases (almost a quarter of renewable electricity generated). Great diversification of
renewable sources in the case of the UK is confirmed by the low value of the Gini coefficient
(see Table 3).

The most numerous cluster is cluster #2. The algorithm classified 13 countries into
it (46% of the analyzed objects). This cluster is distinguished by a high share of energy

produced in hydroelectric plants. The group mean for this feature is X%OOS =93.3%, and the
group included countries for which these shares (X;) are at least 80%.

Cluster number six joins four countries with large share of wind energy: Germany,

Estonia, Ireland, and Spain. The group mean for this feature is Yﬁm = 45.844, and the

individual values of this coefficient (Xy) for these countries ranged from 39% to 51%. The
algorithm assigns Belgium, Poland, Portugal, and Finland to Cluster #7. These countries
are characterized by a similar level of hydropower consumption (X; between 46% and
70%) with a simultaneous significant consumption of biofuels (group average YﬁOOS =27%,
and the individual values of the X, feature are between 15% and 40%).

In the 2011 classification (Table 6), only four clusters are single-object. As in the
previous classification (from 2005), Malta (#5), Italy (#10), and the Netherlands (#9) are
classified as single-object clusters. In Malta, in 2011, two sources of renewable electricity
were used: solar (X3 = 50.4%) and biogases (X5 = 49.6%). It is worth noting that, compared
to other countries, Malta has the largest share of solar energy use. Italy, as in the previous
classification, is distinguished due to the high level of use of other sources (X7 = 6.66%)
compared to other countries. However, this share is lower than in 2005, as, at that time, Italy
began to use wind and solar panels on a larger scale. In the case of the Netherlands, there
is a significant share of waste (X4 = 16.5%), comparable to the previous classification. Other
sources with a high share of renewable electricity production are wind and biofuels, but in
2011 their proportions changes in favor of greater use of the wind. Finland is also classified
in a separate cluster, which is distinguished by the fact that the main sources used in the
production of renewable electricity are hydro (X; = 51.48%) and biofuels (X4 = 44.75%),
totaling 96.23%.

In the 2005, Finland is classified together with Belgium, Poland, and Portugal. In
the case of Belgium and Poland, in 2011, a much smaller share of renewable electricity
production in hydroelectric plants is recorded, and in the case of Portugal, the importance
of using biofuels decreased. The values of the coefficients have changed so significantly
that these countries are no longer characterized as similar. This time Poland joined the
group together with Estonia and Hungary (cluster #6). This cluster is distinguished by

the significant use of biofuels (average Yﬁon = 58%). Furthermore, Belgium is classified
together with the Czech Republic (#3). Characteristic for this cluster is the use of various
sources. Cluster means greater than 10% are observed for the following traits: X; (hydro),
X, (wind), X3 (solar), and Xy (biofuels). Due to the increased production of renewable
electricity from wind in Ireland (the share increased from 50% to 80%), the algorithm

e . . 201
classifies it together with Denmark (#4). The clusters” mean of this coefficient (XZO ), in
this case, accounted for almost 75%. Ten countries remain classified in the largest cluster

(#8). Their main source of renewable electricity production is hydro, with the mean is

Y%OH = 84.5% and range from 71% to over 95%. Cluster #7 (Greece, Spain, Portugal, and

2011

Lithuania) is distinguished by the largest shares of two sources: hydro (X;  =49.78%)
and wind (Yion = 38.11%). The last cluster (#2) includes Germany, UK, and Cyprus, with
the main sources in the production of renewable electricity being wind (Y%OH =48.20%),

biogases (yéon = 20.64%), and hydro (Y%OH = 13.55%). It is worth adding that, in the

case of Cyprus, the role of the solar source has significantly decreased, from 61.45% in
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2005 to 6.7% in 2011, with a simultaneous large increase in energy production from these
two sources.

Table 6. Results of the classification of EU countries according to the shares of individual renewable energy sources in the
production of electricity (clusters averages, %)—data from 2011.

# Country Hydro Wind Solar Biofuels Biogases Waste Other
—2011 —2011 —2011 —2011 —2011 —2011 —2011
Xy Xy X3 Xy X5 X X7
1 FI 51.48 1.99 0.02 44.75 0.66 1.11 0.00
2 DE, CY, UK 13.55 48.20 7.48 7.59 20.64 2.54 0.01
3 BE,CZ 24.20 14.59 19.84 28.16 8.79 441 0.00
4 DK, IE 6.57 74.84 0.06 12.11 3.06 3.35 0.00
5 MT 0.00 0.00 50.40 0.00 49.60 0.00 0.00
6 EE, HU, PL 10.37 25.99 0.02 58.00 4.16 1.47 0.00
7 EL, 5?’ LT, 49.78 38.11 4.71 5.13 1.53 0.52 0.21
BG, FR, HR,
LV, LU,
8 AT RO, SI, 84.89 6.67 1.68 4.09 1.71 0.89 0.08
SK, SE
9 NL 0.46 41.40 0.85 32.38 8.40 16.51 0.00
10 1T 56.25 11.61 12.72 6.15 4.01 2.60 6.66

Source: Own calculation in STATISTICA based on Reference [81]. For country abbreviations, refer to those used by Eurostat (see Table 3).

The compositions of clusters change again for the 2019 classification (see Table 7). Five
countries are classified into single-object clusters. As in the previous classification, these are
Malta (#8) and Italy (#1), as well as the Czech Republic (#3), Hungary (#5), and Estonia (#6).
Italy, as in the previous cases, is distinguished primarily by a high share of other sources
(X7 =5.16%) compared to other countries. Although it decreased compared to 2011, the
amount of electricity generated with this method has increased. It is also worth noting that,
in Italy, the importance of the use of solar and wind energy has increased. In 2019, in Malta,
solar is the dominant source used for the production of renewable electricity, with the share
of X3 =97.04%. This is a significant increase compared to 2011, by over 45 pp. Estonia is
distinguished by a high consumption of biofuels, with a significant consumption of wind
energy and a significant reduction in the share of hydropower compared to that in 2011. In
Hungary, significant shares of biofuels (X4 = 37.74%) and solar energy (X3 = 31.94%) are
recorded. On the other hand, the Czech Republic still stands out due to the significant—
compared to other countries—use of biogases in the mix of renewable sources (X5 = 22.54%)
and the burden of electricity production being distributed among four sources: in addition
to the mentioned biogases, hydro (X; = 40.92%), biofuels (X4 = 21.38), and solar energy
(X3 =20.13%). Thus, a low level of concentration of RES in the production of electricity.

The cluster with the highest share of hydro is Cluster #4: Croatia, Austria, Romania,
and Slovenia. The clusters’ mean for this variable was as high as X; = 74.81%. Another
cluster with high hydro consumption is Cluster #2 (Bulgaria, France, Latvia, Luxembourg,
Slovakia, Finland, and Sweden). At the same time, in this cluster, there is a significant
consumption of biofuels (X4 = 16.7%), which distinguished it from #4. Eight countries are
classified to the largest Cluster #9, distinguished by the significant use of wind energy
(X1 =57.35%). The other two clusters are Clusters #8 (Belgium and the Netherlands) and
#10 (Germany and Cyprus), which are also characterized by significant use of wind energy
(group averages for this variable being, respectively, 49.16% and 48.52%). However, signifi-
cant use of other sources is also important for the breakdown. In the case of Belgium and
the Netherlands, these are solar (X3 = 22.15%) and biofuels (X4 = 14.49%). Menawhile, in
the case of Germany and Cyprus, these are solar (X3 = 30.54%) and biogases (X5 = 12.25%).
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Table 7. Results of the classification of EU countries according to the shares of individual renewable energy sources in the

production of electricity (clusters averages, %)—data from 2019.

# Countries Hydro Wind Solar Biofuels Biogases Waste Other
—2011 —2011 —2011 —2011 —2011 —2011 —2011
Xy X2 X3 Xy X5 Xe Xy
1 1T 40.92 17.17 20.13 7.58 7.03 2.01 5.16
BG, FR, LV,
2 LU, SK, Hl, 55.77 15.29 6.61 16.70 4.20 1.34 0.07
SE
3 cz 28.30 6.24 20.61 21.38 22.54 0.93 0.00
HR, AT,
4 RO, SI 74.81 14.36 4.20 4.24 1.95 0.15 0.27
5 HU 4.67 15.55 31.94 37.74 6.78 2.92 0.38
6 EE 0.89 32.07 3.43 58.81 1.81 2.99 0.00
7 BE, NL 3.06 49.16 22.15 14.49 4.29 6.86 0.00
8 MT 0.00 0.03 97.04 0.00 2.93 0.00 0.00
DK, IE, EL,
ES
9 LT, PL, PT, 17.93 57.35 8.41 11.48 2.10 1.73 0.10
UK
10 DE, CY 5.17 48.52 30.54 2.32 12.25 117 0.04

Source: Own calculation in STATISTICA based on Reference [81]. Country abbreviations refer to those used by Eurostat (see Table 3).

6. Discussion

On one hand, the EU members are obliged to increase the share of renewable sources
in the total energy consumption, but on the other hand, they have certain freedom in
shaping the energy policy and selecting the sources according to their own possibilities.
This is why the EU countries differ significantly in terms of the types of renewable sources
used to produce electricity. The presented data clearly show that all EU countries are
increasing the share of renewable sources for electricity production, which is in line with
the guidelines contained in EU directives. Furthermore, the diversity of these sources is
increasing, which is indicated by the decreasing values of the Gini coefficients (for the vast
majority of countries). It is also worth noting the fact that the EU-15 countries have already
started this transition process at the beginning of the 21st century, the new EU member
states followed only after their accession.

In 2005, at the beginning of the analyzed period, it is noticeable that the energy
produced by hydroelectric power plants is of the highest importance in the production
of electricity from renewable sources. Its share in the production of renewable electricity
(GEP_RES) accounted for over 80% and is recorded for as many as half (14) of the analyzed
countries, and in the case of 21 countries, the share is greater than 50%. During the next
14 years, the importance of hydroelectric power plants in the production of electricity did
not increase, although this method is said to have a high potential [96].

Although hydropower has an established position in the production of electricity and
belongs to the so-called renewable sources, the amount of electricity produced by this
method (in GWh) in the scale of the entire EU (EU-27) increased by only 1.4% in the period
2005-2019. In 15 countries (out of 26 analyzed), its production is even reduced (Malta and
Cyprus are not included in this list, as, in 2005, electricity was not produced by this method
in these countries). This is justified by the fact that this type of electricity production is not
environmentally neutral [97-99], and the degree of its impact depends on the scale of the
production [96,97]. There is little chance of a large-scale hydropower plant in the European
Union, mainly due to the fact that most of the areas have already been taken into use [96].
Nevertheless, hydropower plays an important role in providing flexibility to the electricity
system [100]. It is indicated that the technology used in the hydropower plants allows
meeting sudden fluctuations in supply or demand of other renewable sources, such as solar
and wind power. Therefore, the EU support hydropower innovation. It is worth noting,
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the EU legislation stands in the way of a freer choice of RES and restricts the development
of certain technologies, including hydropower (e.g., References [99,101]). In 11 countries,
the increase in production by this method is mainly not significant. Only five countries
recorded an increase in production by more than 15%: Portugal (increase in production by
around 100%), Slovenia (by around 35%), Spain (16.7%), Ireland (16.1%), and Lithuania
(by 15.6%). It is worth mentioning that, in these countries, in 2005, hydropower accounted
already for a significant share in GEP_RES. In 2019, these shares decreased significantly
due to the fact that these countries have been developing other technologies for obtaining
electricity from renewable sources to a greater extent. Only in Slovenia, in 2019, the share
of hydropower in the generation of GEP_RES stayed significant (89.3%), and in the other
countries mentioned above, it became less than 36%, while in Ireland, it was less than 10%.
In Portugal, the largest increase in hydropower production is recorded, as it is a country
with one of the highest possible potentials to exploit this area [99]. In addition, in 2007, the
Portuguese government approved the National Program of Dams with High Hydroelectric
Potential [99]. As previously mentioned, the development of hydropower may be restricted
by the EU legislation (e.g., see Reference [101]), due to negative environmental effects.
However, as emphasized by Reference [102], the acceptability of the side effects of RES
in terms of benefits related to climate protection and socioeconomic benefits lies with the
national policy pursued by states as part of the development of RES and environmental
protection. Portugal, as one of the few countries, has decided to invest in this type of energy
on a large scale, as the contractor (Iberdrola, Bilbao, Spain) has been awarded €650 million
by the European Investment Bank [103] for the expansion of the hydroelectric power plant
in Portugal. This does not confirm the thesis by Reference [96] that indicates that only
small projects (generating a capacity of no more than 10 MWh) can count on support
from EU bodies. In the case of Slovenia, the work of Reference [104] indicates that energy
needs will be best met by a mix of nuclear, water and gas technologies. The only source of
renewable energy in this list is hydropower. Therefore, it is not surprising that the energy
policy in Slovenia also focuses on the development of this technology. Another study [105]
considered many criteria related to electricity generation, such as environmental protection
and institutional—political, economic, social, and technological. The researchers indicated
that hydropower, biomass, and nuclear power are the most effective RES investments.
Hence, it is not surprising that the production in hydroelectric power plants increased by
over 15%. However, this potential is not fully used in Lithuania. Lithuania has one of
the most restricted environmental regulations related to the introduction of this type of
technology, even to a small extent [106].

Wind energy is gaining importance in the renewable energy mix used for electricity
production in the EU. The data we present in this paper confirm a significant intensification
of electricity production, using wind during the analyzed period. Currently, it constitutes
the largest share in the production of GEP_RES (36.5%). The amount of electricity produced
in this way increased in the period 2005-2019 by almost 440%. This is not a surprise, as the
literature indicates this technology as the most competitive compared to other RES [13].
That competitiveness is examined by using a balanced scorecard based on four types of
variables: the perspective of the consumer, internal business processes, the development
aspect, and the financial aspect. Kapitonov and Voloshin [13] describe the advantages of
this technology as “the cost of electricity, safety, minimum possible power, productivity,
and performance development aspect and financial aspect”. It is worth mentioning that,
as in the case of hydropower, also wind energy can affect the natural environment. Wang
and Wang [107] and Pecesila et al. [77] mention the following effects: noise pollution,
change the landscape, and impact on local to regional weather and climate if the area of
turbines is large enough, and it may affect the local populations of various species of birds.
Nevertheless, this type of energy is indicated as the least harmful to the environment [108].
Therefore, it is strongly supported (in addition to solar energy) by the EU bodies as a mean
of achieving the sustainable development goals, and in particular achieving the so-called
climate neutrality planned for 2050 (see References [109,110]. At the same time, wind
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energy is mentioned as the one to support these goals to the greatest extent [111]. The
European Commission notes that, thanks to the pan-European efforts to reduce greenhouse
gas emissions, in 2016 (compared to 1990), it succeeded in reducing these emissions by
22% [109]. This is due to the significant increase in the share of RES in energy production,
in particular wind and solar energy. It is directly linked to a significant reduction in costs
related to the production of solar and on- and off-shore wind energy in the recent years
(European Commission, 2018). Currently, offshore wind energy receives particular interest
from the EU bodies. A strategy for the development of this type of energy was formulated,
an EU Strategy to harness the potential of offshore renewable energy for a climate neutral
future [12], referred to as the EU Strategy on Offshore Renewable Energy. This strategy
assumes an increase in the Europe’s offshore wind capacity from 12 GW (level from 2020)
to at least 60 GW by 2030 and to 300 GW by 2050. Additionally, the development of several
new technologies (by 2050), such as floating wind and solar, is expected.

Currently, the leaders in wind energy production are (according to data from 2019)
Germany (125,894 GWh), UK (64,334 GWh), Spain (55,647 GWh) and France (34,721 GWh).
As for the share of wind energy in the production of GEP_RES, the largest is recorded
for Ireland (83%), Denmark (70%), Poland (58%), Spain (54%), UK (53%), Germany, and
the Netherlands (51%). Countries with shares between 40% and 50% are Lithuania, Bel-
gium, Portugal, Cyprus, and Greece. In the 2019 cluster classification, all these countries
are classified into three clusters: #7, #9, and #10 (see Table 6). These three clusters are
characterized by a high share of wind energy in GEP_RES, and they are differentiated by
significant shares of other sources. The UK, Sweden, Denmark, and Ireland are considered
the most efficient countries in terms of wind energy use [112]. It is worth noting that the
countries from the abovementioned clusters have favorable conditions for the development
of this type of energy because they are either large in terms of area or have the possibility
of developing offshore wind farms. At the same time, the countries using offshore wind
energy are considered to be the most effective [112]. Therefore, large-scale investments
are being made in many countries to develop offshore wind farms. An example is the
support system for the construction of offshore wind farms in Poland, which is approved
by the European Commission in May 2021 [113]. According to the assumptions of the
Polish energy strategy, offshore wind farms are to be the main pillar of the energy system
in Poland. Government support systems for offshore wind energy can be found also in the
UK ([114]), Ireland ([115,116]), and Denmark ([117]).

Another renewable source used for electricity production that has gained in impor-
tance in recent years is solar energy. In the EU-27, the production of this type of electricity
increased from 1458 to 125,717 GWh, i.e., by over 8500%. Solar technology is relatively
new and in 2005 it is the least used resource for the production of renewable electricity (its
share is only 0.3% in GEP_RES). However, in 2019, it is the third most important source,
and its share in GEP_RES is 12.5%. The increase in popularity of this source may be
due to several reasons. Firstly, solar energy is the second technology, after wind energy,
considered the most competitive in the group of renewable energy technologies used for
energy production [13]. Secondly, the development of this technology has contributed to a
significant reduction in the cost of electricity production, and therefore it will continue to
be of interest to the EU bodies as a technology to be supported. As such, more investments
are planned for its further development, e.g., in the form of offshore solar energy (floating
solar panels) (European Commission, 2020). Thirdly, this type of energy is included in the
EU strategies for reducing CO, emissions and ensuring energy security for the EU area.

There are different technologies for using the sun to produce energy [118]. Eurostat’s
data for gross electricity production include two technologies: solar photovoltaic and solar
thermal, with electricity production using the latter in 2019 only in Spain (its share was
5.5% in GEP_RES).

The environmental impacts are discussed at the level of the photovoltaic panels’
production technology [118]. The first issue being the use of allium arsenide or cadmium
telluride to produce more energy-efficient photovoltaic panels. In the event of a leak,
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those compounds are said to not be harmful to the environment. Silicon used for the
production of photovoltaic panels is said not to be harmful to the environment, however
characterized by relatively lower energy converting efficiency. In the case of a technology
called concentrated solar power techniques, coolant and lubricant are harmful, also in
the event of a leak. The methods of neutralizing the harmfulness of these substances are
included to be considered in the further development of these technologies.

The country which, in 2019, produced renewable electricity almost entirely by using
solar technology was Malta (97% share in GEP_RES). It is also the only country where this
share is greater than 50%. Therefore, in the 2019 cluster classification, it is assigned to a
separate cluster. The second country in this respect is Cyprus, where 42.7% of GEP_RES is
produced using this technology. Cyprus is classified in one cluster together with Germany,
and this is due to the similarity of the use of other sources at a similar level (wind and
biogases). The third country in this ranking is Hungary with 31.9% of solar energy in
GEP_RES. For five other countries, the share is greater than 20% (but less than 30%): Greece,
the Netherlands, Belgium, Czech Republic, and Italy. Belgium and the Netherlands (cluster
#7) have similar levels of solar energy use, but this is not surprising, as these countries are
adjacent to each other and have similar climatic conditions for using RES to produce GEP.

Allin all, the increased importance of solar energy in the production of electricity is
recorded in many countries. However, only in the case of Malta is it considered as the main
source. In other countries, where this share is also significant (but not leading), this source
can be described as complementary to the energy mix.

The paper of Reference [119] presents the possibility of developing solar technologies
for energy production with respect to geographic location. Without a surprise, the countries
of Southern Europe are characterized by the greatest potential. By comparing these results
with those presented in this paper, it can be concluded that so far only few of the EU
countries are developing their solar energy potential. These are Malta, Cyprus, Italy, and
Greece, as well as Hungary. On the other hand, Spain, Portugal, and Romania are examples
of countries with significant potential for the development of this technology, but only to a
limited extent (favoring wind and hydropower).

It is worth noting that the use of solar energy is quite important in countries that have
not been previously named as those with such a high potential in this particular technology.
These are the Czech Republic, Germany, the Netherlands, and Belgium. In their electricity
mix, the share of solar energy accounted for at least 18%. In the case of the Czech Republic,
support systems, which Reference [120] define as generous, are of great importance for
the development of photovoltaics. They see this as the cause of the massive boom for the
construction of the photovoltaic power plant in the period of 2009-2012. However, it is
pointed out that these systems are only slightly in line with the potential of solar resources
in the Czech Republic. Furthermore, in Germany, support systems and national strategies
for the development of solar energy played a significant role in its development, despite
the limited domestic potential (compared to the countries of Southern Europe). In the case
of Germany, the most important factor is the feed in tariffs (preferential tariffs) [121].

Biofuels, biogases, and renewable municipal waste are collectively classified under
the biomass category. Currently, it is estimated that biomass contributes as much as 60% to
total renewable energy production in the EU, including electricity, heat, and energy used
in transport [122]. In the production of renewable electricity, this share is lower, at the
level of 15.9%. Thus, in its production, these sources play a smaller role than in the case of
other types of energy. Of these three sources, biofuels and biogases are used to the greatest
extent. In 2019, biofuels accounted for 8.55% of GEP_RES production, biogases—5.47%,
and renewable municipal waste only 1.9%. In the period 2005-2019, there was an increase
in electricity production with these sources, by 102.9% and over 580% and 80%, respectively.
These numbers show that the use of biofuels is already well established in the production
of electricity in the EU, while the importance of biogas has grown significantly.

Biofuels used for electricity production according to the Eurostat category are divided
into primary solid biofuels (fuelwood, wood residues, wood pellets, animal waste, and
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vegetal material), pure biodiesel and other liquid biofuels. The latter two are of marginal
importance. Solid biofuels are used to the greatest extent in heating energy, but they
have also gained popularity in the production of electricity. In this matter, biofuels are
most often used in Estonia (share of 58.8% in GEP_RES), Finland (38.5%) and Hungary
(37.7%). Estonia and Hungary in the 2019 classification are classified as single-element
clusters, due to, among others, such a dominant share of biofuels in the energy mix used
for the production of electricity from renewable sources. Furthermore, Estonia is the only
country among the analyzed countries where biofuels are the basis for the production
of GEP_RES (share greater than 50%). Finland, despite such a significant share of this
source, was classified in the second cluster, as in addition to biofuels, hydropower, and
wind power are used to a large extent. Other countries that use this source to a large
extent are Poland (24.6% shares in GEP_RES) and the Czech Republic (21.4%). For the
following nine countries, this share ranges from 10% to 20%: Bulgaria, Denmark, Latvia,
Belgium, Slovakia, the Netherlands, Sweden and Lithuania, and the UK. All in all, apart
from Estonia, for the other countries mentioned, biofuels complement the portfolio of
renewable sources used in electricity production as one of three (or four as in the case of
the Czech Republic and Bulgaria) sources. The presented results also indicate that this is
the source typical for countries located mainly in the northern part of Europe, where solar
energy does not have as high potential as in the case of southern countries. Bulgaria is the
southernmost country on this list, followed by Hungary. In the case of Hungary, the share
of biofuels has significantly decreased—from almost 85% in 2005 to almost 38% in 2019 It
is due to the fact that nowadays in Hungary more use is made of other sources (solar and
winds). The production of electricity from biofuels in this country in the analyzed period
slightly increased—by about 12%.

Biogases are reported to be as less common source than biofuels. They are used to
the bigger extent only in the Czech Republic (22.5%) as well as in Germany, Cyprus, and
Latvia (share between 11% and 14%). While in the case of the Czech Republic, Germany
and Cyprus, the share of biogas in the energy mix distinguishes them from other countries,
in Latvia, greater shares of hydro and biofuels meant that it was assigned to cluster #2.

7. Conclusions

The purpose of the presented analysis was to assess the changes that have occurred in
the use of RES in the production of electricity in the EU and UK, and the main research
period was set as 2005-2019. As different countries have different levels of use of renewable
energy sources (RESs) in electricity production (GEP), in our main analyses, we focused
only on the electricity generated from RES (GEP_RES) and its amount generated from
each RES. It is this approach that distinguishes the presented study from others presented
in the literature that focus primarily on GEP-related analyses. In the presented study,
we analyzed the shares of seven types of different sources (hydro, wind, solar, biofuels,
biogases, renewable municipal waste, and others) in the production of GEP_RES. The main
research methods are the Gini concentration coefficient and the k-means algorithm.

The analysis shows that the Gini coefficients decreased for almost all countries in the
period 2005-2019. This means that the concentration of renewable sources used for electric-
ity production has decreased significantly across the EU. As indicated in the discussion,
one of the main drivers of change in this respect (increased use of RES) has been the EU
energy policy targets and national energy policies to adjust national energy sectors to these
targets. This inclines us to accept Hypothesis (1). This phenomenon is in line with the
recommendations of the European Commission regarding the diversification of energy
sources, which is to support the energy security. It is worth noting that, while in 2005,
in most countries, the predominant source of renewable electricity (with a share of over
80% in GEP_RES) was hydroelectric power plants, in 2019, a significant increase in the
importance of other sources occurred.

The level of electricity production in hydroelectric power plants did not increase
significantly, but with the simultaneous significant increase in the production of renewable
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electricity, the share of this source decreased. Hydropower production is still of great
importance and is the main renewable source for electricity production in many European
countries (with a share of more than 50% in GEP_RES). However, since this method
of obtaining energy requires specific geographical conditions and the fact that it is not
completely neutral to the environment, its development focuses primarily on more efficient
use of already existing facilities, in particular those large ones. Wind energy is gaining
importance. In 2019 in the EU-27, the share of this type of source in the production of
GEP_RES was already over 36% and was greater than the share of hydropower. This source
is recognized as the most effective among renewable sources in the production of electricity.
It is also a resource promoted by the EU bodies. In particular, the emphasis is on the
development of offshore wind energy, which is included in the directive [12].

The significant shares of the abovementioned sources (hydro and wind) in the produc-
tion of GEP_RES in the vast majority of EU countries make those two the most important
sources of renewable electricity. The remaining sources are usually treated as complemen-
tary. Among those sources of renewable electricity, solar energy, in particular photovoltaic
energy, is important in the EU scale. It plays a key role in most of the countries of Southern
Europe that is related to the level of insolation [119]. This technology, considered the second
most effective renewable source of electricity after wind energy, is also developed and
promoted in countries with less favorable climatic conditions for it: the Czech Republic,
Germany, the Netherlands, and Belgium. The ecological aspects add to the importance of
the solar technology and influence a support from governments of many countries (e.g.,
Germany and the Czech Republic). In northern countries, biomass— particularly biofuels—
plays an important role as a complementary resource to the renewable energy mix.

Two sources that were categorized in this paper as “other” are of importance in only
two countries: energy from the geothermal source produced in Italy and tide wave ocean
used in France. As the first technology increased in importance (both in Italy and to small
extent in other countries), the shares of tide wave ocean technology began to lose their
importance. In the analyzed period, this source was not used to a greater extent.

The performed cluster analysis shows that, firstly, there are EU countries with a very
individual structure of using the renewable sources, such as Malta (the only country where
solar energy is used to a higher extent) or Estonia (a leading country in the use of biofuels).
Secondly, there are countries where the use of renewable sources is highly diversified. An
example is the Czech Republic, where as many as four sources had shares in GEP_RES
at the level of more than 10%. Thirdly, the vast majority of countries has been assigned
to multi-element clusters, indicating that they have similar structures of consumption
of renewable sources in GEP_RES. Importantly, the clusters constitute countries often
not closely located geographically to each other. As it turns out, geographical factors
are not the only determinants of the amount of energy consumed, or the sources used
for its production. The key factors here are the national energy policies and strategies
that formulate the national goals and publicly supported technologies. Therefore, the
presented study can be used as a basis for comparisons of impacts of national policies on
the promotion and use of renewable sources for electricity production.

The presented study clearly shows that all EU countries implement the assumptions
of the energy policy regarding both increasing the share of renewable sources in energy
production—in particular, electricity—and increasing the diversity of these sources. The
results indicate a vast diversity within the EU countries in terms of the use of the renew-
able sources for the production of electricity. This shows individual country-oriented
approaches to implement the energy transformation towards low-carbon economies. The
EU’s support and restrictive measures (e.g., the already mentioned EU ETS) are of con-
siderable importance for this transformation. Currently, the main source of renewable
energy in the EU is wind energy, which is increasingly used by most EU countries, and the
offshore renewable energy strategy (European Commission, 2020) is guiding the develop-
ment of this type of energy. Maintaining the pace of the energy transformation allows the
achievement of the goals set for 2050 in the Clean Energy for all Europeans document [11].
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Abstract: The European Union strives to create sustainable, low-carbon economies; therefore, energy
policies of all member states should move towards renewable energy sources (RES). That concerns
also the so-called new EU member states. These countries, on the one hand, are characterized
by significant historical similarities in terms of post-communist legacy and adopted development
strategies linked with the EU membership, and on the other hand, by significant social, economic
and environmental differences resulting from different transformation and development paths and
conditions. The question remains how the selected countries should cope with actions in the field of
national energy transformations to confront the multiple challenges linked to assuring a significant
level of sustainable development. In order to be successful, it is necessary to conduct an effective and
rapid changes in the energy industry, which should be preceded by an analysis of the differentiation
of countries in terms of their potentials. The results of such analyses should be helpful in selecting
the most appropriate strategies for transformation of the described industry. Therefore, the purpose
of the article is to assess the new EU member states for RES diversification and identify similar
subgroups of countries using cluster analysis, taking into account the percentage share of individual
renewable energy sources in total renewable energy production. This was done for the years 2010,
2015 and 2019 which should allow us to demonstrate the differences between them as a group
and also reveal changes recorded over time for a single country. Ward’s method was used for the
analysis. The presented approach to the analysis of energy production enabled the acquisition of
new knowledge in this field and supported the assessment of the current state of RES. The results
obtained can be used in countries of comparable specificity to undertake activities of similar nature
in relation to internal energy production, technological development or common energy policy.

Keywords: renewable energy sources (RES); energy transformation; the new EU member states;
cluster analysis; Ward’s method

1. Introduction

In the currently ongoing processes of globalization, closely related with the dynamics
of socio-economic changes, one of the main problems faced by countries in almost every
region of the world is the growing importance of energy resources [1,2].

The rate of economic growth, unprecedented in history, forces the participants of
the global economy to pay special attention to the uninterrupted satisfaction of energy
needs [3]. The decades-long increase in demand for energy raises a number of challenges
in terms of its acquisition, transmission, processing and distribution [4,5]. This gives a
rise to complex contemporary problem which is based on the issue of energy security
of individual countries and which is the foundation of the policy of most countries in
the world. Such a broad subject matter, in fact, covering an infinite number of issues in
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the field of geopolitics, international economic relations, economics or technology, is the
context for the issues discussed in this study related to the use of renewable energy by
the post-communist countries—the so-called new member states that joined the structures
of the European Union in 2004 (Czechia/Czech Republic, Estonia, Hungary, Lithuania,
Latvia, Poland, Slovakia and Slovenia) and in 2007 (Bulgaria and Romania).

The area of Central and Eastern Europe (CEE) is one of the most important regions
of Eurasia in geopolitical terms. The countries of this region have made a civilization
leap over the past decades, carrying out an impressive political, social and economic
transformation [6,7]. To a large extent, this process was achieved through integration with
the European Union. This study focuses on the new EU member states due to the fact
that these countries, thanks to their accession to the EU, received great impetus for the
energy transformation. Along with the progressive changes in individual countries of
the discussed region, traditional energy sources based on oil, coal, and natural gas are
considered the most popular and effective drivers for economic development, but at the
same time they are also harmful to the environment and to human health [8,9]. In the
era of climate change, environmental degradation, and also growing public awareness of
environmental concerns [10], there is a need to diversify traditional energy sources that rely
on fossil fuels by new ecological sources [11,12]. This condition may be met by renewable
energy sources (RES), that according to glossary used by EUROSTAT are energy sources
that replenish (or renew—that is why they are sometimes called renewables) themselves
naturally, i.e., those generated by natural resources that are not finite (exhaustible). They
include, for example, biofuels (fuels from biomass) and renewable municipal waste (i.e.,
combustible renewables), and non-combustible renewables as wind, solar, hydropower,
and geothermal energy sources, etc. Renewable energy may have some disadvantages
or limitations (high upfront costs, storage capabilities, intermittency, etc.) but it can
serve as a potential way to restore balance between economic growth and environmental
quality [13,14]. In the countries located in the CEE, energy security issues (as ability to
act as a unified bloc) may be still relatively more important compared with the countries
located in the West (especially considering their relations with Russia and having in mind
so called gas crisis in Ukraine in 2006) but with growing concern of climate change, the
issues related with environmental protection and sustainability affect rapidly growing
world economies with increasing energy demand, including economies of the European
Union member states and CEE countries. The situation in individual member states differs
significantly but the EU (treated as one entity) may be seen clearly as one of the largest
greenhouse gas emitters [15], and coordination of climate policy is needed also on the
community level. The basis for the European energy policy was introduced by the Treaty of
Lisbon in Article 194 of the Treaty on the Functioning of the European Union [16]. Pursuing
a green economy, mainly understood as a low-emission economy, means the EU’s climate
policy is largely focused on RES on the way to climate neutrality. Climate neutrality refers
to zeroing greenhouse gas emissions, i.e., reducing their emissions from industry, transport,
and energy sectors as much as possible and offsetting the emissions that could not be
eliminated by increasing their removal. Under the 2015 Paris Agreement (COP21), the EU
promotes an energy union aimed at building energy security and solidarity as well as a
fully integrated internal market, supporting research and competitiveness, accelerating
energy efficiency, and climate-oriented actions for a carbon-neutral EU economy by 2050.
The latter is an objective of the European Green Deal (COM(2019)640 final). This ambitious
package includes not just suggestions, member states have to follow distinctive paths when
it comes to meeting their obligations under the renewable energy directives, including
legally binding 2020 targets. A general target for increasing the share of renewable energy
sources has been set, according to which it should reach at least 32% by 2030 in line with
the EU climate and energy framework (20% in 2020). The main reason for these actions is to
provide EU consumers with safe, sustainable, competitive, and affordable energy. Charles
Michel, the President of the European Council, said that “climate neutrality is no longer a
question of choice, it is beyond doubt a necessity” [17].
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To be successful in this field, it is necessary to carry out an effective and fast trans-
formation of the energy industry process. Even though the EU as a whole is on track to
meet its targets, the question is whether the generation of renewable energy at a given
level is a challenge for selected new member states countries dependent on fossil fuels.
It can be expected that some countries from the research area that generate energy from
nuclear sources (Hungary, Czech Republic), i.e., from sources with zero emission of CO,,
will be less inclined towards the development of RES. Undoubtedly, the new member
states include countries whose share of energy from renewable sources was much more
than 20% already in 2019 (Estonia 32%, Latvia 41%) (Figure 1). Nonetheless, the Central
and Eastern Europe countries also include those for which RES is still not sufficiently
important, with the share of energy from renewable sources remaining low (Poland 12.2%,
Hungary 12.6%) (Figure 1).
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Poland Hungary Czechia Slovakia Bulgaria Slovenia Romania Lithuania Estonia Latvia

Figure 1. Share of energy from renewable sources in the new member states countries in 2019. Source: own calculations
based on data from Eurostat (online data code: NRG_IND_REN_custom_716443).

The progressive European integration in the political, economic and social dimensions
is still functioning in isolation from the energy transformation process, which as the
foundation of security is implemented in various ways by individual member states. On
the one hand, the inflow of capital from the EU helps to introduce innovations, new
consumption patterns, diversification of energy sources with an emphasis on the largest
possible share of energy from renewable sources. On the other hand, this process comes
at a huge social cost. This element can be mitigated in the process of globalization, which
affects the exchange of information between countries influencing the increase in public
awareness and international integration of economies. That creates favorable conditions
for more dynamic development, mostly for economic centers, both at national and regional
level [18-22].

To take action for RES development in the examined countries, it is necessary to
analyze their differences in terms of potential. These differences depend on the energy
policies of individual countries as well as the environmental awareness of societies. The
economic aspect is also important. It is undeniable that energy production from RES is
considerably more expensive than from conventional sources. As a result of the high
upfront costs, many new member states countries seem unable to cover them from their
own resources, what limits the potential for renewable energy development in the area.
The potential and availability of individual renewable energy sources are also of great
importance. In order to find the most effective solutions to common problems, analyses
have been carried out to identify similarities between new member states countries in terms
of the structure of RES energy production. They usually include the eight major renewable
energy sources: hydro, geothermal, wind, and solar as well as primary solid biofuels,
biogases, renewable municipal waste, and liquid biofuels. The analysis indicates groups
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of the CEE countries with the highest similarly identified. So far, not a lot of analyses
focusing on the new member states countries with these factors have been conducted in
the literature, there are just single and very recent papers that include analyses of the EU
indicating the specifics of the countries (or their groups) in the region [23]. Therefore, the
approach used can be still be called new and the results of such analyses should support
the implementation of the adopted strategies in the countries of the region. It is known that
one of the main factors affecting the pace of changes is the amount of public spending on
energy transition [24,25]; therefore, the pro-environment policy implemented and required
to be continued by the EU must be adapted to the uniqueness of the new EU member
states. In addition, the awareness of mutual similarities among new member states should
promote cooperation and acceleration of actions towards energy transition.

Due to the exchange of information, the development of the energy system, including
RES, is possible. In order to be able to take a holistic view of the energy transformation
process in the discussed region, it is worth seeing the similarities and differences in RES
production in surveyed countries. The aim of the paper is to analyze the level of diversifi-
cation of renewable energy sources in three selected years for analysis (2010, 2015, 2019)
and to identify groups of similar countries due to the structure of the percentage share
of individual renewable energy sources in the total production of renewable energy. The
implementation of the goal allowed the countries to be organized in terms of the dominant
role of selected energy sources. The assessment of the state of RES in the new member
states countries in these three years also indicated possible directions of the state’s policy
in the field of the ongoing energy transformation. In addition, the obtained research results
can be related to groups of countries where, due to the similarities in the nature of RES,
they can take actions of a similar nature at the EU level with regard to internal energy
production, technological development or common energy policy. The adopted research
approach is proprietary due to the classification of countries in terms of the percentage
share of individual renewable energy sources in the total production of renewable energy.
Most of the research is carried out on the values of energy produced from selected RES (per
capita or per GDP product), which may lead to erroneous conclusions. The paper presents
Figure 1, which shows that selected countries currently differ significantly in terms of
the share of energy production from RES in the total energy production. This means that
the analysis of the similarity of count