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Preface to ”Sustainable Development Processes for

Renewable Energy Technology”

Currently, the production of energy from traditional fossil sources is beginning to give way to

renewable energy technologies. New technological, economic, and environmental requirements raise

the question of how to make renewable energy sources a driver of sustainable development for the

coming decades. Solar and wind energy, the recycling of synthetic materials, and new methods for

their utilization can not only significantly reduce the burden on the environment, but also give a new

impetus to the development of modern industry and help find a new balance between the needs of

people and the capabilities of nature.

One of the tools for achieving these goals is a multidisciplinary approach to solving key problems

and an analogous approach to the related scientific research process.

Sergey Zhironkin and Radim Rybár
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1. Introduction

Currently, the production of energy from traditional fossil sources is beginning to give
way to renewable energy technologies. New technological, economic, and environmental
requirements raise the question of how to make renewable energy sources a driver of
sustainable development for the coming decades. Solar and wind energy, the recycling of
synthetic materials, and new methods for their utilization can not only significantly reduce
the burden on the environment, but also give a new impetus to the development of modern
industry and help find a new balance between the needs of people and the capabilities
of nature.

To enhance the international dissemination of these ideas, it is necessary to unite the
efforts of researchers in the fields of traditional and modern energy, waste-free production,
and ecology in multidisciplinary discussions of urgent problems of transition to the use of
renewable energy.

In order to gain new ideas and insights in these areas worldwide, this Special Issue,
entitled “Sustainable Development Processes for Renewable Energy Technology”, has been
prepared. This Special Issue mainly covers original research integrating the principles of
sustainable development, the production and recycling of new materials, and the use of
renewable energy.

In this Special Issue, 11 original articles were accepted and published, including
1 review and 10 scientific articles. These published research papers appropriately cover the
intended breadth of understanding of the complex interdisciplinary issues that the field of
Sustainable Development Processes for Renewable Energy Technology presents.

2. Papers Presented in the Special Issue

The review presented by Beer et al. [1] deals with the assessment of the energy mix of
five Central European countries in the context of achieving their carbon-neutral or carbon-
negative future. The evolution of the assessed energy mixes as well as GHG emissions
is presented in a long-term perspective, which allows the assessment and comparison of
trends and approaches towards carbon-free energy sectors with each other.

The first scientific article presented by Feckova Skrabuulakova et al. [2] examines the
level of readiness of Visegrad Group countries for the widespread use of electric vehicles,
introducing a new quantifier—the electromobility infrastructure coefficient of the countries,
K—comprising a number of indices that store specific information on the state of readiness
for electromobility. The results show, on the one hand, a good position of Slovakia within
the Visegrad Group, on the other hand a significant deficit behind the EU leaders.

Processes 2022, 10, 1363. https://doi.org/10.3390/pr10071363 https://www.mdpi.com/journal/processes1
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Papurello et al. [3], they modelled a microgeneration power system consisting of a
solar concentrator system coupled to a Stirling engine, with CFD tools, by way of using
two methods for comparison: the empirical first-order Beale equation and the Schmidt
isotherm method. The results showed the level of electrical power generated for given
concentrator parameters and solar power input level.

Teplicka et al. [4], present aspects of performance management in mining companies
and their importance for gaining competitiveness in the market of mining companies
in the direction of sustainable development and economic growth through performance
indicators of mining processes after the implementation of strategic innovation evaluated
through Pareto analysis. The results show the improvement of mining processes through
the application of innovative mining space and the reduction of environmental impacts of
resource exploitation.

The findings of Zhou et al. [5] propose a simple approach to introduce oxygen vacan-
cies into a commercially used anode material for lithium-ion LTO batteries. The presented
results show that LTO containing free oxygen exhibits much better performance than the
sample before H2 treatment, especially at high current rates. The results also indicate an
improved and fast electrochemical kinetic process.

Wittenberger et al. [6] proposes a process for creating electronic monitoring and
graphical mapping of the current technical condition of gas wells in the East Slovakian
Lowland using the graphical software tool ArcGIS, using a stepwise algorithm extending
the application potential of the method also for oil, geothermal, and hydrogeological wells,
while the defined technical patterns were incorporated into the design.

Hong et al. [7] discuss the preparation of a 3D high-level nitrogen-doped metal-
free electrocatalyst for high-performance fuel cells and metal–air batteries. Results have
been achieved that suggest an increase in electrocatalytic performance compared to the
commercial Pt/C form and most metal-free carbon materials in alkaline media, which
was achieved due to the high active nitrogen group content, large surface area, and 3D
hierarchical porous network structure of the material.

Rybár et al. [8] presents a case study describing the process of creating and validating
the benefits of two Innovative Learning Tools aimed at more effective knowledge acquisition
in the interdisciplinary field of earth resource extraction with links to the status of renewable
energy. The opinions and attitudes of both students and educators towards the tools were
surveyed, and some research questions related to this form of knowledge acquisition were
validated. The presented results a potential of the educational form as well as the attractive
content that goes beyond conventional educational subjects, with its connections.

Seňova et al. [9] propose the use of geothermal resource in the conditions of central
Europe, for the purpose of heat supply to the population, while calculating the energy
balance, they consider three scenarios, depending on the temperature level of the output
medium. The results show the economic and environmental justification for the use of
low- to medium-temperature sources in the given conditions and in the current energy-
environmental and economic framework.

Szurgacz et al. [10] present the design of a driven section of support (hydraulic
reinforcement) used in a system for deep reservoir mining. The research itself was focused
on the analysis of the bearing capacity of selected elements of the proposed driven support
section with the application of software using the finite element method. The results led to
the design of a model with a strength value that meets safety standards.

Rybárová et al. [11] investigated the possibilities of the fragmentation of cultural,
especially agricultural landscapes, which are characterized by a high proportion of large
land units used for growing cereals and crops subsequently used as energy sources. A
fragmentation method based on the reconstruction of dividing lines, mainly formed by
dirt roads, based on historical mapping was proposed. The results show and quantify
to what extent it is possible to achieve denser landscape fragmentation in this way, to
create dividing green belts, to increase the resilience of the environment to water and wind
erosion, and so on.
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3. Conclusions

We anticipate that the development of the field of renewable resource technologies
and the overall use of raw material and energy resources, and, in a broader sense, the
Earth’s resources in general, in accordance with the principles of sustainability will become
increasingly significant and fundamental to the overall picture of the future of human
society, also in view of the fact that the current global climate, environmental, energy and
raw material problems of mankind are becoming more and more pressing and fundamental.
One important prerequisite for the success of such endeavors is the breaking down of the
boundaries of the individual disciplines or fields involved and the need for an interdisci-
plinary, holistic approach to the overall process. It is hoped that this Special Issue creates a
suitable platform for an appropriately broad forum.

Finally, we would like to thank our authors, reviewers and editors who have con-
tributed significantly to the success of our Special Issue. We also hope that the individual
published papers will be of benefit to readers in their future scholarly work.

Author Contributions: All authors contributed equally to this manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This paper was created in connection with the project KEGA—048TUKE-4/2021: Uni-
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ESEE: 19069.
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Abstract: Global climate change is putting humanity under pressure, which in many areas poses an
unprecedented threat to society as we know it. In an effort to mitigate its effects, it is necessary to
reduce the overall production of greenhouse gases and thus, dependence on fossil fuels in all areas of
human activities. The presented paper deals with an evaluation of energy mix of the Slovak Republic
and four selected neighboring countries in the context of achieving their carbon neutral or carbon
negative future. The development of the evaluated energy mixes as well as greenhouse gas emissions
is presented from a long-term perspective, which makes it possible to evaluate and compare mutual
trends and approaches to emission-free energy sectors.

Keywords: renewable energy; carbon neutral; energy mix; Slovak Republic

1. Introduction

The defining feature of recent decades is turbulence. Whether it is geopolitical, eco-
nomic, or environmental instability, it is possible, to a certain extent, to connect this high
variability, respective uncertainty with global climate change [1–4]. Global climate change
is a phenomenon that came to the forefront of interest in the 1960s and is becoming in-
creasingly important [5,6]. Impacts of climate change can be observed on all continents, in
all oceans and in the highest layers of the atmosphere [7–10]. Climate change affects all
levels of the ecological pyramid and affects the food chain to an extent that was previously
known only from prehistoric cataclysmic events [11–14]. All manifestations of climate
change expose the entire biological sphere to adaptive pressure, which causes not only the
extinction of various species but mainly a change in the species composition of a certain
geographical area [15–18]. For human society, the greatest threat is the loss of living space
due to rising sea levels [19–22], the lack of drinking water for personal consumption [23–25]
as well as agriculture and industry [26,27], extreme weather events [28,29] and long-term
changes in temperature profile [30,31], spread of new diseases [32–34], famine [35,36],
migration [37,38], deteriorating air quality [39,40], etc.

The importance of the topic of climate change is also evident from summary of sci-
entific papers published in database ScienceDirect.com (accessed 25 May 2021), where
663,186 publications which contained the keywords climate change, have been published
since 1998. To this number we can add 288,071 publications with the keywords global
warming, which was used mainly in the past. At present, the preferred term is global
climate change, which better captures the essence of the problem. Figure 1 shows the de-
velopment of the number of publications on a given topic in the years 1998–2020. However,
if we included publications dealing with the indirect consequences of climate change, or
publications dealing with approaches and methods of mitigating the impacts of climate
change, the resulting number would be an order of magnitude higher.

Processes 2021, 9, 1263. https://doi.org/10.3390/pr9081263 https://www.mdpi.com/journal/processes5
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Figure 1. Number of published papers with keywords “climate change” and “global warming” (1998–2020).

At present, the vast majority of the world’s scientific organizations, as well as the
leading scientists in the field of climate, no longer doubt the reasons that contributed to the
gradual development of climate change. All the reasons can be attributed to the anthro-
pogenic activities associated with increasing the level of CO2 in the atmosphere [41–45].
This increase can be dated to the beginning of the industrial revolution [46] at the turn of
the 18th and 19th centuries, when mankind began to use fossil fuels in previously unknown
scales [47]. The evolution of CO2 emissions (from fossil fuel combustion and cement pro-
duction), primary energy consumption and global temperature anomaly between 1800
and 2019 is shown in Figure 2. From all three graphs, it is possible to identify interrelated
trends. The first one is the logical link between the increase in CO2 emissions and the
consumption of primary energy sources. The second is the increase in the value of the
temperature anomaly, where it is interesting to observe the growth rate in the last half
century, which is almost identical to the growth of primary energy consumption and CO2
emissions.

Figure 2. Development of primary energy consumption, CO2 emissions and global temperature
anomaly (1800–2019) [48–50].
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One possible way to mitigate the effects of climate change is to keep global temperature
rise to 1.5 ◦C [51] compared to the pre-industrial revolution time. This can be done
by adjusting the consumption and structure of primary energy sources, especially in
electricity generation or transportation [52–57]. The presented paper deals with the long-
term development of the energy mix of Slovakia as well as the surrounding countries from
the point of view of a carbon neutral or carbon negative future. The comparison evaluates
individual approaches to reducing CO2 emissions and structural changes in energy mixes
and related changes in the structure of primary energy consumption, which can be an
example of good practice in the field.

2. Global Energy Review

Current global yearly primary energy consumption is just below 160,000 TWh [49],
while most of energy requirements is still covered by consumption of fossil fuels (approxi-
mately 86%). Despite the positive examples of reducing dependence on fossil fuels using
renewable and low-emission sources that can be seen in some geographical locations (or
countries) [58,59] or specific sectors [60], it is clear that global energy consumption is mainly
addressed by fossil fuels. Figure 3 shows the development of primary energy consumption
from 1800 to 2019. Conversion of outputs is based on the BP methodology, considering a
0.359 efficiency of fossil fuel conversion [61].

Figure 3. Consumption of primary energy by source (1800–2019) [48,49].

In the graph, all sources, except for traditional biomass and coal, show the growing
character of the development of their consumption. The steepest growth can be seen
in the consumption of natural gas, which is caused by several factors. The first is the
environmental aspect, where the combustion of natural gas generates less CO2 emissions
per unit of energy produced than other fossil fuels [62]. This fact is the driving force in
the construction of relatively costly power plants with gas combustion turbines, which
replace the coal thermal power plants in a large part of the so-called developed, or Western
countries. Gas combustion turbine power plants have a fast start-up [63] (compared to
steam turbine power plants) and can provide back-up sources for renewable energy sources
(RES), whose prediction of electricity production is in some cases difficult, which can lead
to grid instability and endangering the supply of electricity to the final consumer [64,65].
Another factor accelerating global natural gas consumption is the increasing share of
LPG and LNG use, especially in freight transport [66,67], where gradual exit from the

7



Processes 2021, 9, 1263

use of diesel engines producing increased emissions is needed. The last significant factor
underpinning the increase in natural gas consumption is the increase in hydrogen use [68].
Hydrogen production is currently carried out mainly in two ways, in the first we can talk
about the green hydrogen, which is produced by the electrolysis of water, using electricity
produced from renewable sources [69]. The second way is less ecological production of
hydrogen by steam reforming of methane. At present, 95% of hydrogen is produced in the
second, less environmentally friendly way [70].

The essential non-fossil primary energy source has long been the use of traditional
biomass. The term traditional biomass mainly means the use of forest bulk wood. This
energy source is typical for the developing countries and forms the basic energy pillar of
many people who use wood biomass for food preparation, water disinfection or ensuring
thermal comfort in their homes. The course of the development of the consumption of
this energy source has an interesting character, which is based on the dramatic increase
in the population of the so-called third countries since the Second World War. This pop-
ulation increase was caused by a slight increase in living standards (availability of at
least minimal health care, food aid from developed countries, political reforms, improved
economic efficiency) and was necessarily covered by an increase in traditional biomass
consumption, which in many areas caused significant environmental problems associated
with deforestation. The peak around 2000 and the gradual decline is paradoxically also
associated with rising living standards, where in many countries (especially Southeast
Asia) living standards have risen to such an extent that the use of only traditional biomass
is no longer necessary, and the population has access to other more advanced fuels. The
short stagnation evident from the recent period is caused not only by a decrease in the rate
of population growth but also by a slowdown in the increase in the living standards of the
population, which is not a desirable phenomenon.

The overall share of RES in primary energy consumption is at a very small level, but
a closer look shows exponential growth and thus it is possible to expect an increase in
their role in the future. The exception is the use of hydropower, where the proportion
is higher than in case of solar and wind energy, but the potential of large rivers to build
large hydropower electricity plants is in many parts of the world very small [71] and no
exponential increase in utilization of hydropower can be expected.

Based on the above facts, it is possible to assume that the future increase in primary
energy consumption will be covered mainly by renewable sources, natural gas and nuclear
energy. The situation is quite different if we look only at the electricity production depicted
in Figure 4. In 2020 almost 26,000 TWh of electricity was generated [49]. In the production
of electricity, the situation with the share of fossil fuels does not look so dominant. The
use of hydro and nuclear energy has a significant share in the production of electricity,
and the solar and wind energy is also gaining in importance, the growth of which is also
exponential in this case.

8
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Figure 4. Global electricity production by source (1985–2020) [49].

Based on presented statistics and evaluation of the development of key factors in
CO2 emissions, primary energy consumption and structure of used energy sources, it is
unrealistic to expect a significant reduction in energy consumption on a global scale. At
present, there are still several countries that are achieving a population boom. There are also
a number of countries (especially in Africa) still waiting for their development opportunity.
In these cases, it is impossible to expect that population growth and the desired increase in
living standards will not be supported by an increase in the consumption of available and
cheap primary energy sources.

One of the ways to mitigate or slow down the effects of climate change is to reduce
energy consumption at the local level (this is happening, for example, in Western European
countries), or to adjust the energy mix so that most of the consumed energy has a low-
carbon origin. In some sectors, such as industry or transport (especially aviation and
shipping) it is a difficult and costly problem, but in the production of electricity with use of
present technologies and methods it is a solvable problem. Especially in the current efforts
“to green” a large number of processes and technologies by their gradual electrification,
the electricity generation sector will become increasingly important. The possibilities of
adjusting the energy mix with regard to reducing CO2 emissions are illustrated in the
example of the Slovak Republic, which is compared within neighboring countries grouped
in the so-called Visegrad Four (Slovakia, Czechia, Poland, Hungary) and extended by the
close neighboring country of Austria, which often forms a comprehensive group with the
Visegrad Four countries on an international scale.

3. General View of Slovak Republic Energy Mix and Emissions

The Slovak Republic was established in 1993 by the split of Czechoslovakia, which
created two independent countries, the Slovak Republic, and the Czech Republic. Since
2000 Slovakia has been a member of the Organization for Economic Cooperation and
Development (OECD), since 2004 a member of the European Union, and since 2007 a
member of the International Energy Agency (IEA). The Slovak Republic is a country in a
temperate climate zone with a predominantly mountainous relief, which fundamentally
determines the hydrological conditions. Approximately 5.5 million inhabitants live in
Slovakia, almost half of whom live in urban settlements. The Slovak Republic is an
industrial-agricultural state with a market economy. The basic building blocks of industry
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are the production of electrical components, the automotive and metallurgical industries.
Gross domestic product per capita is USD 34 815 [72].

The industrial use of energy resources occurred with the development of mining and
metal processing in the 12th, respectively, 13th century. Another significant milestone was
the post-war transformation of the country based on the planned economy, when it was
necessary to ensure sufficient electricity and fuels for the growing heavy industry. Electrifi-
cation in the territory of the Slovak Republic (then still in the territory of Austria-Hungary)
began in 1884 in Bratislava and ended in 1960 (already as part of the Czechoslovak Socialist
Republic), when the last village was connected to the electricity grid system.

3.1. Historical Development and Current Situation in Energy Sector

The current energy policy is ruled by a government document approved in 2014, which
sets out the goals and priorities of the energy sector by 2035 and by 2050. The strategic goal
is to achieve competitive low-carbon energy ensuring a secure, reliable, and efficient supply
of all forms of energy at affordable prices, taking into account consumer protection and
sustainable development. The updated Integrated National Energy and Climate Plan for
2021–2030 takes into account more realistic targets as well as the incorporation of comments
and climate commitments towards the European Union. This document will be approved
in II.Q of 2021.

The main goal across the European Union is to reduce greenhouse gas emissions
by 40% (compared to 1990) by 2030, another goal is to achieve a share of RES in total
primary energy consumption of 32%, but each member state must reach the share of RES in
transport at least 14% [73]. The Slovak Republic has set indicators for reducing emissions by
20% and the share of RES in final consumption at 20%. In the electricity generation sector,
the target for RES is then set at 27.3% by a subsequent conversion, taking into account
technical possibilities and real potential [73]. At present, the share of RES in primary energy
consumption is 19.7%, and in transport 8.9%.

Primary energy consumption in 2020 was 183 TWh [49] and electricity 28.61 TWh [74],
Figure 5 shows the historical development of these fundamental energy characteristics
beginning in 1965 and 1985, respectively. It should be noted that the data before 1993 refer
to the territory of the Slovak Republic, then included in Czechoslovakia.

Figure 5. Primary energy consumption and electricity production of the Slovak republic [49].

The graph of primary energy consumption has shown a sharp increase since the
beginning of the period under review, which culminated around 1990, when a revolutionary
wave took place in the country, changing the political establishment from communism
to democratic establishment. The change also included the transition from a planned
economy to a market-driven economy. This change was negative for many sectors of
the economy, but especially for heavy and military industry [75]. Another factor was the
rise of the environmental movement and the adoption of laws to increase environmental
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protection. In the following years of rebirth and independence, we can talk about stagnation
in terms of energy consumption. A significant increase, which is also visible in the graph
of electricity production, occurred in the years around the 2000, when the country entered
a period of economic growth thanks to the right-wing pro-reform government [76]. In this
period (1998/1999), two reactor blocks of the Mochovce nuclear power plant were also
launched, which contributed to energy stability at the time. Another more turbulent period
characterized by a drop in consumption or electricity production is associated with the
economic crisis at the turn of 2008/2009. The current development is more or less stable
with only small fluctuations in both directions. The structure of energy consumed as well
as its long-term development are presented in Figure 6.

Figure 6. Historical development of primary energy consumption of the Slovak Republic
(1965–2019) [49].

From the point of view of long-term development and efforts towards decarbonization,
the massive drop in coal consumption is a positive factor. For other fossil fuels, i.e., natural
gas and oil, their consumption has stabilized with only small fluctuations after slight
declining periods. An important role is represented by the use of nuclear energy, in which
we can identify four significant milestones, which are clearly visible in the graphical
representation of development. The first is the launching of the first two reactors of the
Jaslovské Bohunice nuclear power plant in 1978 and 1980, the second is the commissioning
of third and fourth reactors in 1984 and 1985. Other nuclear reactors were launched in the
territory of independent Slovakia in 1998 and 1999 at the Mochovce nuclear power plant.
So far, the last milestone is the shutdown of the first two reactors of the Jaslovské Bohunice
nuclear power plant, which ended its operation in 2006 and 2008, respectively. From the
point of view of hydropower, the most significant event is the building and launching of
the Gabčíkovo hydroelectric power plant in 1992.

Other renewables contribute to the total primary energy consumption to a small extent,
with a significant percentage in this group representing the use of solar energy and biomass
in the form of biofuels but also traditional wood biomass.

The installed capacity of the power system is around 7.7 GW, while the average load of
the power system is at the level of 3.5 GW and a maximum of 4.5 GW [74]. From the point
of view of the stability of the electricity distribution system, the most important power
plants are listed in Table 1. The structure of installed capacity and electricity generation is
shown in Figure 7.
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Table 1. Key power plants in the Slovak Republic.

Name of the Power Plant Installed Power Type

Jaslovské Bohunice V2 2 × 505 MWe Nuclear
Mochovce 1 and 2 2 × 470 MWe Nuclear

Gabčíkovo 720 MW Hydro
Liptovská Mara 198 MW Pumped-storage hydro

Čierny Váh 735 MW Pumped-storage hydro
Nováky 266 MWe Coal thermal
Vojany 2 × 110 MWe Coal thermal

Figure 7. Structure of Slovak installed capacity and electricity generation in 2019 [73].

The Slovak Republic does not have significant reserves of fossil fuels and more than
90% are imports, especially from the countries of the former Soviet Union. The transport
of coal is carried out by a broad-gauge railway connected to the railway network of the
countries of the former Soviet Union. Oil and gas are transported via Druzhba oil pipeline
and the Bratstvo (Brotherhood) gas pipeline which passes through the Slovak Republic [77].
The territory of the Slovak Republic is also connected by pipelines with the Adria oil
pipeline and gas pipelines of the surrounding countries (especially the connection to
Hungary and Austria). As part of increasing energy security, natural gas storage facilities
were built in natural rock structures with a total capacity of 35.6 TWh (calculated using the
energy density of natural gas).

3.2. Greenhouse Gas Emissions

The latest actualized national greenhouse gas inventory in 2016 shows total green-
house gas emissions of 41,037 Gg CO2 eq. [73]. This represents a decrease of 44.5% com-
pared to the 1990 reference year, which is the basic benchmark for European Union strate-
gies. In total, between 1991 and 2015, emissions did not exceed the level of 1990 for a single
year, with exception of F-gases (fluorinated gases: HFC, PFC, SF6). A graph expressing
trends in greenhouse gas emissions (in relative terms) is shown in Figure 8.
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Figure 8. Comparison of relative greenhouse gas emissions trends with Kyoto protocol goals [73].

The reduction in emissions by 2005 was mainly due to industrial and technological
restructuring linked to the transition from coal and oil to natural gas. The driving force
behind this reduction was adoption of new environmental laws. After 2005, the amount
of greenhouse gas emissions has been declining mainly due to the restructuring of the
economy and the transition to less energy-intensive industrial sectors. The sector in which
there is an annual increase in the amount of greenhouse gases emissions is transportation.
Anthropogenic sources of carbon dioxide emissions in 2016 were at the level of 33,996 Gg
CO2 (which is a decrease of 45.2% compared to 1990). Other components of the greenhouse
gases such as methane decreased by 39.1% and N2O by 56% compared to 1990 [73].

Total anthropogenic emissions of the F-gases showed a significant increase during
the considered period. The trends of individual emissions according to the 1990 level are
shown in Figure 9.

Figure 9. Trends of individual emissions according to the 1990 level [73].

The most important sector responsible for total greenhouse gas emissions is energy,
including transport, with 67%, while transport is responsible for 16% of total emissions.
Another significant source of emissions is the industrial processes and product use sector,
which accounts for 23% of total greenhouse gas emissions. In this sector, emissions are
produced mainly from the technological process of mineral processing, chemical production
and the production of steel and iron. Agriculture accounts for 6% and waste treatment for
4% [73].

In terms of carbon dioxide emissions, a key sector is road transport using diesel
engines, which is responsible for 24% of total CO2 emissions, followed by fuel combustion
(17%) and iron production (16%). More than an absolute expression of the number of
emissions, it is more interesting to look at the changes in the trend compared to 1990,
where road transport shows an increase of 30%, fuel combustion a decrease of 35% and
iron production by 50% [73].
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3.3. Projections of Future Development of Key Energy and Ecology Indicators

The future development of the energy mix of the Slovak Republic will depend mainly
on the effort to comply with the established ecological goals of the EU and the effort
to ensure cheap, ecological, and stable electricity for industry and the population. A
significant shaping factor will also be the reduction of emissions in the transport sector,
where high legislative support for electromobility can be expected, which may endanger the
stability of the electricity system. The future threat to the stability of the electricity system
is based on both an increase in consumption points with high power-outputs levels but
also an increasing share of renewable sources in the energy mix, which are characterized
by fluctuations in production. The long-term forecast of the development of the use of
renewable energy sources assumes that the share of RES in total energy consumption in
2040 will be at the level of 22%, and the share in electricity production at the level of 25%.
The forecast for the development of this key area is shown in Figure 10.

Figure 10. Future trends of RES share in total energy mix [73].

The most fundamental change in the energy mix, which will define the energy sector
of the Slovak Republic for several decades, is the expected launch of the third and fourth
reactors of the Mochovce nuclear power plant with an installed capacity of 2 × 470 MW.
The start of commercial operation of the third reactor is expected in IV. Q 2021, the fourth
reactor should be launched in 2023 according to the current pace of work. After the
completion of these energy sources, Slovakia will become an export country, from the point
of view of electricity production. In 2030, the installed capacity is expected to increase
to 8720 MW, of which RES will contribute to 4630 MW. The energy concept assumes an
increase in the load on the electricity system up to 5250 MW [73].

The future concept does not envisage the use of the Nováky thermal power plant,
the Vojany thermal power plant will be used only if its conversion to the use of more
environmentally friendly fuels (wood chips, waste) is an economically advantageous
decision and the price of electricity produced in this way will be adequate for its use
in the distribution network. The high price of gas and the low price of electricity do
not indicate the development of the use of the steam-gas cycle. The hydropotential of
the Slovak Republic is used to 71% and theoretically it would be possible to build new
hydropower electricity plants with a total installed capacity of 241 MW and a production
of 1900 GWh [73], but high investment intensity, negative public attitude reflected in
complicated EIA process mean a low probability of significant development of this energy
sector.

The period around 2030, when there will be a loss of financial support for photovoltaic
power plants built in 2010–2012, seems unstable. In total, up to 530 MW of installed
capacity is at risk, which may be missing both in the Slovakia’s EU targets for RES and in
the electricity production system, of course only in the case if owners decide to end their
operation after the loss of the government financial support.
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In the long term, the concept also envisages the construction of another nuclear power
source, but it does not envisage it until the end of operation of last two reactors of the
Jaslovské Bohunice nuclear power plant after 2045. The new nuclear power plant should
have an installed capacity of 1200 MW and should be located near the decommissioned
nuclear power plant in Jaslovské Bohunice. However, such a large installed capacity would
currently represent a high load on electricity systems, which is why the construction of a
560 MW pumped-storage hydroelectricity power plant is being considered in the future,
which should be able to work with a weekly cycle by accumulating the weekend surplus
from nuclear power plants and use it during demand peak in working days. This pumped
storage power plant would also play an important role in balancing the production of
future wind and photovoltaic power plants.

The development of the amount of greenhouse gas emissions within the Integrated
National Energy and Climate Plan of the Slovak Republic is projected according to two
scenarios—WEM (scenario with the application of existing measures) and WAM (scenario
with the application of other measures). Projections of greenhouse gas emissions prepared
according to the WEM scenario, which is equivalent to the EU reference scenario 2016
(EU 2016 RS) for the years 2015–2040 (with a view to 2050) are shown in Figure 11. Year
2016 was designated as the reference year for modeling greenhouse gas emissions for all
scenarios for which verified data sets from the national greenhouse gas emissions inventory
were available. The scenario is based on the logic of the EU 2016 RS scenario and includes
policies and measures adopted and implemented at EU and national level by the end of
2016, including the measures needed to achieve the 2020 renewable energy and energy
efficiency targets.

Figure 11. Projections of greenhouse gas emissions prepared according to the WEM scenario [73].

The WAM scenario includes ways to achieve various combinations of ambitious
energy efficiency, renewable energy and 2030 emission reduction targets. The WAM
scenario analyzes the possibility of achieving the EU’s 2050 emission reduction targets
(i.e., carbon neutrality). The scenario includes Slovakia’s participation in the EU emissions
trading system after 2020 and intermediate targets for renewable energy sources and energy
efficiency, construction of new capacities for nuclear energy production, while maintaining
its key role in the production mix. The projection of emissions according to the WAM
scenario is shown in Figure 12.
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Figure 12. The projection of emissions according to the WAM scenario [73].

Both scenarios work with the division of total emissions with the implementation or
omission of LULUCF measures, i.e., land use, land-use change, and forestry. These are
measures that can, by their nature, reduce greenhouse gas emissions, by capturing CO2 as
biomass grows.

4. Comparison of the Energy Mixes of the “Visegrad Four” Countries (Extended by
Austria)

The energy mix of the Slovak Republic is relatively unconventional in other European
countries with a high share of nuclear energy in electricity production (approximately
55%). Only countries such as France (67%), Ukraine (52%), Hungary (47%) and Bulgaria
(41%) have the closest values of the share of nuclear energy [49]. For better clarity, the
energy mix of Slovakia will be compared with other countries of the Visegrad Four (Czech
Republic, Hungary, Poland), which will be extended by Austria. In addition to energy
mixes, available indicators quantifying greenhouse gas emissions will also be compared.
The most current essential economic and energy indicators characterizing the compared
countries are summarized in Table 2.

Table 2. Essential economic and energy indicators of compared countries [49,72,78].

Indicator Slovakia Czechia Poland Hungary Austria

Number of populations (mil.) 5.45 10.72 37.80 9.63 9.04
GDP per capita (USD) 34,815 42,956 35,957 35,088 57,891

Electricity consumption per
capita (kWh) 5241 7534 4159 3500 7716

Employment in industry (%) 36.34 37.87 31.33 30.18 25.62
Employment in services (%) 60.75 59.27 58.11 64.84 70.07

Employment in agriculture (%) 2.91 2.87 10.56 4.98 4.31

Figure 13 and Table 3 show the structure as well as the absolute per capita consumption
of primary energy of each country. The size of energy consumption reflects the position of
countries in terms of their economic performance as well as the structure of the economy.
In this comparison, Austria has the highest primary energy consumption of 45,862 kWh
per capita, followed by the Czech Republic (43,940 kWh per capita), Slovakia (33,171 kWh
per capita) and Poland with 30,880 kWh per capita, the last country in this comparison is
Hungary with 28,278 kWh per capita.
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Figure 13. Structure of per capita primary energy consumption of compared countries in 2019 [49].

Table 3. Per capita primary energy consumption by source of the compared countries in 2019 [49].

Country
Primary Energy Consumption by Source (kWh/pers./year)

Coal Oil Gas Nuclear Hydro Wind Solar Other RES

Austria 3904 17,002 9939 0 11,263 2056 374 1324
Czechia 15,699 11,149 7788 7007 465 162 529 1141
Slovakia 5813 8651 8889 7027 1927 1 267 596
Poland 14,006 9858 5378 0 128 983 47 480

Hungary 2258 10,580 10,130 4165 56 186 354 549

All the considered countries are members of the European Union and are subject to
the same obligations arising from the effort to reduce greenhouse gas emissions. From this
point of view, an interesting view of the share of low-emission sources in the total primary
energy consumption is shown in Figure 14. The category of low-emission sources includes
the use of nuclear energy and renewable energy sources (except for the use of traditional
biomass). A positive finding is the trend of increasing use of low-emission sources among
all countries. By synthesizing the information from Figures 13 and 14, we get a realistic
idea of the low-emission approach, as well as the mutual position of countries. The worst
position in this comparison is Poland, whose low-emission energy sources represent only
about 6% of total primary energy consumption. Poland has long been a country without
a nuclear energy source and uses domestic coal reserves in many thermal power plants.
Renewable sources are mainly represented by the use of wind energy and other RES
(geothermal energy in the southern part of the country). With more than 18% following
Hungary, it has a lower use of renewables than Poland, but generates electricity at the Paks
nuclear power plant with an installed capacity of 4 × 500 MW. The third place belongs
to the Czech Republic, which uses 21% of low-emission sources, in the case of the Czech
Republic the situation is again positively affected by the existence of a pair of nuclear power
plants Dukovany (4 × 510 MW) and Temelín (2 × 1082 MW) which are supplemented by
the use of renewable sources energy in the form of hydropower, solar energy and biomass.
Slovakia follows with a significant leap with almost 30% of low-emission sources, which is
caused by the massive share of nuclear energy in electricity production, but also by the
use of hydropower. In the first place is Austria, which ensures 33% of primary energy
consumption through low emission sources. In the case of Austria, which does not have a
nuclear power plant, as was the case in previous countries (except for Poland), this share
is more interesting. In terms of its geographical location and morphology, Austria has
significant potential for the use of hydropower in the Alpine region, as well as for the use

17



Processes 2021, 9, 1263

of wind energy in the eastern flat part of the country. Significant state support also enables
the efficient use of solar energy and biomass.

Figure 14. Share of low-emission sources in primary energy consumption (1965–2019) [49].

In the production of electricity, where the development is shown in Figure 15, the
situation is different. Slovakia and Austria are in first and second place with almost 80% use
of low-emission sources for electricity production, with Hungary following 62%, the Czech
Republic 49% and Poland 16%. In this comparison, two factors come to the fore—the use
of nuclear energy (Slovakia, Czechia, Hungary) and the existence of significant potential
for RES in the country (Austria).

Figure 15. Share of low-emission sources in electricity production (1965–2019) [49].

Unsurprisingly, the biggest polluter in terms of CO2 emissions is Poland, which
emitted 322 million tons of carbon dioxide into the atmosphere in 2019. It is followed by
the Czech Republic with more than 100 million tons, Austria 68 million tons, Hungary
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49 million tons and Slovakia at last place with 33 million tons. Looking at the last period
of development shown in Figure 16 (left), it is possible to speak of a steady course with
relatively small fluctuations caused, for example, by the decline in economic activity in
2008, when the global economic crisis swept the world. However, the absolute values do
not necessarily indicate the real state of the issue, if we look at the number of emissions
per capita, the Czech Republic will significantly come to the fore. The development of this
indicator is shown in Figure 16 (right).

Figure 16. Historical development of total (left) and per capita (right) carbon dioxide emissions [79].

The above summary and the development of key indicators have highlighted several
interesting findings in the approach to ensuring a balance between the supply of stable and
cheap electricity and, on the other hand, reducing CO2 emissions. From the point of view
of efforts to move away from the direct use of fossil fuels, especially in transportation sector
and their replacement by electromobility or hydrogen, the provision of stable low-emission
sources of electricity is a very important factor. On the example of the compared countries,
we see two directions in this approach.

The first is the building of large hydro and wind energy sources (marginally also
solar farms) in Austria. In this case, there is a synergistic effect of the work of pumped
storage hydropower plants (more than 5 GW of installed capacity) built in the Alpine
region, with large wind farms in the eastern part of the country. Pumped storage power
stations allow to accumulate the electricity produced by wind power at a time of large
supply but low demand for electricity. Later, at electricity load peak times, pumped storage
plants supply this energy to the distribution network. It should be noted that Austria
has specific possibilities in terms of geomorphology and hydrology. Nevertheless, total
CO2 emissions as well as per capita emissions are higher than, for example, in Slovakia or
Hungary, which is caused by high standard of living of the population of Austria. With a
high standard of living, there is always an increase in energy consumption, whether in the
housing sector, but also in transport and leisure. Reducing emissions in these segments
will be a difficult task for Austria’s government, as it will have to persuade the population
to reduce frequency of their energy intense habits or to pay more for the same but more
environmentally friendly activities.

The second approach is a significant share of nuclear energy, as we see in the case of
Slovakia, where nuclear energy contributes more than 50% to electricity production and the
low-emission part of the energy mix is supplemented by hydropower and only marginally
by other renewable energy sources with unstable nature of the operation. On the example
of these countries, we see a completely different approach to the structure of the energy
mix as well as to its further direction. It is likely that Austria will address the increase in
energy consumption as well as the agenda for reducing greenhouse gas emissions mainly
from renewable energy sources, as nuclear energy is not popular in the country. Resistance
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to nuclear energy peaked in 1978, when residents in a referendum rejected the launch of the
completed nuclear power plant Zwentendorf [80], which is a unique situation in the global
perspective. On the contrary, from the above presented information it is clear that the
Slovak Republic expects to launch and build additional nuclear resources. In this view, it is
an interesting cross-border relationship between a strong opponent and a supporter, which
brings complications in the form of behind-the-scenes as well as open political struggle
on the international stage. In efforts to achieve a low-emission or carbon-neutral future,
both countries rely on proven practices or on the overall potential of the territory, which
translates into technically usable renewable energy potential, which is estimated at between
219 and 359 TWh/year [81] for Austria and 56 TWh/year for Slovakia [82].

If we accept the fact that the low-emission future of most processes (especially trans-
port and industry) is associated with their massive electrification, both countries will have
to continue to use stable sources of electricity. From the comparison of the potential of
RES, it is clear that a massive retreat from nuclear energy in Slovakia is not technically
possible and would pose a threat to the stability of the transmission and distribution system
(taking into account the small potential for the expansion of stable hydropower electricity
sources). Based on available information, other Visegrad Four countries are also planning
a low-emission future of the energy mix based on the model of Slovakia. Thus, building a
strong base in nuclear energy (new planned 1000 MW nuclear power plant in Poland, ex-
tending the life of nuclear reactors in the Czech Republic and building a new nuclear power
plant until 2037, new nuclear reactors in Hungary in 2027, etc.), complemented by strong
renewable source and a smaller proportion of other renewables of regional importance,
which complement the overall energy mix and which are easily replaced by hot reserves
(e.g., gas power plants) of small installed capacities or regulated by pumped storage. In the
case of Slovakia, the use of hydropower is a strong renewable source; in the case of Poland,
it could be wind farms in the north of the country in the Baltic region, and Hungary could
use the potential in wind or solar energy. More problematic is the Czech Republic, which,
due to its geographical location and morphology, does not have significant potential in one
major and stable renewable energy source. An approach embodying the interconnection of
nuclear energy and renewables is thus likely to dominate the evaluated area of the east part
of the European Union, which will allow operation of a stable interconnected electricity
system.

However, a similar approach is not only dominated by the countries of the former
“Eastern bloc”, the situation has long been similar in France but also in Finland, which is
completing the construction of new nuclear reactors. The second approach in the form
of the widest possible use of renewables is represented in Norway, Denmark, or Sweden,
which use the huge potential of renewables (hydropower, wind energy, biomass energy).
Germany has a slightly different position, which does not have a dominant, strong and
stable renewable resource. It seeks to combine many sources, which contribute to the
complexity of electricity system management as well as enormous financial costs for energy
sources themselves. Complication also brings the building of new lines of high-voltage
transmission system that must transfer electricity from the Baltic Sea wind farms to the
industrial south.

The success of individual approaches in terms of reducing greenhouse gas emissions,
i.e., the promotion of nuclear energy or the promotion of exclusively renewable energy
sources, will be possible to evaluate only in the future, when it will be possible to compare
the predicted scenarios with reality. However, we are already seeing a few examples of
countries that have nuclear-based energy (France), nuclear energy and renewables (Sweden)
and whose emissions are among the lowest in Europe. On the contrary, countries like
Germany with a huge installed capacity in renewable energy sources, despite enormous
efforts and financial costs, still produce a large amount of greenhouse gas emissions. On
this basis, it can be predicted that the European energy sector (as well as global energy
sector) will not be able to achieve the required reductions in greenhouse gas emissions
without the use of nuclear energy, as not every country has the potential and opportunities
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to use renewable energy sources. It is these countries that will have to rely on nuclear
energy when switching from fossil fuels. Closely related to this is the speed of transition
to low-emission sources. The construction of photovoltaic power plants or wind farms
is relatively timesaving in comparison with the construction of nuclear power plants or
hydroelectric power plants. This fact is visible especially in the construction of nuclear
power plants in Europe, when almost every currently constructed project is not only
extended but also more expensive (for example, Flamanville, Olkiluoto, Mochovce). Delays
and frequent construction errors that need to be corrected may to some extent be linked to
the inexperience of companies with similar types of contracts, as there has been a slowdown
in the construction of nuclear power plants in the past and know-how acquired over the
years has been lost. However, these problems can be solved by the increased intensity of
construction of these energy sources as well as the introduction of modular construction of
reactors of uniform European design. However, even in trouble-free construction, it is often
necessary to consider a construction time of 7–10 years. The transition to zero-emission
energy therefore brings problems of long construction times of energy resources as well as
investment costs. These investment costs will have an impact on energy users in the form
of increasing final prices due to various surcharges and charges for energy consumed or
reserved capacity. However, it is the increase in prices that can be another impetus in the
effort to reduce the consumption of primary energy sources, which is a highly desirable
phenomenon. In addition to the undesirable financial consequences, the transition to zero-
emission energy is accompanied by fears of possible threats to the stability of the electricity
system due to a geographical imbalance in electricity production and consumption.

Both presented approaches have their advantages and disadvantages. The question
remains what the costs will be for rebuilding the energy mixes of the countries, which
will translate into a final price for the consumer and how stable the European common
distribution network will operate. These are all questions that we will receive answers to
in the next decade.

5. Conclusions

Global climate change brings many negative effects that fundamentally change the
living environment and way of life of human society. Negative impacts in the form of loss
of living space due to rising sea levels, lack of drinking water for personal consumption
as well as agriculture and industry, extreme weather events and long-term changes in
temperature profile, spread of new diseases, famine, migration or deteriorating air quality
expose to adaptive pressure large amounts of biological communities, including humans.
Today, most scientific organizations and leading scientists in the field of climate already
attribute the global climate change to anthropogenic human activity associated with the
use of fossil fuels and rising levels of carbon dioxide in the atmosphere. According to
various studies, it is important to keep the global temperature rise to 1.5 ◦C compared
to the temperature before the Industrial Revolution. This is also the aim of the efforts
of the countries of the European Union, which have set themselves an ambitious goal
in reducing emissions by 2050 and in the wider use of renewable energy sources. In
addition to energy savings, a change in the structure of the energy mix is a fundamental
prerequisite for success on the path to a carbon-neutral or negative future. The presented
article dealt with the possibilities of changing the structure of used energy sources in the
long term. The comparison of selected countries—Slovakia, Czechia, Poland, Hungary,
and Austria—brought two different approaches to the issue. The first is the massive use
of the potential of renewable energy sources in the form of hydropower and wind energy
in Austria. In this case, the country uses to the maximum extent geomorphological and
hydrogeological conditions, while not yet fulfilling the technical potential for their use. The
use of hydropower in the production of electricity is a stable element that positively affects
the security of the transmission system, and in addition, pumped storage hydropower
plants can properly regulate the volatile production of electricity from large wind farms
in the east of the country. On the contrary, other countries do not have such a significant
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potential in renewables, and in the pursuit of emission-free energy they must rely on the
use and further development of nuclear energy, which is supplemented to a lesser extent
by renewables. From this point of view, an interesting example is the case of the Slovak
Republic, which uses a significant share of nuclear and hydropower to produce electricity.
An emission-free approach to electricity generation will be crucial for the future, as most
efforts to greening processes is their electrification, whether it is passenger and freight
transport, various types of industrial processes or the production of hydrogen as the green
fuel of the future.
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Abstract: The question of electromobility is greatly discussed theme of the present especially in
connection with the reduction of greenhouse gas emissions. In order to fulfill decarbonization
targets, incentives of many countries lead to the support of electromobility. In this paper we ask
to which extend are Visegrád Group countries prepared for the widespread utilization of electric
cars and define a new coefficient K called the infrastructural country electromobility coefficient. Its
computing is covered by appropriate analysis and calculations done previously. Several indices
that keep particular information about the state of preparation for electromobility are defined and
debated here, as well. Their product forms the coefficient K. Obtained results include outcomes
and discussion regarding the level of infrastructural electromobility preparedness for the chosen
states, among which we extra focus on the position of Slovakia compared to the European Union
average and European electromobility leaders. Based on the data obtained, we found out that the
stage of preparation of Slovakia for electromobility among Visegrad Group countries is rather good,
although it is far behind the European Union leaders. We realized that there was a rapid growth of
electromobility infrastructure in Slovak Republic in the last five years as its infrastructural country
electromobility coefficient grew 334 times.

Keywords: charging stations; infrastructural country electromobility coefficient; electric vehicles;
electromobility; infrastructure development

1. Introduction

The European decarbonization targets to reduce greenhouse gas emissions by around
20% with respect to 2008 levels until 2030 impose significant economical, social and techno-
logical challenges in which electromobility plays a key role [1]. Over 71% of the transport-
related CO2 emissions in Europe come from road transport while the majority of green-
house gas emissions is associated with cars. Hence, the aim is to reduce, if not to forbid,
the utilization of conventionally fueled vehicles in cities until 2050 [1]. Electric vehicles do
not cause the local pollution. The widespread use of electric cars instead of conventionally
fueled ones will reduce the greenhouse gas emissions as well as environmental impacts
from transport. Therefore, the electromobility topic is super highly up to date. This is
evidenced by a number of scientific studies that have been published in recent years.

While in 2014 the battery electric vehicles (BEVs) and plug-in hybrid vehicles (PHEVs)
constituted only 0.5% of the total new vehicle registrations in the European Union [2], the
world market of nowadays indicates the boom in sales of electric vehicles (EVs) and that
the growth rate of worldwide sales is exponential [3]. Regions of China, Europe, and USA
made up over 90% of global electric cars sales. The world statistics on battery electric cars
plus plug-in hybrid electric cars sales can be find at Figure 1 (own adaptation based on [4]).
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Figure 1. Global electric cars sales according to world’s regions, (source: elaborated by authors based
on [4]).

In this paper, we asked a question to which extend are countries of Visegrad Group
(Czech Republic, Hungary, Poland, Slovak Republic) prepared for the widespread uti-
lization of electric cars-in what follows, the car electromobility, or simply, electromobility.
Before all we target on the electromobility preparation of Slovakia and compared it with
V4 countries, European Union (EU) average, and selected electromobility leader coun-
tries of Europe. Aiming to reach our goal we have formulated the following 4 questions
of research:

Q1: To which extend are Visegrád Group (V4) countries prepared for the widespread
use of electric cars (car) electromobility (from the infrastructural point of view)?

Q2: Compared to European electromobility leaders and European Union average what is
the situation in Visegrád Group countries considering the preparation for (car) electromobility?

Q3: Compared to V4 countries what is the situation in Slovakia as a member of
Visegrád Group countries considering the preparation for (car) electromobility from the
infrastructural point of view?

Q4: Compared to European electromobility leaders and European Union average
what is the situation in Slovakia considering the preparation for (car) electromobility from
the infrastructural point of view?

One of the main contributions of this paper is the data collection. Their processing,
analyzing and visualization provided a comprehensive view of preparation for electromo-
bility in the Visegrád Group countries from the infrastructural point of view. A comparison
of their situation with European leaders in the field of electromobility and with the EU
average made it possible to specify more in detail their position within Europe. Among V4
countries, the position of Slovakia has been investigated more in detail and compared to
both situation in European electromobility leading countries and EU average. The drawing
of the maps of fast charging stations’ distribution in Slovakia showing the situation in both
2018 and beginning of 2020 help to understand the development and trend tendencies
within this area in the last years. Another contribution is the introduction of the infras-
tructural country electromobility coefficient, the index K, and its calculation for selected
countries, that allows the easy cross-countries comparison considering the state of their
(car) electromobility preparation from the infrastructural point of view.

2. Literature Review

The low carbon energy technologies should be developed and implemented in a cost-
effective way under the Strategic Energy Technology Plan of the European Commission [5].
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In [6] by Straka et al. the possibilities and limitations of electromobiles utilizations have
been studied. Authors focus on electric cars and charging stations as the key element in
electromobility development. They discuss the finance, legislation, landowners, location,
electric cars quantification, technological and other aspects that affect electromobility
development. The important element of electromobility deployment and expanding has
been studied in [7], as well. Shafiei et al. took into account a tax-induced electric vehicles
transition here. Authors combine a technical-economic simulation model of an integrated
energy transmission system with a macroeconomic model of general equilibrium. The
impact of the new government’s tax reform proposal is compared with the current vehicle
taxation policy, as well as with other incentives for EVs, which include a tax exemption,
and a ban on the sale of new diesel vehicles. They examine individual scenarios in a wide
range of future changes in fuel prices and emission cost reductions. The results show
that the overall macroeconomic benefits will be negligible, but, sustainable and beneficial
in the long run. Although a tax-based technological solution to support electric vehicles
deployment will allow for long-term reductions in greenhouse gas emissions, it will not
be enough to meet the short-term climate goals. The study on electric vehicles transition,
obstructions, advantages, and likewise the socio-technical aspects followed through the
multi-mode interaction and the multilevel perspective configuration was performed by
Lin and Sovacool in [8]. In their contribution, the conceptual framework of interaction
with several regimes is visible. It illustrates the interaction between BEVs and other
technologies, especially PHEVs. Authors summed up that BEVs may have an alignment
and re-alignment path or a reconfiguration path depending on the interaction between
different technologies.

An interesting view on the theme referred Ryghaug and Skjølsvold in [9]. Authors
claim that the general awareness indicates that transition to the electromobility is the
consequence of a focused policies package for demand stimulation. The country of interest
was Norway. The policies were initially pursued to support the progress of a Norwegian
electric vehicle industry. Their paper focused on how the policies work, how the electric
cars are produced and how their effects adapt across geographical borders. The electric
vehicle sales on the present and historical data basis in the Norway and Netherlands with
the visions for the future have been analyzed in [10]. The specific dynamic model was used
and upgraded here. Empirically, the model validation and evaluation were performed by
executing three types of tests. Additionally, two particular model parts were detected for
the further enhancement. Authors found out that in the connection with the transition to
the new fossil fuels, new emission limits for manufacturers need to be introduced, as well.
The findings suggest that only strong incentives have led to a high share of zero-emission
vehicle sales in the Netherlands and Norway. Norwegian market was scrutinized also by
Hovi et al. in [11], who screened the impressions from battery-electric truck consumers.
This case study reported that perceptions were mostly positive. Nevertheless, the tailoring
of use patterns signified quite solicited element. Already in 2013, the share of EVs on
Norwegian new vehicle market was 5.8%. 80% out of these vehicles were owned by private
possessors. Figenbaum et al. in [12] described the Norwegian electromobility story and
gave some explanations to the Norwegian development. The inspiriting incentives, as
well as interactions between private enterprises, non-government organizations, public
authorities, and taxation system, that influenced the vehicle purchase, and supported the
Norwegian electromobility diffusion, have been discussed here. Norway well managed the
electromobility challenges and became European electromobility leader and the trendsetter
for many countries. Authors point out the importance of social networks, which play an
important role in the purchase of EVs. They found out that in average 36% of the EVs
owners have friends who bought an electric vehicle after they had information about the
experiences with electric vehicle from these friends and another 34% now consider buying
an electric vehicle, what creates a potential for the market. The potential growth of EVs
share in rural areas will be easier to be realized when the technological developments
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secure a longer range of electric vehicles, more charging stations are at the hand, and there
is more of information on electric vehicles energy efficiency [12].

The analyses of the Norwegian electric vehicle story became an inspiration for other
(not only European) countries, as Norwegian policies led to the world’s fastest diffusion of
EVs. An important role played the interaction of events in and between the niche, regime
and landscape levels, how it shaped the Norwegian electro vehicles policies that led to the
world’s fastest diffusion of EVs, also at user adoption from a socio-technical perspective.
The process started in urban regions but is now covering other locations, as well [13]. The
incentives history of some countries, such as Norway, has been known for decades of
years [14], while the stimuli of other states, such as Slovakia, are only very recent [15].
Clearly, new standards for fuel consumption and emissions, together with grants and
changes in national vehicle taxation created more demand for electromobiles [16] of all
kinds and greater cognizance of electromobility.

Except of a few European countries such as Denmark, France, Germany, Netherland,
the amount of electric vehicles in Europe is limited—see the development of annual regis-
trations of BEVs and PHEVs in Europe at Figure 2 (own adaptation based on [17]). Despite
many environmental benefits, the penetration is rather poor what might be explained by
certain factors that daunt eventual purchasers. Therefore, EU states raise stimuli in order
to balance these factors and support electromobility. The most important policy instru-
ments to promote the use of EVs are tax and infrastructure measures along with financial
incentives for purchasing and supporting R&D projects. The available information allowed
authors of [18] to conclude that higher penetration levels of EVs appear in countries where
the registration tax, the ownership tax, or both taxes have developed into a partial green
tax by including CO2 emissions in the calculation of the final invoice. The countries with a
more intensive use of EVs also fund charging stations to facilitate local electromobility [18].
The current challenges and perspectives of the development of electromobility both under
the conditions of the EU and on a global scale were discussed in [19] too. The authors
derived several recommendations concerning the development of electromobility in the
EU. They point out to the importance of related services, such as the possibility of simple
payments within the system, flat rate payment, management of vehicle charging over time,
a detailed overview of the functionality and availability of charging stations or customer
support. They consider electric vehicles being useful in meeting the goals to be achieved
by introducing the zero-carbon urban logistics in the centers of major cities until 2030 [19].

 

Figure 2. Annual registrations of battery electric vehicles and plug-in hybrid electric vehicles in
Europe, (source: elaborated by authors based on [17]).

30



Processes 2021, 9, 222

Johansen in his diploma thesis [20] sees electric mobility as the key technology that will
replace fossil energy in the long run. He claims that “looking at the e-mobility research area,
little research has been focused on measuring maturity within the field” and that during his
literature research he found “only one piece of literature focusing on evaluating maturity
on battery electric vehicles”, namely [21]. In fact, beside other literature, he sources
from 2 papers, [21,22], where the latter one presents an improvement of the approach
presented in the first one. Based on the literature review Johansen in [20] understand the
concept of electromobility as a complex system consisting of the following parts: smart
grids, general infrastructure-intelligent charging and transport systems, policy aspects
and regulation, economic aspects, sustainability, business models and market integration.
Author in the thesis presents an electromobility maturity model-a framework for measuring
electromobility readiness of countries. The chosen maturity indicators for e-mobility were
sustainability, regulation, infrastructure, economic factors, consumer perception, and
market integration. The model was constructed through an iterative process by going back
and forth between through data to establish validity. It was evaluated by its application on
Denmark and Germany. Based on the qualitative data it was found that the maturity of
e-mobility is the same in each country, although it is strong in different indicators.

Papers [21,22] deal with the question how to identify whether the introduction of
EVs is sustainable in megacities, as the potential for sustainable success depends on many
local conditions such as energy mix, traffic and climate flow and even parameters like the
human development index or corruption index. Authors focus only on BEVs and do not
include any form of hybrid electric vehicles or two-wheelers in their calculations. They
define the electromobility potential index—the parameter that should help the decision
makers uncover the potential for sustainable and successful introduction of these vehicles
in megacities, and answer the questions whether the city itself is ready for that and whether
it provides supporting boundary conditions. Deriving three key topics–readiness, user
acceptance, and sustainability, in [22] the five key performance indicators have been iden-
tified: consumption, environmental impact, costs, infrastructure and socio-demographic
conditions. With the help of numerous formulae using quantitative data from many sources,
authors derive the values of the key performance indicators and some other performance
indicators in order to define the values of the electromobility potential index for 47 major
cities. The modified composition of the electromobility potential index presented in [21]
combines only four key performance indicators and their respective weightings. In order to
have linearly independent data the consumption indicator has been removed, as its effects
are already accounted in infrastructure indicator and costs indicator. The electromobility
potential index has been in [21] recalculated for the set of all cities from [22] except of
Riyadh, what effect in permutation of the sequence in which the cities stand according to
descending electromobility potential index values. It was shown that in general, cities with
well-developed infrastructure, high living standards and reliable governance show the
best boundary conditions for successful and sustainable introduction of BEVs. The robust-
ness of the electromobility potential index calculation has been confirmed in [21], as well.
Higueras-Castillo et al. in [23] studied the marketing angle of view towards electromobility
development. The crucial goal laid in the appreciation of the consumer attitudes towards
electromobility. This recent study indicated the factors of perceived consumer effectiveness
understood as the consumer’s assessment of his/her ability to contribute to specific results
of sustainable development via specific behaviors. The conclusions of this study should
be facilitated in order to improve established marketing strategies. The results show that
trust and external incentives are the main factors when buying a battery electric vehicle or
plug-in hybrid electric vehicle. Perceived consumer effectiveness has a significant impact
on the intent. The effect of green self-identity on attitude is noticeable in consumers with
high levels of perceived consumer effectiveness [23]. According to 2018 statistics China is
the world largest market with over 1,000,000 battery electric cars sold, followed by Europe
(over 385,000 battery electric cars sold) and USA (over 361,000 battery electric cars sold).
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At the other hand, the China’s share is 4.5% and USA’s share is 2.4%, while the world’s
highest market share, 46% (in 2018) for electric car sales, is associated to Norway [4].

Many studies pay attention to the manifold policy tools of individual countries that
try to motivate moving to the BEVs and PHEVs. One of them is [24], where the emphasis
was put on Greece. The work brought three policy assistance stimulants with regard
on encouraging the utilization of the EVs until 2030. The results of the research show
that the use of direct subsidies is more advantageous compared to the carbon taxation
system. Similar stimulants have many European countries—see [25]. The consumer
attitude towards electromobility has been studied in [26], as well. Authors focus here
on electric vehicles, more concretely: plug-in hybrid electric vehicles, range extended
electric vehicles, and battery electric vehicles. Although these electromobiles are perceived
as secure and environmentally friendly, the high purchase prices form barriers for the
widespread utilization of electric cars. Bühne et al. claim that these obstacles can be reduced
by benefits in the shape of financial measures such as tax and energy cost reductions and
dense network of charging stations [26]. On the model example of Germany authors discuss
the use of different promotion measures by the national government that can enhance the
market share of electromobiles and based on Norway experiences they postulate that tax
exemptions can raise the stock of electromobiles quite quickly.

The development of the electromobility sector in the EU and its particular states
with focus on Poland was estimated in [27]. The situation was compared with the one in
Switzerland and Norway. Tucki et al. present a method for calculating primary energy
which has been evaluated on the basis of methods proposed by the Fraunhofer Institute.
Validation was performed based on a comparison of 4 proposed methods. It was proved
that the method suggested by the authors is the most accurate. Increased demand for
electric vehicles has been reflected in lower CO2 emissions. Drożdż and Starzyński in [28]
presented the legal regulations implemented in Poland in the area of electromobility.
Similar issues were also addressed by Sendek and Matysiak. They monitor electromobility
in Poland with the introduction of BEVs and the most important factors stimulating its
development [29]. As the road transport is one of the major sources of air pollution in
this country, the most important factors stimulating the current state of electromobility
and its development were in focus of several research studies—see e.g., [30–33] and many
others, where the country of the primary interest was Poland. Kupczyk et al. in [31]
presented actual trends as well as forecasting changes regarding the markets of chosen
alternative fuels and the market of EVs. The legal framework was considered in this paper,
as well. The research has been formed on a score-based sector attractiveness method to
compare the selected units-the biofuel and the electric car markets. Electric cars along
with charging stations have been discussed by Kłos et al. in [32]. The effort to specify the
impact on the demand for power and energy in the Polish electric power system caused
by utilization of electric cars was the main point presented here. Kłos et al. consider it
being necessary to take into account the development of electromobility both at the level
of production and its transmission and distribution. The results of the research show
that the impact of electromobility on the system depends mainly on the development of
load curves associated with car charging. Authors prefer charging EVs during the night,
what should be encouraged at the expense of discouraging fast charging during the day
by an appropriate economic, legal, and technical environment. The connections between
charging stations infrastructure and mentioned electric power system were analyzed by
looking at the current conditions on the one hand, and by looking at the future and possible
issues on the other hand. The potential negatives of the matter for the same country have
been presented by Drożdż in [27]. Although no greenhouse gas emissions are generated
directly from the operation of EVs, a significant amount is produced during the production
in power plants. In some Central European countries, the efficiency of primary energy
consumption for the end users is half of that in the most efficient countries. In the case of
greenhouse gas production, there is up to 5.8 fold difference [33].
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The environmental impact of electric power production considering the issue of
electric vehicle operation has been discussed by Skrúcaný et al. in [34]. Authors show the
ecological footprint of electric vehicle operations focusing on selected European countries:
Austria, Czech Republic, Germany, Hungary, Poland, Slovakia, and Slovenia. The reduction
of greenhouse gas emissions by increasing energy efficiency, the share of zero-emission
electricity production, and encouraging electromobility in Hungary has been studied in [35].
The connections between CO2 emissions in Austria, Czech Republic, Germany, Poland,
and Slovak Republic and the public attitude to electromobility have been discussed by
Jursová et al. in [36]. Authors say that the inhabitants of Czech and Polish cross border
region are interested in electromobility. The results of the research confirm that they believe
in its ecological contributions and they would be interested in buying an electric vehicle
will not be the worries about its distance range, the existence of insufficient amount of
charging points, the high purchasing price and the worries on electric cars reliability.
The respondents indicate lack of information about this technology. Approximately 60%
of respondents consider the investment to be insufficient for the massive application of
electromobility for everyday life [36]. Igliński presented a research on electromobility
development in Central Europe and Eastern Europe in [37], where a comparative study
on electromobility development in Poland and another 10 countries including Slovakia,
Hungary and Czech Republic can be found. The development of electromobility in the EU
and in Slovakia has been studied by Daňo and Rehák in [38]. The paper has been published
in 2018. Based on the data obtained in the previous time period they found out that one of
the major problems hindering the development of electromobility in Slovakia is the lack
of charging stations in the network. The only exception was the capital city-Bratislava.
Another problem is the purchasing price of electric cars. It is at the level of 30,000 EUR,
which is a high price for an average Slovak. Some recommendations that might increase the
marketability of EVs in Slovakia can be found in [39] published by Rehák. The conditions
for development of electromobility in Slovak Republic have been studied in [6,40], as
well. On an example of the city Senec in [40] Hrudkay and Jaroš point out to a strategy
for the development of electromobility with the aim of building some ecosystem with a
gradual reduction of emissions from the local transport point of view. The options for
the local micro electromobility in Liberec Region of Czech Republic and in the Middle
Europe in general were discussed by Černohorský et al. in [41]. Authors highlight that the
development of electromobility in post-communist countries is not sufficiently supported.
They see opportunities in promoting personal mobility on a bicycle, which they compare
with the local public transport and individual car transport, in terms of time and cost. The
biggest problem in mechanical as well as electrical implementation of electric drive on a
bicycle addresses Svetlík in [42].

Based on the literature review provided, one can sum up, that the sustainable traffic de-
velopment is closely related to new technologies’ development focusing on the greenhouse
gas emission reduction and hence, searching for possibilities of the widespread utilization
of alternative fueled vehicles. Within these vehicles, electric cars have an important place.
The development of car electromobility depends on many different factors. Although
factors like purchasing prices of electric cars, personal income, stimulants and incentives of
government, benefits in the financial measures in the form of tax or energy cost reductions
and similar ones play an important role here, before all the existence of the dense network
of charging stations is crucial factor affecting the car electromobility. At the one hand, Euro-
pean countries with longer electromobility history have better electromobile infrastructure,
but also a greater number of electric vehicles in use. Other ones, like e.g., V4 countries,
are just at the beginning of their electromobility age, what is usually connected both with
lacking electromobile infrastructure and small number of electric cars in use. Therefore, our
questions on the extent to which these countries are prepared for the widespread utilization
of car electromobility from the infrastructural point of view are very up to date.
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3. Materials and Methods

In this paper we aim to answer the question to which extend are selected European
countries prepared for electromobility in the EU context and boundness juncture to selected
European countries.

In order to reach our goal, we asked four research questions. The answer to the all
research questions assumed a broad literature review. Hence, we conducted a literature
review on the topic, analyze the data obtained, summarize, process and visualize these
data via standard techniques with the help of tables, maps, and charts. The review was
conducted in a similar way as by Okorie et al. in [43] or Mohamad and Teh in [44]
based on principles of systematic review. Denyer and Tranfield in [45] point out to the
fact that systematic review has to be a self-contained research project and should not be
regarded as a literature review in the traditional sense, as its aim is to find an answer to
a clearly specified question. According to Moher et al. [46] systematic reviews should be
systematically planned and build on a protocol that describes the rationale, hypothesis,
and planned methods of the review. Following the ideas presented in [45,46] here we have
searched articles in the Web of Science, Scopus, IEEE Xplore, and Google Scholar databases.
In 2019 we set the end of 2014 as the starting point of our review as we aimed to work with
the data that are at most 5 years old. Although via manual screening of cross-references of
some articles we have found some more relevant publications exceeding our time range of
revised articles. As the work has been finalized only in 2020, we have processed also some
data that have been published until the end of March 2020. In order to get the most up to
date data we searched also statistical data published at Eurostat’s, European Automobile
Manufacturers’ Association’s, World Bank Group’s and many other web pages and online
databases from trusted sources such as Slovak Investment and Trade Development Agency,
Vienna Institute of Demography and International Institute for Applied Systems Analysis.
The most up to date news about technical parameters of nowadays electric vehicles and
firstly public presented plans about building new electromobility infrastructure we got
from a clean mobility exhibition—the Slovak Electric Car Salon 2020 in Bratislava. This
process led to the final list of data sources.

In order to obtain required information we have studied and cross-country compared
several relevant parameters such as the total number of cars, BEVs, and PHEVs registered
in country and its recomputation for 1000 inhabitants of the country, the total number
of charging stations, its recomputation for 1 registered plug-in electromobile, its recom-
putation for the area of the country, and its recomputation for 1000 inhabitants of the
country, the yearly percentage growth of associated infrastructure and so on. As the most
important building blocks of this infrastructure are the fast charging stations, we have
discussed their number per 100 km of highways in each country. Since we have focused on
Slovakia, we have studied the overall distribution of the fast charging stations in Slovak
Republic. The main problem was to determine some parameter that could be useful for
cross-country comparison considering the electromobility preparation, as analyzing both
the standard ways of measuring, counting, and displaying disparities between regions
via statistical tools such as the Atkinson index, coefficient of variation, Gini coefficient,
Hoover index, real convergence method, standard deviation, Theil index, and so on (see
e.g., [47–49]) and less known ones via graph theory means (see e.g., [50]), we could not
find the appropriate fitting one. Therefore, we have defined the infrastructural country
electromobility coefficient, abbreviated as K–a parameter for infrastructural cross-countries
(car) electromobility preparation comparison. For all the countries of selection we have
counted and discussed the values of the introduced parameter K, defined as follows:

K = Ep × Nk × Ne × Np, (1)

Ep is the number of (BEVs + PHEVs) per 1000 inhabitants of the country,
Nk is the number of public charging stations per km2 of the country,
Ne is the number of public charging points per plug-in electromobile,
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Np is the number of public charging points per 1000 inhabitants of the country.

Hence, clearly, K could be expressed in No∗km−2, in SI units only km−2, and
defined alternatively:

K = N3 × 106 × P−2 × A−1, (2)

N is the number of public charging stations,
P is the number of inhabitants of the country,
A is the total area of the country.

Obviously, the higher values of K refer to the higher extent of preparation of the
country for electromobility. Although K could be counted according to (2), we prefer the
Equation (1) to do so, as each element of Equation (1): Ep, Nk, Ne, Np, brings some particular
information on countries electromobility preparation:

The higher is the normalized value of the number of BEVs and PHEVs already used
by inhabitants of the country, the higher is the optimism about their worth utilization in
daily life, the higher is the overall information about the benefits of EVs, the more positive
is the overall environment towards electromobility, the more is the country prepared for
the widespread utilization of BEVs and PHEVs. Therefore, K is directly proportional to Ep.

Although it is important to consider the exact spatial organization of the charging
points within the country (as in the extreme case the charging stations can be concentrated
only in urban areas and nowhere else), one can expect that similarly like in the case of
mobile network providers, the large electric vehicle charging services providers would
focus on good (in ideal case equidistant) coverage of the country by public charging points.
Sure, the opportunities to charge a vehicle in big cities and the rest of the country might
differ, but considering the text above, the average number of public charging stations per
km2 of the country, Nk, also gives partial information about the infrastructural preparedness
of the country for EVs utilization. As the higher is the density of public charging stations’
net, the more comfortable is the travelling using an electric car (even of a smaller range), K
is directly proportional to Nk.

In a case of widespread utilization of EVs in the respective country, with the greater
number of electric cars in use the demand on charging infrastructure grows. If there
are more inhabitants of the country, there are more potential buyers of an electric car,
each of which would like to use it in a comfort way, hence, without the fear where to
charge it. Therefore, K is directly proportional to the number of public charging points per
1000 inhabitants of the country (Np).

The lesser is the number of BEVs and PHEVs per one public charging point (the inverse
value of the parameter Ne), the better is the public electromobile infrastructure and the
better is country prepared for the widespread utilization of EVs. Therefore, K is indirectly
proportional to the inverse value of Ne, or, conversely, K is directly proportional to Ne. In
mathematics, being directly proportional means that as one amount increases, another
amount increases at the same rate. Therefore, in our definition of K the multiplication
instead of addition is used, although the disadvantage of the calculation technique is
clear—a very wide interval of K-values counted for countries of diverse electromobility
incentives history.

Clearly, other indicators such as the average income or average vehicle prices should
have been considered in order to find out to which extent selected countries are prepared
for the widespread utilization of electric cars, as well. However, here we focus mainly on
the diffusion of electric vehicles in reference of the charging infrastructure, what is reflected
in the definition of the infrastructural country electromobility coefficient K. We understand
its utilization being helpful especially for customers that are considering buying an EV and
wonder whether the local environment and country infrastructure is satisfactory for its
daily use. It is expected that the distance range, safety, as well as economic, legal and other
aspects of purchasing an EV would be considered by customers separately.

On the basis of carried out review, calculations, and objectively critical analysis of
research results we have posted our conclusions regarding the research questions. The
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schema of processes that preceded the writing of this article is recorded at Figure 3 (own
structurogram based on the realized processes).

Figure 3. Structurogram of scientific approach and scientific work of the paper.
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3.1. The Choice of Reference Countries

In our study we focused on the situation in V4 countries. The countries of Visegrád
Group belong to Central European region and closely cooperate in several areas of common
interest within the framework of pan-European integration. All V4 countries achieved
the goal of being a part of the EU at the same time (1 May 2004), but not only their
EU history has had the same features. These countries have always been a part of the
same civilization based on the same cultural and intellectual values and common roots
of traditions. The list of their mutual cooperation projects is long, including the projects
relating to electromobility. In order to have the top and standard reference values for V4
countries comparison considering the electromobility preparation, we decided to analyze
the same types of data for V4 countries as for European electromobility leaders and compare
them with the EU average. EU is considered as the union of 28 states here, hence, inclusive
United Kingdom, as all the data subject to the EU are from the range of years 2014–2019.

According to Electric Vehicle World Sales Database [17] the European leader in the
share of electric vehicles within new sold cars referred to 2019 is Norway. It clearly
belongs to electromobility leaders of Europe. Although it is not a member of the EU, we
decided to add it into our set of selected countries. Among other European electromobility
leaders we have included into our countries of selection EU countries Denmark, Germany,
and Netherlands.

Norway, Germany, Denmark and Netherlands have high potential within electromo-
bility. All these countries have high level of economic power, good infrastructure and
there are a lot of government incentives towards sustainable technology, green energy, and
reductions of greenhouse gas emissions in these countries, as well. For example, Norway
has agreed upon a ban against emission cars in 2025, while Denmark has a 100% renewable
energy target towards 2050 [20]. Netherlands uses renewable energy from many different
sources (biofuels, waste, wind, sun, geothermal and hydro sources) and has one of the most
ambitious targets for climate-change mitigation—the 49% reduction in carbon emissions
by 2030 [51]. Germany has also ambitious plans towards green energy. Five years ago,
Germany’s share of renewable energy was 28% of its gross electricity consumption, with
a goal of achieving a 40% share by the end of 2020 [20]. Germany is also known for its
strong history in car manufacturing and for its ambitions being the front-runner country in
mobility and electromobility. Therefore, these countries have been chosen into our set.

3.2. Electric Vehicles-Cars

According to the degree that electricity is used in cars as their energy source there are
three main types of electric vehicles (EVs): battery electric vehicles (BEVs), plug-in hybrid
electric vehicles (PHEVs), and hybrid electric vehicles (HEVs): HEVs are powered by both
electricity and gasoline. PHEVs can recharge the battery through either external source
of electrical power or regenerative braking. The fully-electric vehicles with rechargeable
batteries and no gasoline engine are those of BEV category. Their high-capacity battery
packs allow using their electric motor and all onboard electronics without any harmful
emissions, what is the point towards global warming mitigation [52]. BEVs have to be
charged from an external source (for details on these sources see [53]).

3.3. The Data on Electric Vehicles-Cars

Actually, there are more than one million EVs in Europe. After the industry geared
up to meet the 95 g CO2/km target for 2020/2021, over 30 BEV and PHEV models were
introduced or improved in 2019. The EV sales in Europe noticed 44% growth in 2019 and
pushed the global BEV and PHEV share to 2.5%. The share leader for 2019 with 56% of new
car from the PHEV class was Norway, followed by Iceland (24.5%) and the Netherlands
(15%). The largest volume growth contributors were Germany, Netherlands and Norway
(see Table 2). Among other markets with over 1 million total sales in 2019, China lead
with a plug-in share of 5.2%, followed by United Kingdom (3.2%), Germany (2.9%), France
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(2.8%), and Canada (2.7%). By these facts within the year 2019 the Europe’s share in global
BEV and PHEV sales increased from 20% to 26% [17].

This trend is clearly notable from the time development of the total number of passen-
ger cars, BEVs and PHEVs in the last years. Tables 1 and 2 show these data for selected
European countries, EU average and V4 countries for time range 2015–2017 and 2018–2019,
respectively. These data were processed on the base of [16,25].

Table 1. The total number of passenger cars, BEVs (battery electric vehicles) and PHEVs (plug-in hybrid electric vehicles) in
2015–2017, (source: elaborated by authors based on [16,25]).

BEV PHEV
The Total Number of Passenger Carsat

the Turn of the Years

2015 2016 2017 2015 2016 2017 2015/2016 2016/2017 2017/2018

EU (incl. UK) 118,044 172,768 247,337 128,458 196,219 272,152 252,075,544 257,540,942 262,947,936
V4 1578 2041 3565 729 1131 2251 31,111,843 32,477,515 33,792,296

Czech Republic 1018 1090 1118 204 340 568 5,158,516 5,368,660 5,592,738
Hungary 204 405 1153 99 210 522 3,192,132 3,308,495 3,467,861
Poland 219 348 896 270 425 816 20,723,423 21,675,388 22,503,579

Slovakia 137 198 398 156 156 345 2,037,772 2,124,972 2,228,118
Denmark 7491 8686 9432 588 770 1223 2,392,175 2,465,934 2,529,960
Germany 28,268 41,857 59,672 17,439 32,049 58,312 45,071,209 45,803,560 46,484,594

Netherlands 9368 13,105 21,115 78,163 98,903 98,217 8,336,414 8,439,318 8,594,600
Norway 61,393 97,615 130,532 10,164 30,828 59,368 2,592,324 2,639,245 2,693,021

Table 2. The total number of passenger cars, BEVs and PHEVs in 2018–2019, (source: elaborated by authors based on
[16,25]).

BEV PHEV
The Total Number of

Passenger Cars at the Turn
of the Years

2018 2019 2018 2019 2018/2019

EU (incl. UK) 389,863 626,264 385,409 517,172 267,834,417
V4 6772 10,391 4339 6655 35,196,697

Czech Republic 2030 2837 859 1326 5,802,520
Hungary 2460 3696 1268 2122 3,638,374
Poland 1487 2902 1592 2381 23,429,016

Slovakia 795 956 620 826 2,326,787
Denmark 10,898 16,331 4526 8412 2,593,568
Germany 101,477 152,886 92,214 136,509 47,095,784

Netherlands 44,984 107,536 97,702 95,885 8,787,283
Norway 162,525 222,796 86,518 105,535 2,720,013

3.4. The Data on Charging Stations

The millionth EV sale reached in 2018 was important milestone on the road to electrifi-
cation and meeting emission targets, as well as a clear signal of consumer intent. However,
crucial for capturing this momentum is the access to low-cost, well-located charging sta-
tions (Viktor Irle and Matt Allen for The Guardian [54]).

Tables 3 and 4 show the development of the alternative fuel infrastructure for BEVs
and PHEVs in selected European countries, the average of European Union and the average
of Visegrád Group alliance (processed based on charts published at [25]). The data reflect
remarkable growth of infrastructure between 2014 and 2019.
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Table 3. The total number of charging stations at the turn of the years, (source: elaborated by authors
based on [25]).

2014/2015 2015/2016 2016/2017 2017/2018 2018/2019 2019/2020

EU (incl. UK) 26,193 48,375 75,240 106,825 119,543 166,723
V4 452 868 1234 1739 2347 3244

Czech
Republic 160 308 408 559 572 1049

Hungary 123 178 197 257 572 692
Poland 119 298 319 507 714 919

Slovakia 50 84 310 416 489 584
Denmark 923 1300 2397 2469 2541 2678
Germany 2864 5328 15,379 24,422 26,196 39,922

Netherlands 11,981 18,044 25,453 33,387 36,789 50,466
Norway 5385 5763 7779 9547 11,041 12,473

Table 4. The yearly growth of infrastructure in % at the turn of the years, (source: elaborated by
authors based on [25]).

2014/2015 2015/2016 2016/2017 2017/2018 2018/2019

EU (incl. UK) 85 56 42 12 40
V4 89 80 40 44 40

Czech Republic 93 32 37 2 83
Hungary 45 11 31 123 21
Poland 150 7 59 41 29

Slovakia 68 269 34 10 27
Denmark 41 84 3 3 6
Germany 86 189 59 7 52

Netherlands 51 41 31 10 37
Norway 7 35 23 16 13

As Table 3 reflects only the time development of the number of charging stations, it
does not reflect their utilization. One can expect that charging stations of some country
would be used mostly by inhabitants of this country and only rarely by foreigners. Hence,
the total number of charging points has to be considered together with the total number
of BEVs and PHEVs registered in the country. Therefore, Table 5 shows the rounded
values of plug-in electric vehicles per public charging point (processed based on available
material at [25]). In this case the small numbers are considered as the good ones. The
higher numbers refer to the missing infrastructure.

Table 5. The number of BEVs and PHEVs per public charging point, (source: elaborated by authors
based on [25]).

2015 2016
BEV
2017

2018 2019 2015 2016
PHEV
2017

2018 2019

EU (incl. UK) 2 2 2 3 4 3 3 3 4 3
V4 2 2 2 3 3 1 1 1 2 2

Czech Republic 4 3 2 3 2 1 1 1 1 2
Hungary 1 2 4 4 5 1 1 2 2 3
Poland 1 1 2 2 3 1 1 1 2 2

Slovakia 1 1 1 2 2 2 1 1 1 1
Denmark 6 4 4 4 6 0 0 0 2 3
Germany 5 3 3 4 4 4 2 2 3 3

Netherlands 1 1 1 1 2 4 4 3 3 2
Norway 10 12 12 14 16 2 4 6 7 8

Debating the public charging points, the highest importance has those of at least
22 kW, so called fast charging points (see [53]). These are usually situated along highways.
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Their amount per 100 km of highway for countries of selection shows Table 6 processed
based on [25]. In this case the greater number means the better developed infrastructure
along highways, what is the main requested effect.

Table 6. The number of fast (the power is at least 22 kW) public charging points per 100 km of
highway at the turn of the years, (source: elaborated by authors based on [25]).

2015/2016 2016/2017 2017/2018 2018/2019 2019/2020

EU (incl. UK) 5 7 12 15 23
V4 3 5 8 15 28

Czech Republic 3 6 11 22 38
Hungary 1 2 3 4 7
Poland 0 1 4 11 15

Slovakia 8 12 15 24 50
Denmark 21 24 28 30 35
Germany 6 10 19 26 47

Netherlands 12 18 21 28 35
Norway 133 201 381 519 655

3.5. Combined Index Calculation

As some of the countries have higher density of highways or longer highways roads,
the data in Table 6 have to be discussed in wider context reflecting the highway net and
area of the country. Therefore, it is worth to use the data from Table 7 that was processed
based on [25,51,55–58].

Table 7. The data on population development, area and highways length of selected countries and alliances, (source:
elaborated by authors based on [25,51,55–58]).

Area Highways Population of the Country at the End of the Years

km × km Length in km 2015/2016 2016/2017 2017/2018 2018/2019 2019/2020

EU (incl. UK) 4,475,757 77,573 511,218,529 512,191,098 513,213,363 513,480,000 514,292,912
V4 533,617 6207 63,803,055 63,771,937 63,747,782 63,718,669 63,675,585

Czech Republic 78,866 1240 10,618,857 10,641,034 10,665,677 10,689,209 10,708,981
Hungary 93,030 1936 9,752,975 9,729,823 9,707,499 9,684,679 9,660,351
Poland 312,685 2549 37,989,220 37,953,180 37,921,592 37,887,768 37,846,611

Slovakia 49,036 482 5,442,003 5,447,900 5,453,014 5,457,013 5,459,642
Denmark 43,094 1308 5,711,349 5,732,274 5,752,126 5,771,876 5,792,202
Germany 357,121 13,009 82,193,768 82,658,409 83,124,418 83,517,045 83,783,942

Netherlands 41,543 3055 16,981,295 17,021,347 17,059,560 17,097,130 17,134,872
Norway 323,802 523 5,250,949 5,296,326 5,337,962 5,378,857 5,421,241

The data presented in Tables 1–7 have been used in order to derive the base parameters
that help to describe the countries’ development towards electromobility: the share of
BEVs and PHEVs in passenger cars for the given country or alliance of countries, yearly or
time horizon growth of this share, percentage yearly jump in number of BEVs and PHEVs,
average yearly growth of infrastructure . . . But these data have been also used in order to
count the infrastructural country electromobility coefficient K obtained as a product of Ep,
Nk, Ne, and Np, where

Ep =NB+P × P−1 × 1000, (3)

Nk = N × A−1, (4)

Ne = N × NB+P
−1, (5)

Np =N × P−1 × 1000, (6)

where NB+P is the total number of battery electric vehicles and plug-in hybrid electric
vehicles in the country, P is the total number of inhabitants of the respective country,
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N is the total number of public charging points, and A is the total area of the country
of selection.

Hence, we have:

K = Ep × Nk × Ne × Np = N3 × P−2 × A−1 × 106 (7)

4. Results and Discussion

The total number of passenger cars, BEVs and PHEVs grew fast between 2015 and 2019.
While at the end of 2015 there were 252,075,544 passenger cars on European Union roads
out of which 0.047% were BEVs and 0.051% were PHEVs (Table 1), at the beginning of 2019
there were 267,834,417 passenger cars out of which 0.146% were BEVs and 0.144% were
PHEVs (Table 2). These average fractions of BEVs and PHEVs are small, as some countries,
such as e.g., countries of Visegrád Group alliance, only very recently moved towards
electromobility. At the end of 2015 there were 31,111,843 passenger cars in V4 countries
out of which 0.005% were BEVs and 0.002% were PHEVs (Table 1), at the beginning of
2019 there were 35,196,697 passenger cars out of which 0.019% were BEVs and 0.012%
were PHEVs (Table 2). Among V4 countries the fastest growth considering the BEVs and
PHEVs share reached Hungary that between years 2015–2019 increased the BEVs share
from 0.006% to 0.068% and PHEVs share from 0.003% to 0.035%, hence, in both cases, more
than 11 times. BEVs’ shares of other V4 countries grew 1.75–6 times: the growth from
0.001% to 0.006% is associated with Poland, the growth from 0.007% to 0.034% is associated
with Slovak Republic and the lowest growth from 0.020% to 0.035% is associated with
Czech Republic. PHEVs’ shares of other V4 countries grew 3.4–7 times: the growth from
0.001% to 0.007% is associated with Poland, the growth from 0.004% to 0.015% is associated
with Czech Republic and the lowest growth from 0.008% to 0.027% is associated with
Slovak Republic. At the other hand, Poland steadily has the lowest both BEVs and PHEVs
share among V4 countries, but all V4 countries are far below EU average and in a much
worse position compared to countries like Germany, Netherlands or Norway. Considering
the total numbers of both BEVs and PHEVs, except of the year 2014, when there were
156 registered PHEVs in Slovakia and only 99 in Hungary, Slovakia takes always the last
position among V4 countries within the referenced time period. It points out to the fact
that incentives towards electromobility in Slovakia came only in the recent years. However,
they seem to be effective, as the amount of BEVs in Slovakia jumped by 20.3% (from 795 to
956) and the amount of PHEVs jumped by 33.2% within the last year (Table 2).

Clearly, the total amount of vehicles, and hence, EVs, partially depends on the number
of inhabitants of the country. Therefore, is worth to count the total number of BEVs and
PHEVs per 1000 inhabitants of the country (Ep) and compare it with the total number of
passenger cars per 1000 inhabitants (Cp)—see Table 8. During the reference time period
Hungary followed by Slovakia had the least number of passenger cars per 1000 inhabitants.
Except of Denmark, there was roughly 1 car per 2 persons, if not less, in other countries.
At the other side, Denmark together with Netherlands and Germany belong to those
countries in the EU, where rough 1–12 people out of 1000 own an electric car, and in a case
of non-European Union country Norway tens of people out of 1000 own it. The discussed
ratio is very much smaller in the case of V4 countries, although, during the last 5 years
it grew more than 19 times in a case of Hungary, more than 10 times in a case of Poland,
more than 6 times in a case of Slovakia, and more than 3 times in a case of Czech Republic.
This shows an increasing interest in buying an electric car in V4 countries. The growth in
interest in Slovakia is similar to the growth in Germany.
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Table 8. The total number of plug-in electromobiles per 1000 inhabitants (Ep) vs. the total number of passenger cars per
1000 inhabitants (Cp) at the turn of the years.

2015/2016
Cp

2016/2017
2017/2018 2018/2019 2015/2016 2016/2017

Ep
2017/2018

2018/2019 2019/2020

EU (incl. UK) 493.087 502.822 512.356 521.606 0.482 0.720 1.012 1.510 2.223
V4 487.623 509.276 530.094 552.377 0.036 0.050 0.091 0.174 0.268

Czech Republic 485.788 504.524 524.368 542.839 0.115 0.134 0.158 0.270 0.389
Hungary 327.298 340.037 357.235 375.683 0.031 0.063 0.173 0.385 0.602
Poland 545.507 571.109 593.424 618.379 0.013 0.020 0.045 0.081 0.140

Slovakia 374.452 390.053 408.603 426.385 0.054 0.065 0.136 0.259 0.326
Denmark 418.846 430.184 439.830 449.346 1.415 1.650 1.852 2.672 4.272
Germany 548.353 554.131 559.217 563.906 0.556 0.894 1.419 2.319 3.454

Netherlands 490.917 495.808 503.800 513.962 5.155 6.580 6.995 8.346 11.872
Norway 493.687 498.316 504.504 505.686 13.627 24.251 35.575 46.300 60.564

For the better visualization Figure 4 (own chart based on obtained data) shows the
development of the total number of BEVs and PHEVs per 1000 inhabitants of countries
of selection.

 

Figure 4. The development of the parameter Ep (the total number of battery electric vehicles plus
plug-in hybrid electric vehicles per 1000 inhabitants of the country).
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Debating Figure 4, one can see that there is a big difference between Norway and
other European countries of selection. The very low share of electric cars in V4 countries
reflects in the flat shape of the corresponding lines at Figure 4. The similar is not true
debating the parameter Cp–the total number of passenger cars per 1000 inhabitants of the
country. In this case V4 countries are not behind the EU countries of selection and even
Norway, see Table 8. The total number of charging stations in V4 countries jumped from
several hundred in 2014 to several thousands in 2019 (Table 3). Depending on the actual
incentives, the yearly growth of infrastructure (Table 4) in the countries of V4 varied from
2% (Czech Republic, 2017–2018) to 269% (Slovakia, 2015–2016). In average, the yearly
growth of infrastructure reached 58.6% during the spotted time horizon. The highest was
in Slovakia (81.6%), followed by Poland (57.2%), Czech Republic (49.4%) and Hungary
(46.2%). Except of Hungary, this growth is higher like EU average (47.0%), what points
out to the fast development of these countries regarding the electromobility infrastructure.
However, it has to be remarked, that countries like Netherlands, Germany and Norway
have nowadays decades of thousands charging stations (Table 3), while the whole V4
alliance only 3244 (2019). Similarly, between 2016–2017 and 2017–2018 the yearly growth
of electromobility infrastructure in Denmark reached only 3% (Table 4), but it has to be
noticed, that the total number of public charging stations in Denmark only, with the area of
43,094 km2, has been each year from the range 2014–2018 higher than the total number of
public charging stations in Visegrád Group alliance of the area 533,617 km2. Only in 2019
the V4 countries overtake Denmark considering the cumulative number of public charging
points.

The above example of Denmark shows that it is important to consider the alternative
fuel charging infrastructure depending on the area of considered country. Table 9 shows
the number of public charging stations per km2 of the country.

Table 9. The number of public charging stations per km2 of the country (Nk) at the turn of the years.

2015/2016 2016/2017
Nk

2017/2018
2018/2019 2019/2020

EU (incl. UK) 0.01081 0.01681 0.02387 0.02671 0.03725
V4 0.00212 0.00366 0.00499 0.00641 0.00890

Czech Republic 0.00391 0.00517 0.00709 0.00725 0.01330
Hungary 0.00191 0.00212 0.00276 0.00615 0.00744
Poland 0.00095 0.00102 0.00162 0.00228 0.00294

Slovakia 0.00171 0.00632 0.00848 0.00997 0.01191
Denmark 0.03017 0.05562 0.05729 0.05896 0.06214
Germany 0.01492 0.04306 0.06839 0.07335 0.11179

Netherlands 0.43435 0.61269 0.80367 0.88556 1.21479
Norway 0.01780 0.02402 0.02948 0.03410 0.03852

While there was roughly 1 public charging point per 2 km2 of Netherlands at the end
of 2015, there was only a very small fraction (0.00171) of public charging point per 1 km2

of Slovakia—see Figure 5 (own chart based on obtained data), what was the second least
number among V4 countries. Nowadays, when there is statistically more than 1 public
charging point per 1 km2 of Netherlands, Slovakia reached the value 0.01191. With a similar
value as Czech Republic, it is 3 times lesser than in the case of European Union average
and this average is approximately the same as the density of public charging stations in
Norway. Although Slovakia is far behind the EU’s electromobility leaders and even behind
the EU average considering this parameter, within V4 countries it is in a good position.
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Figure 5. The development of the parameter Nk (the number of public charging stations per km2 of
the country).

The lesser is the number of BEVs and PHEVs per one public charging point, the
more satisfactory is the electromobility infrastructure in the country. As all the values in
Table 5 are rounded, there are several 0s in the line associated to Denmark. This means that
there are lesser than 0.49 PHEVs for one public charging point. Among selected countries,
the highest values in Table 5 are associated with Norway. Although there were several
thousands of public charging points during 2014–2017, and nowadays, there are more than
12,000 of them (Table 3), due to the large volume of EVs in Norway, it is not satisfactory.
According to the suggestions of the European Commission [5] that qualify the sufficiency
of the public charging stations, it is recommended that states should be at the ratio not
more than 10 electric cars per one public charging point. Hence, it can be said that the
percentage yearly growth of infrastructure here (see Table 4) was insufficient, especially
considering BEVs.

Thanks to the relatively small amount of EVs in Czech Republic, Hungary, Poland and
Slovakia, the number of public charging points was almost sufficient during 2015–2018 in
V4 countries and it only slightly moved up in the last two years—see Table 5. However, the
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values are more favorable than in the EU average. Only Hungary as a part of V4 countries
in the recent years has the discussed rate slightly above the EU average in the BEVs case.

From values of Table 5 one can observe, that due to the relatively small number of BEVs
and PHEVs on Slovak roads there are steadily 1–2 EVs per 1 public charging point during
the recent 5 years’ time horizon. As the number of PHEVs and BEVs grow every year, the
above fact points out to the accurately fast growth of electromobility infrastructure—see
Table 3. The asymmetric percentage yearly growth of Slovak electromobility infrastruc-
ture (see Table 4) seems to be appropriate. On the basis of suggestions, the European
Commission [5] somebody should argue that 1–2 EVs per 1 public charging point reflect a
very favorable position of Slovakia, not only the accurately fast growth of electromobile
infrastructure. However, similarly like in the previous paragraph, we should not use too
optimistic words here, as in both cases one has to take into account also the total number
of EVs and charging points in the respective country. In the case when there are only 2 EVs
in some country and singe 1 charging point, the statistics says the same, but, hardly it can
be said that this is very good unless the area of the state itself is not larger than area of
some city. According to pure statistics, Slovakia might make an impression to be very well
prepared for electromobility from the infrastructural point of view. However, the above
data do not reflect the spatial coverage of Slovakia by public charging stations.

Some partial information about the spatial coverage of Slovakia by public charging sta-
tions can be obtained from Table 6. The existence of fast charging stations along highways
is crucial in order to ensure electromobility. The bigger is their density, the better is country
prepared for using EVs for large distance travels. The rapid growth of electromobility
infrastructure in the last five years had a consequence that nowadays there are 50 charging
points per 100 km of Slovak highway, what is 6.25 times more than in 2015. Hence, Slovakia
is nowadays in a more than double better position than the average of EU. It was above the
EU average during the whole monitored time horizon. In the last two years also Czech
Republic among V4 countries overcame the EU average. By the recent values Slovakia
and Czech Republic overtake countries like Denmark and Netherlands, and in a case of
Slovakia also Germany.

However, one can complain by discussing the amount of highways in each country.
Slovakia with 482 km highways on area of 49,036 km2 is nowadays similarly equipped
by highways’ fast charging points like Germany with 13,009 km highways on area of
357,121 km2 (Table 7). Norway with roughly the same amount of highways as Slovakia
has 655 fast charging points per 100 km of highway and during the whole considered time
horizon the number of fast charging stations along highways was counted in hundreds.
Hence, it is worth to discuss the location of Slovak fast charging stations more in detail.

According to statistic referred to middle of 2018 [53] there were 104 fast charging
stations and 347 public charging places of lower power in Slovakia. In the same reference
point Norway had 2267 fast charging stations and 8617 public charging places of lower
power and Netherlands had 811 fast charging stations and 34,021 public charging points of
lower power. Hence, there were 91 vehicles for 1 fast charging station and 19 vehicles for
one charging place without differentiation of its power in Norway, and 160 vehicles for 1 fast
charging station but only three vehicles for one charging place without differentiation of its
power in Netherlands. It is known that Norway and Netherlands are the leading European
countries considering the EVs penetration—see Figure 4, but, within this comparison,
Slovakia with 13 vehicles per one public fast charging place and three vehicles per one
charging place without differentiation of its power was in some sense in the better position.

The growth of reliable charging infrastructure in big cities, along highways, and
country roads is the key stimulus for sustainable traffic development. The position of fast
charging stations (usually more than one at each location) in the middle of 2018 is depicted
at Figure 6, which we have created based on the data published in [53].
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Figure 6. Localization of public fast charging stations in Slovakia in 2018.

One can see that the covering along highways was really good already in 2018. The
problem was in the north-east, south-east, and outermost east of the country, what are
exactly the areas without highways. It was more than uncomfortable to travel the distance
e.g., between Košice and Brezno through Rožňava by affordable BEV of small range that is
unable to travel this distance without charging the battery. The even worse situation was in
a case of travelling from Košice (the second largest city of Slovakia, city with international
airport) to Bratislava (the capital of Slovak Republic, the largest city in Slovakia, city with
international airport) by so called southern route via Rožňava, Rimavská Sobota, Vel’ký
Krtíš and Levice. Similar situation was between, let’s say, Štúrovo and Košice, Svidník and
Poprad (city with international airport) trough Bardejov and Stará L’ubovňa, or from Vel’ké
Kapušany (through Snina) to Svidník—see Figure 6. In this case our results correspond to
the findings of Daňo and Rehák [38] that in 2018 point out to the lack of charging stations
at some places of the Slovak road network.

Actual position of the fast charging stations (usually more than one at each place) is
depicted at Figure 7. We have drawn the situation based on the union of data obtained
from [59–61] in March 2020.

Figure 7. Localization of public fast charging stations in Slovakia in 2020.
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As it is clear from Figure 7 there is better electromobile infrastructure along Slovak
highways in 2020 as it was two years before. Some of the fast charging stations appeared
also on those, so called, problematic places. Moreover, for example, in a case of travelling
from Košice to Bratislava by southern route, in necessity, one can also use public charging
stations of lower power—their position is depicted by blue circles at Figure 7. That means
that Slovakia is fast moving forward country in building electromobile infrastructure.
However, the bad situation considering the stage of preparation for electromobility is still
in the north-east and outermost east of the country—see the missing green or blue circles
nearby e.g., Bardejov, Svidník, Snina or Vel’ké Kapušany.

At the other side, it has to be noted, that owning public charging stations is a good
commercial move for store chains, hotels and restaurants [62]. Therefore, a lot of them
offer their clients the possibility to charge their EVs during resting, shopping, eating or
stay. Not all of these charging stations are depicted at Figure 6 or Figure 7, as, officially,
charging of EV at some of these charging points might be conditioned by utilization of
another provider’s service, hence, in this case we are not speaking about public charging
stations in the true sense of the word.

Table 10, which complements Table 5, shows the rates of public charging stations per
BEVs and PHEVs (cumulative) registered in countries and alliances of selection. These data
supported by the chart at Figure 8 (own chart based on obtained data) show that demands
on infrastructure grew by number of EVs registered in countries. Therefore, EU is now in
the worse situation like V4 countries considering this comparative criterion.

Table 10. Number of public charging stations per plug-in electromobile (Ne) at the turn of the years.

2015/2016 2016/2017
Ne

2017/2018
2018/2019 2019/2020

EU (incl. UK) 0.19625 0.20391 0.20563 0.15419 0.14581
V4 0.43390 0.47351 0.33526 0.23223 0.21815

Czech Republic 0.25205 0.28531 0.33155 0.19799 0.25198
Hungary 0.58746 0.32032 0.15343 0.15343 0.11894
Poland 0.60941 0.41268 0.29614 0.23189 0.17395

Slovakia 0.28669 0.87571 0.55989 0.34558 0.32772
Denmark 0.16091 0.25349 0.23172 0.16474 0.10823
Germany 0.11657 0.20809 0.20699 0.13525 0.13795

Netherlands 0.20614 0.22724 0.27978 0.25783 0.24809
Norway 0.08054 0.06056 0.05027 0.04433 0.03799

While between 2015 and 2018 there were roughly five vehicles registered in the EU
per one public charging point, the share of charging point for one EV is 0.14581 now. At
the other side, in average, lesser than five vehicles share one charging point in V4 countries
also nowadays and this ratio was more favorable here several years ago.

The values of the infrastructural country electromobility coefficient K can be found in
Table 11. The wide range of K’s values reflects the diverse gauge of infrastructural elec-
tromobility preparation in the countries of selection. Clearly, countries of Visegrád Group
alliance are far beyond the European electromobility leaders such as Netherlands, Denmark
or Norway. However, example of Germany, which five years ago had K’s value roughly
double as big as Hungary has today, gives a hope, that with appropriate positive stimuli
from the government it is possible to magnify the infrastructural country electromobility
coefficient even several hundred times. Germany by multiplying its infrastructural country
electromobility coefficient from the turn of the years 2015/2016 by almost 405 times at the
turn of the years 2019/2020 overcame the value of infrastructural country electromobility
coefficient of Denmark. Among V4 countries the similar trend follows Slovakia which
multiplied its infrastructural country electromobility coefficient from the turn of the years
2015/2016 by almost 334 times at the turn of the years 2019/2020. The multiplying constant
of other selected countries is in at most decades.
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Figure 8. The development of the parameter Ne (the number of public charging points per
plug-in electromobile).

Table 11. Values of the infrastructural country electromobility coefficient (K) for selected European countries at the turn of
the years.

2015/2016 2016/2017
K

2017/2018
2018/2019 2019/2020

Czech Republic 3.286 × 10−6 7.605 × 10−6 19.470 × 10−6 20.769 × 10−6 127.626 × 10−6

Hungary 0.637 × 10−6 0.868 × 10−6 1.936 × 10−6 21.448 × 10−6 38.169 × 10−6

Poland 0.059 × 10−6 0.072 × 10−6 0.290 × 10−6 0.811 × 10−6 1.733 × 10−6

Slovakia 0.408 × 10−6 20.470 × 10−6 49.373 × 10−6 80.076 × 10−6 136.268 × 10−6

Denmark 1562.917 × 10−6 9725.981 × 10−6 10,555.764 × 10−6 11,427.815 × 10−6 13,283.960 × 10−6

Germany 62.690 × 10−6 1490.716 × 10−6 5902.977 × 10−6 7216.711 × 10−6 25,380.484 × 10−6

Netherlands 490,409.626 × 10−6 1,370,033.624 × 10−6 3,078,213.117 × 10−6 4,100,243.658 × 10−6 10,537,487.330 × 10−6

Norway 21,438.319 × 10−6 51,825.365 × 10−6 94,312.723 × 10−6 143,669.872 × 10−6 203,908.726 × 10−6

Extreme accession of Slovakia towards electromobility among V4 countries exposes
Figure 9. It is clear from the chart that Slovakia steadily holds the rapid growth of its
infrastructural country electromobility coefficient which is far above the V4 average. Only
in the last year the infrastructural country electromobility coefficient of Czech Republic
jumped up to a similar value as the Slovak one. It can be expected that governments’
benefits towards electromobility development of both countries will secure this trend in
the future, as well.
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Figure 9. The progress of the infrastructural country electromobility coefficient (K) of V4 countries.

In order to better cross-country comparison of the infrastructural country electromo-
bility coefficient values, the K’s values can be normalized. For example, it can be done in
such a way that the values associated to Netherlands—the country that reach the highest
K’s values within the whole reference time period, will be changed to 100 and the values
associated to other countries will be proportionally recalculated so that all the rescaled
values of the parameter reduce to fit between 0 and 100. These way normalized values of
the infrastructural country electromobility coefficient can be found in Table 12. Although
again we have a wide range of parameter’s values, due to the normalization, the obtained
Kn’s values might be possibly easier evaluated.

Table 12. Normalized values of the infrastructural country electromobility coefficient (Kn) for selected
European countries at the turn of the years.

Kn

2015/2016 2016/2017 2017/2018 2018/2019 2019/2020

Czech Republic 0.00067 0.00056 0.00063 0.00051 0.00121
Hungary 0.00013 0.00006 0.00006 0.00052 0.00036
Poland 0.00001 0.00001 0.00001 0.00002 0.00002

Slovakia 0.00008 0.00149 0.00160 0.00195 0.00129
Denmark 0.31870 0.70991 0.34292 0.27871 0.12606
Germany 0.01278 0.10881 0.19177 0.17601 0.24086

Netherlands 100.00000 100.00000 100.00000 100.00000 100.00000
Norway 4.37151 3.78278 3.06388 3.50393 1.93508

Except of Netherlands, only Norway achieved within the whole reference time period
the Kn’s values greater than 1. However, the descending sequence of Kn’s values points
out to the fact that due to the increased interest of purchasing an electromobile in Norway
the growth of electromobile infrastructure was not as satisfactory as in the case of the
trendsetter Netherlands. Similar can be observed in the case of Denmark. The contrary to
that fact is the ascending tendency of the sequence of normalized K’s values in the case
of Germany.

Again, we can observe that considering Kn the V4 countries are far beyond the Eu-
ropean electromobility leaders, especially Netherlands. The best position considering
the normalized values of the infrastructural country electromobility coefficient within V4
countries belongs to Slovakia, while Poland is in the worst position considering the param-
eter’s values. However, in the case of both countries the positive is the non-descending
tendency in the Kn’s values between the years 2015–2019 (2015–2020 in the case of Poland,
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respectively). The lesser value of the normalized K’s value associated to Slovakia at the turn
of the years 2018/2019 compared to the turn of the years 2019/2020 can be explained by the
government’s incentives towards the increase of the EV’s share on Slovak roads and pro-
portionally not the same fast speed of infrastructural growth compared to the trendsetter.

Debating Slovakia, at the beginning of 2020, Slovak government in the first round
approved support for the construction of charging stations for 72 towns and municipalities
in the Slovak Republic, one third of which is situated in the least developed regions
considering electromobile infrastructure. Another 60 charging stations, among which
more than one half should be the fast charging stations of 100 kW and remarkable amount
of them the ultra-fast charging stations of 350 kW, should be placed in Slovakia by one
European charging stations provider until the end of 2020 with the aim of supporting the
electromobile infrastructure in least developed regions considering the electromobility [58].
New charging stations could be expected from the side of other European providers, as
well. Government’s steps such as endowments for EVs purchasing will surely lead to the
greater amount of EVs in Slovakia. At the beginning of 2020 in the first round Slovak
government approved 110 grant applications for purchasing electric vehicles, in the second
round another 115 grant applications [63]. As a result of these and similar government
measures the significant growth of the infrastructural country electromobility coefficient of
Slovakia can be expected in the forthcoming years.

On the base of our results and the values of the infrastructural country electromobility
coefficient, we disagree with Knapčíková, according to who Slovak Republic does not
develop sufficiently in electromobility as it lags behind the surrounding countries [64].
However, we agree with her that owners of electric vehicles have no extra benefits, what
is together with missing infrastructure contra-productive considering the motivation to-
wards electromobility. We also hope that the stimuli of the Ministry of Economy of the
Slovak Republic in order to support electromobility narrowing to the promotion of the
sale of vehicles, favor parking, or forgiveness of road tax and toll roads would lead to the
development of electromobility in Slovakia, the lower greenhouse gas emissions, and the
reduction of local pollution equal to sample of efficient and environmentally friendly smart
cities [65].

5. Conclusions

In this paper we aimed to find out in which position Visegrád Group countries are
compared to EU average and the electromobility leaders of Europe. In order to fulfill our
goal, we asked and answered four questions of research. Some of the contributions of
the paper can be found in data collection, their processing, analyzing and visualization.
As among V4 countries the position of Slovakia has been investigated more in detail, the
drawings of the maps showing the development of charging stations in Slovakia help
to understand the local trends of recent years, what is added value of the paper. The
introduction and computation of the infrastructural country electromobility coefficient
and its components help to decide whether the respective country itself is infrastructural
prepared for (car) electromobility, what should be helpful, as well. The advantage of
parameter’s utilization is in quick cross-country comparisons of its values. The greater
values reflect the higher stage of electromobility preparedness from the infrastructural
point of view. As the parameter itself is for the given set of countries within a wide interval
of values, its normalized values rescaled on 0–100 interval might make the cross-country
comparison easier. This is done in the paper, as well.

Regarding the questions Q1 and Q2 one can sum up, that all the countries of Visegrád
Group alliance only very recently made their first steps and legislative arrangements in
order to support electromobility. Therefore, in a lot of discussed indicators they are far
away from the European electromobility leaders and even far away from EU average.
However, important is that one can see the progress in the matter, what is clearly to be
seen from the chart at Figure 9 depicting the yearly growth of the infrastructural country
electromobility coefficient of V4 countries. According to our opinion this parameter is worth

50



Processes 2021, 9, 222

for describing the extent to which is particular country prepared for car electromobility
from the infrastructural point of view. Assuming the future, one can expect that thanks to
the government intentions, the established trend will be preserved also in the forthcoming
years. Restrictions connected with the 2020 coronavirus pandemic and the economic
crisis after its beat might temporarily affect it. However, as the whole world is changing
towards sustainability, lower emissions, waste reduction, renewable sources of energies,
and environmentally friendly materials (see e.g., [66]) one can await that the growth
towards electromobility will be kept, as well.

Regarding the questions Q3 and Q4, based on the data obtained, we can sum up that
although Slovakia within the referenced time period 2014–2019 had the least total number
of registered BEVs + PHEVs and second least number of BEVs + PHEVs per 1000 inhab-
itants among V4 countries and all the countries of selection, its stage of preparation for
electromobility is rather good. Very rapid yearly growth of infrastructure, especially along
highways, pushed it with 50 fast charging stations per 100 km of highway to the double as
good position as is European Union average. Moreover, by recent values it overtook coun-
tries like Denmark, Netherlands and Germany. Debating Slovakia, the problem of missing
charging stations is in the north-east and outermost east, and partially in the south-east of
the country, although, in average there are only 1–2 EVs per 1 public charging point here.
As the number of PHEVs and BEVs grows every year, without reflecting the location, one
can say that Slovakia has accurately rapid growth of electromobility infrastructure rever-
berative its needs. The rate of its moving forward in building electromobile infrastructure
and overall preparation for electromobility can be discussed via its infrastructural country
electromobility coefficient. Slovakia by multiplying its infrastructural country electromo-
bility coefficient by 334 in the last five years is the fastest forward moving country towards
electromobility from the V4 countries and has high potential of reduction of environmental
impacts from the transport in the forthcoming years. Similar steep growth of K values is
associated with Germany that is nowadays one of the EU electromobility leaders.

Clearly, the utilization of BEVs and PHEVs is possible with certain limits e.g., range,
long-distance facilities, sufficient initial capital and similar. Other problems are associ-
ated with the production of energy itself. A large part of it is produced by so called “dirty
process”, what is not sustainable. In order to support the sale of BEVs and PHEVs, future re-
search should focus on the use of renewable energy sources and “clean energy” production.
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Abstract: The sustainable transition towards renewable energy sources has become increasingly
important nowadays. In this work, a microgeneration energy system was investigated. The system is
composed of a solar concentrator system coupled with an alpha-type Stirling engine. The aim was
to maximize the production of electrical energy. By imposing a mean value of the direct irradiance
on the system, the model developed can obtain the temperature of the fluid contained inside the
Stirling engine. The heat exchanger of the microgenerator system was analyzed, focusing on the
solar coupling with the engine, with a multiphysical approach (COMSOL v5.3). A real Stirling cycle
was implemented using two methods for comparison: the first-order empirical Beale equation and
the Schmidt isothermal method. Results demonstrated that a concentrator of 2.4 m in diameter can
generate, starting from 800 W/m2 of mean irradiance, a value of electrical energy equal to 0.99 kWe.

Keywords: CFD; COMSOL multiphysics; solid works; dish-stirling; renewable energy; stirling
engine; CSP

1. Introduction

The depletion of fossil sources and the environmental crisis has worsened over the
years and has led to an inevitable transition towards the exploitation of renewable energy
sources. Figure 1 demonstrates a six-fold increase of global investment in renewable
energies from 2004–2014 [1].

Figure 1. Global investment in renewable energies in billion dollars: period 2004–2014 [2].
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The most important renewable energy source comes from the sun, which can be used
to produce energy through various technologies which are constantly improved. The
development of solar-based systems is important for greater security and independence,
and the environmental impacts are limited [3]. The exploitation of concentrating systems is
more advantageous than other solar technologies for energy generation [4]. Recent updates
involve the coupling of concentrated solar power systems with Micro Gas Turbines (MGT)
for a technology linked to new small high-temperature solar receivers [5], as opposed
to the Stirling technology which is already considered an established technology. Solar
energy is not only useful to produce electrical energy but also for recent technologies such
as “photovoltaic powered reverse osmosis” (PV-RO) and “solar thermal powered reverse
osmosis” (ST-RO) which can sustainably perform desalination [6].

The solar source is not constant, it is a function of the position of the solar concentrator
in terms of latitude, longitude, and the consequent “Direct Normal Irradiance” [7]. This
value can be measured with a pyrheliometer mounted on the solar concentrator [8]. Figure 2
shows the different techniques to exploit the solar source which have been developed
recently [9]. The integration of systems such as photovoltaic panels and CSP systems into
power grids represents a remarkable application that could significantly increase the ability
to generate sustainable electrical power [9,10].

Figure 2. Solar power technologies.

Most of the systems presented refer to indirect systems using thermodynamic cycles.
Islam et al., (2018) investigated solar technologies and found that the most promising

choice considers a thermodynamic cycle coupled with an electrical generation system [11].
Molten salts are the most commonly used thermal fluids [12,13]. An example of large-scale
applied solar technologies is the “Solana Generating Station”, completed in 2013 in Arizona
(USA) [14]. The plant includes a 280 MW parabolic trough solar plant that can provide
energy for up to 70,000 households in the Arizona area [15].

Air Brayton cycles and supercritical CO2 Brayton cycles were investigated in pilot
plant case studies [16,17].
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An example of Stirling cycle technology is the EuroDISH, a system that can produce
up to 10 kW of electrical energy with a concentrator of 7.5 m in diameter. The system
is shown in Figure 3 and can be found at the “Plataforma Solar de Almería” in Almería,
Spain [18,19].

Figure 3. EuroDISH system, Almería.

Another dish-Stirling cycle was built in Jodhpur (India), with a 50 MW CSP system.
This station is composed of 2000 units of the parabolic dish-Stirling, each having 25 kWe
capacity [20]. This aspect highlights the modularity of such technologies.

Another current example of valid application of the dish-Stirling is for the absorption
and compression of cooling systems. Current works [21] show that compression systems
are able to produce up to 53% of cooling power more than the amount of heat supplied.

The second main component of the dish-Stirling is the Stirling engine, an external
combustion engine with two separate cylinders on the expansion side and the compression
side. The space between the hot and cold side of the engine is called “regenerator” and
acts as a heat recuperator to reduce the work of the compression and expansion of the
pistons [22].

Since this type of engine is an external combustion engine, it can be fed by various
kinds of external heat sources: fuel, solar, geothermal, or waste heat [23]. The heat source
hits the walls of the hot side heat exchanger, inside which the heat carrier fluid reaches
a sufficient temperature level to start the Stirling cycle. The continuous heating and
refrigerating of the heat carrier inside the two cylinders are crucial for the continuation of
the cycle [24].

This project focuses on the Stirling cycle fed by solar energy through a solar dish
concentrator. The solar concentrator focuses the “Direct Normal Irradiance”, DNI, on a
plane called the “focal plane”. On this plane, an α-Stirling engine uses this energy to
heat its fluid carrier contained inside the engine and initiates the Stirling cycle to generate
electrical power.

This article aims to evaluate the electrical production of renewable energy thanks to
dish-Stirling technology. The project will consider two different configurations, while the
highest performances will be chosen. The starting point for the simulation is the Direct
Normal Irradiance (DNI), values obtained from the Politecnico di Torino tracking system.
This average value is typically measured in hotter seasons (spring and summer).

Following the same principle, the most suitable material in terms of temperature
reached by the heat carrier fluid inside the pipe of the exchanger was evaluated experi-
mentally. After deciding the most suitable material between the two materials presented,
the temperature of the fluid was used to simulate a Stirling cycle, with constant electrical
power production. In the end, this value will be compared with lower values of DNI,
typical of colder seasons such as winter and autumn.
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2. Geometry and Design Parameters of the System

The solar concentrator used in the project is mounted on the roof of Politecnico di
Torino (Energy Center). The solar concentrator was built by El.Ma. Electronic Machining srl
(TN, Italy). The geometrical data used for the simulation of geometric optics are reported
in Table 1 presented below:

Table 1. Parameters of the solar dish concentrator.

Name Value Description

f 0.92 m Focal length

phi 0.9028 rad Rim angle

d 2.4 m Dish diameter

A 4.48 m2 Dish projected surface area

psim 0.00465 rad Maximum solar disc angle

These parameters can be implemented in the COMSOL Multiphysics 5.3 library, in
which it is possible to create the geometry of a parabolic concentrator with negligible
thickness for the Ray Tracing analysis. The geometry of the concentrator is shown in
Figure 4 [19], the rim angle can be calculated from focal length and dish diameter:

d = 4· f ·[csc(ϕ)− cot(ϕ)] = 2.4 m (1)

Figure 4. Geometry of a parabolic concentrator.

As far as the mean irradiation value is concerned, a constant initial value was cho-
sen for the simulation. This parameter can be measured by the concentrator through a
pyrheliometer mounted on the concentrator. The average value defined for the simulation
is 800 W/m2. This value is mainly measured during hotter seasons of the year, while for
autumn and winter, the values tend to decrease slightly.

The hot side heat exchanger is the area of the engine which receives the concentrated
energy and, for this project, the geometry for the heat exchanger was developed using CAD
software SolidWorks 2019, whereas the CFD simulations were carried out using COMSOL
Multiphysics 5.3. The presented work follows the following steps: the analysis of the two
chosen configurations for the engine between the single-cylinder and the twin-cylinder.
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Next, another CFD simulation was implemented to choose the most suitable material
for the hot heat exchanger between AISI 310 and Inconel 625, both of which show high
resistance at high temperatures. Lastly, the third and final simulation allows to find the
desired value of temperature reached by the fluid inside the engine. This is an important
value used to simulate a real Stirling cycle with two methods: the first-order empirical
method known as “Beale equation” and the second-order method known as “Schmidt
analysis” to evaluate the heat power produced which, by coupling the system with a
permanent magnet generator gives the final result: the electrical power output of the
system.

The Stirling engine chosen for the project is designed by an Italian Stirling engine
manufacturer “Genoastirling s.r.l.”. An example of this engine is shown in Figure 5 in both
the single-cylinder (ML1000) and twin-cylinder configuration (ML3000).

Figure 5. Genoastirling engines.

The engine designed by Genoastirling is an alpha-type engine that uses air as a heat
carrier throughout the cycle. The cold temperature for the Stirling cycle is 40 ◦C and the
objective of this article is to evaluate the hot temperature reached by the fluid for the
analysis of power production. In Table 2, the main geometric and operative parameters of
the engine can be found.

Table 2. Parameters of the engine.

Parameters Value Unit of Measurement

Geometric Parameters

Connecting rod length 210 mm
Diameter of the cylinder 110 mm

Cylinder stroke 55.2 mm
Offset compression-expansion cycle 90 sexagesimal degree ◦
Compression cylinder displacement 524.6 cm3

Expansion cylinder displacement 524.6 cm3

Compression cylinder dead volume 153.3 cm3

Expansion cylinder dead volume 153.3 cm3

Operative Parameters

Rotational speed 600 rpm
Working fluid Air -

Average pressure indicated 15 bar
Cooling fluid Water -

Hot side starting temperature 700 ◦C

The engine’s hot side heat exchanger is placed on the focal plane and receives the
energy from the concentrator on its external surface. The receiver is therefore represented by
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the entire surface of the hot side heat exchanger and has to be designed to be implemented
in COMSOL Multiphysics 5.3 through the function “LiveLink for SolidWorks”. The heat
exchanger for the hot side is called “Nazgul” and a model of the exchanger created using
SolidWorks version 2019 is shown in Figure 6 with the technical parameters defined in
Table 3.

Figure 6. Hot side heat exchanger.

Table 3. Characteristics of the Nazgul heat exchanger.

Technical Data for the Exchanger

Number of pipes 9

External diameter (mm) 20

Internal diameter (mm) 14

Pipe thickness (mm) 3

Max pipe height (mm) 120

Twin-cylinder exchangers’ center distance (mm) 274

By knowing all the technical details of the heat exchanger, the model of the system
was developed and implemented in COMSOL Multiphysics for the Ray Tracing simulation
to decide the most suitable configuration between the single and the twin-cylinder. The
resulting geometries for the two distinct simulations are presented in Figure 7.

Figure 7. Configurations for the CFD simulation.

By implementing the various deviations from the ideal concentration such as the
absorption coefficient equal to 0.15 and the optical limitations of the mirror with a “limb
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darkening” model coupled with a surface roughness of 1.75 microns, the simulation has
been successfully run. The analysis for the results is based on the Stefan–Boltzmann law,
where σ is the Stefan–Boltzmann coefficient equal to 5.67 × 10−8 W/(m2K4):

T =
( q

σ

)0.25
(2)

The parameter defined in Equation (2) as “q” can be defined in COMSOL 5.3 as the
heat source at the wall (W/m2), and the results obtained for the two temperature profiles
with the single-cylinder and the twin-cylinder engine configurations are shown respectively
in Figure 8a,b.

Figure 8. (a) Single-cylinder temperature profile (in K). (b) Twin-cylinder temperature profile (in K).

Figure 8 show that the higher encumbrance of the twin-cylinder engine results in a
poorer temperature distribution along the external surface of the heat exchanger and a
lower overall average temperature. The maximum reachable temperature in the single-
cylinder configuration reaches a value of around 900 ◦C, this value drops down to 740 ◦C
for the twin-cylinder. For these reasons, the choice for the continuation of the project is the
single-cylinder one given the higher performances obtained by such configuration. The
simulation also allows to obtain the value of “average heat source at the wall” which, for
this specific case, is equal to 5990 W/m2.

3. Materials

Having obtained the configuration for the system, it is important to evaluate the two
proposed materials for the hot side heat exchanger. The materials taken into consideration
for the simulation are AISI 310 and Inconel 625, both of which are proven to be highly
resistant at high temperatures. These materials are resistant to temperatures above 1000 ◦C,
therefore, are both suitable for the application since the system does not reach temperatures
higher than 920 ◦C. The characteristics of the two materials at high temperature are defined
in Table 4.
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Table 4. Physical parameters for the materials.

Physical Properties AISI 310 Inconel 625

Density (kg/m3) 7550 8440

Heat capacity at constant pressure (J/kg/K) 610 560

Thermal conductivity (W/m/K) 23.7 20.3

The second simulation is performed to choose the most suitable material in terms of
reached temperature on the internal pipe, which represents the solid–fluid interface for the
Stirling engine.

The external tube’s temperature is equal to the external temperature (20 ◦C), and
the simulation is a transitory heat exchange in solids. The objective is to comparatively
evaluate the material that can guarantee the highest temperature with an equal time. The
geometry inevitably considers the width of the pipe equal to 3 cm and the model used for
the simulation is shown in Figure 9.

Figure 9. Geometry of the exchanger tube.

4. Results

4.1. Temperature Distribution

The parameter chosen as input for the simulation is the average heat source at the
wall equal to 5990 W/m2 previously calculated. The results are presented in Figure 10 and
show AISI 310 and Inconel 625 and their temperature profile at a constant time value of
28 min. A fixed time value was chosen to evaluate which material can guarantee a higher
temperature on the internal side of the pipe. The value settled for both simulations with
AISI 310 and Inconel 625 is 28 min. Figure 11 shows the difference in the temperature
profile between the two materials at the same fixed time value. This was decided to choose
the most suitable material for the exchanger. The higher the reached temperature, the
higher will be the production of thermal energy. This is why it is important to verify which
material reaches the highest exchange temperature with the fluid.
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Figure 10. Temperature profiles in the internal tube. (A) AISI 310, (B) Inconel 625.

Figure 11. Hot air temperature profile. (A) k-ε, (B) k-Ω.

The results presented above easily demonstrate how AISI 310 allows to reach a tem-
perature of about 876 ◦C, whereas, in the same amount of time, 28 min, Inconel 625’s
temperature profile enables the system to reach a temperature equal to 856 ◦C. Therefore,
AISI 310 was chosen as the design material for the heat exchanger. By imposing the same
time on the two different simulations, it is clear that the most suitable material for this
application is AISI 310 because it allows the system to reach a higher interface tempera-
ture than Inconel 625. These two materials are used by Genoastirling as materials for the
exchanger section.

The third and final simulation sets itself the objective to simulate the fluid flow inside
the pipe for the evaluation of the temperature reached by air, the heat carrier for the engine,
inside the hot side of the heat exchanger. This step has to be preceded by the fluid regime
evaluation. It is very important to evaluate the fluid flow also to set the final simulation on
COMSOL Multiphysics 5.3. In addition, by calculating the Reynolds and Prandtl number,
it will also be possible to calculate the Nusselt number. The Nusselt number is useful to
calculate the heat transfer coefficient, a value that has to be implemented in the simulation
to calculate the final temperature achieved by the fluid inside the pipe.

Through Aspen Plus V9, the main physical properties of the system have been calcu-
lated at an average temperature of 500 ◦C and at the indicated average pressure of the cycle
equal to 15 bar. Table 5 reports the main parameters for the calculation of the Reynolds and
Prandtl number.
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Table 5. Properties of the system.

Property Value

Density (kg/m3) 6.7

Dynamic viscosity (Pa·s) 3.64 × 10−5

Thermal conductivity (W/m/K) 0.056

Heat capacity at constant pressure (J/kg/K) 1102.02

Average velocity (m/s) 15

Hydraulic diameter (m) 0.014

The results shown in Table 5 provide the following values for Reynolds and Prandtl
numbers:

Re =
ρ·v·Dh

μ
= 38, 654 Pr =

Cp·μ
k

= 0.716 (3)

where:

• ρ is the fluid density, kg/m3;
• v is the average velocity of the fluid, m/s;
• Dh is the hydraulic diameter, m;
• μ is the dynamic viscosity of the fluid, Pa·s;
• Cp is the specific heat at constant pressure of the fluid, J/kg/K;
• k is the thermal conductivity of the fluid, W/m/K.

The Reynolds number calculated confirms that the flow of the fluid inside the pipe is
turbulent and it is possible to calculate the Nusselt number by using the Dittus–Boelter
correlation. The Nusselt number is in turn used to calculate the heat transfer coefficient.

Nu = 0.023·Re0.8·Pr0.4 = 94 (4)

he =
Nu·k
Dh

= 376
(

W
m2·K

)
(5)

The multiphysics simulation can now be implemented to study the temperature profile
of the fluid inside the heat exchanger. The two physics chosen for the simulation are: “heat
transfer in fluids” and “turbulent flow”. As far as the latter is concerned, two methods
for turbulent flow study have been compared: k-ε and k-Ω, with an internal pressure at
the inlet of the pipe equal to 15 bar with a constant fluid velocity of 15 m/s. The former,
instead, can simulate the external conditions of 890 ◦C of external temperature and can
also be used to insert the convective heat transfer coefficient previously calculated. The
inlet temperature of the gas is equal to 40 ◦C for the Stirling cycle. The results are shown in
Figure 11.

The results shown in Figure 11 provide an equal final temperature with both turbulent
methods: 859 ◦C. This value guarantees a value of pressure equal to 21 bar, comparable
with the literature results [25].

This temperature value is high enough to start the Stirling cycle (700 ◦C) for the
Genoastirling engine. This value of temperature can be used to simulate the Stirling cycle
for the energy output of this system.

4.2. Real Stirling Cycle Analysis

The results obtained in the previous paragraphs are extremely useful to analyze a
real Stirling cycle. The approach used in this section follows a two-step methodology: the
first method used to calculate the thermal power output is the empirical Beale equation, a
first-order method that provides an initial value for the power generated. This value has to
be compared to a more accurate method: the second-order Schmidt analysis, which can
provide a more detailed model for the value of thermal power [26].
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The first-order empirical analysis is based on the Beale equation:

P = Be·p· f ·V0 (6)

where

• P is the thermal power, expressed in kW;
• p is the average pressure in the cycle, bar;
• f is the frequency of the cycle, Hz;
• V0 is the displacement of the power piston, expressed in cm3;
• Be is the “Beale Number”, a dimensionless parameter.

The information required to perform this calculation is reported in Table 6.

Table 6. First-order power calculation.

Beale Number - 0.015

Average pressure bar 15

Cycle frequency Hz 10

Piston displacement cm3 524.6

Thermal Power W 1180

The Beale equation provides an empirical simplified estimation of thermal power. This
method could be used to verify the validity of this equation and add more effectiveness to
the simulation.

The second-order method is known as the “Schmidt analysis” and uses as simpli-
fication the isothermal transformation of both the expansion and the compression side.
The temperature profile of the regenerator is constant as well and calculated as the loga-
rithmic mean of the first two. The three sections of the engine are simplified as shown in
Figure 12 [27,28].

Figure 12. Temperature profile of the engine.

This method is a simplified method as well and for an even more thorough analysis,
the adiabatic model must be implemented. Therefore, discrepancies are expected between
the calculated values with this method and the values measured experimentally.
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Since the α-Stirling engine is a two-piston configuration, the model can be simplified
using the equation presented by G. Walker in the 1980 “Stirling engines” manual [29],
whose equation is presented as follows:

W = P·VT · π·(1 − AU)

K + 1
·
(

1 − DL
1 + DL

)1/2
· DL·sin(ET)

1 + (1 − DL2)
1/2 (7)

The output of the equation, in this case, is the work per cycle of the Stirling cycle. This
equation is also a function of three parameters:

S =
2·RV·AU
AU + 1

(8)

DL =

(
AU2 + 2·AU·K·cos(AL) + K2)1/2

(AU + K + 2·S) (9)

ET = tan−1
(

K·sin(AL)
AU + K·cos(AL)

)
(10)

These parameters have been calculated starting from the geometric and operative
parameters of the engine. In Table 7, the list of parameters and their respective values used
for the calculation are reported. The results of such calculation can be highlighted in the
bottom part of the table.

Table 7. Second-order analysis.

Definition Symbol U.O.M. Value

Max pressure P Mpa 2.1

Total swept volume VT cm3 1049.2

Expansion swept volume VL cm3 657.94

Compression swept volume VK cm3 569.05

Swept volume ratio K - 1,16

Cold side temperature TC K 313

Hot side temperature TH K 1132

Temperature ratio AU - 0.28

Regenerator temperature TR K 637.09

Phase angle AL ◦ 90

Total dead volume VD cm3 459.9

Dead volume ratio RV - 0.70

Work per cycle W J/cycle 372.98

Thermal power Pth W 3729.8

Cycle efficiency % - 30

Actual thermal power Peff W 1118.93

The result obtained through the Walker equation is comparable to the value obtained
with the Beale equation. The two results are comparable: 1.18 kW for the Beale equation
and 1.12 kW for the Walker equation.

As previously stated, these two methods provide estimated values of thermal output,
but since the two values are very close, it is possible to confirm that the expected experi-
mental values measured with this system will not have significant discrepancies with the
calculated ones.
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The cycle efficiency has been set at 30%. This value comes directly from Walker’s
Stirling Engine Design Manual. In this work, the worst-case scenario presented by Walker
has been evaluated and therefore the most pessimistic value.

This claim is supported by data found in literature which prove that efficiencies in
Stirling engines range between high-20’s up to 42% [30].

By using these two methods, we can conclude that the value of thermal power that
the system is able to produce in these conditions is 1.12 kW.

The last section of the analysis is the coupling of the system with a permanent magnet
generator to verify the electrical output of the dish-Stirling. For a complete system, the
Mecc Alte Eogen [31] generator can be coupled for the generation of electrical energy. The
efficiency of generation for the chosen generator is 88%. In conclusion, the result of the
entire analysis is presented in Table 8.

Table 8. Results of the simulation.

Parameter U.O.M. Value

Average irradiance on the concentrator W/m2 800

Hot side temperature reached ◦C 859

Generated thermal power kW 1.12

Efficiency of the electrical generator % 88

Generated electrical power kW 0.99

As shown in Table 8, an irradiance value of 800 W/m2 allows the system to produce
996 W of electrical power.

The result of the simulation shows that a single-cylinder configuration of the engine
with AISI 310 as coating material can allow the heat carrier fluid to reach a temperature of
859 ◦C.

This value can be used for the thermal energy production analysis, with an approxi-
mate resulting thermal power produced of 1.12 kW. Being the efficiency of the permanent
magnet generator for this specific case equal to 88%, the resulting production of electrical
energy is equal to 996 W. The result is in line with the expected results gained from the
literature [32,33].

Furthermore, the specifics of the Genoastirling ML1000 single-cylinder Stirling engine
set the maximum electrical power produced by the engine at 1.1 kW. This experimental
value is close to the result obtained under similar conditions [34]. Therefore, it is possible
to surmise that the electrical power produced by this technology, taking into consideration
all the losses caused by the many components present in the system, is around 1 kW for a
solar parabolic concentrator with a diameter of 2.4 m.

This result was compared with a much bigger CSP system with a production of 25 kW
of electrical power simulated in similar conditions [35]. Obviously, since the diameter of
the concentrator taken as comparison is much bigger (12.5 m2 of diameter), the value taken
for comparison is the power to area ratio to verify the effectiveness of the simulation. The
modularity of the CSP technology should allow to obtain similar data from different sizes
of concentrators.

In fact, the comparison from the simulation from literature allows to obtain a power-
to-surface ratio equal to 0.204 kW/m2. The current study simulated from Politecnico di
Torino instead enables to reach a power-to-surface ratio equal to 0.205 kW/m2. The results
based on G. Walker’s analysis [29] showed that a CSP system is useful for micro-generation
purposes. The simulation is in line with both data from similar size concentrators and with
scaled concentrators with bigger sizes.

Table 9 [36] compares the real efficiency of the Stirling engine mounted in various cities.
This shows that the efficiency of the engine for small-scale microgeneration applications is
stable between the high 20′s and 40%, with fluctuations during the different months of the
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year. The solar irradiance has also been compared to the same microgeneration systems to
verify the validity of the simulation. Figure 13 shows irradiance values, which are coherent
with the value recorded from this article.

Table 9. Actual efficiency of the Stirling engine installed in the selected cities.

City January February March April May June July August September October November December

Teheran 0.29 0.32 0.33 0.34 0.34 0.34 0.34 0.33 0.32 0.31 0.28 0.27

Tabriz 0.28 0.32 0.33 0.34 0.34 0.34 0.34 0.33 0.32 0.3 0.28 0.26

Bandar
Abbas 0.31 0.33 0.34 0.34 0.34 0.34 0.34 0.34 0.33 0.32 0.3 0.3

Rasht 0.28 0.31 0.33 0.34 0.34 0.34 0.34 0.33 0.32 0.3 0.27 0.26

Yazd 0.3 0.33 0.34 0.34 0.34 0.34 0.34 0.34 0.33 0.32 0.3 0.29

Figure 13. Monthly solar irradiance in the selected cities.

5. Conclusions

The obtained result is interesting since the solar concentrator used for the project has a
relatively small size. Therefore, by increasing the size of the concentrator, it is foreseeable to
increase the energy production. However, the downside of this technology is represented
by two main factors: the installation cost of such technologies, and the inconsistency of
the mean solar irradiance. The latter can be analyzed in further detail by operating the
previous simulations with a starting irradiance value of 400 W/m2. The resulting electrical
power output will drop to 810 W. This value was obtained by following the same steps of
the analysis, starting from the temperature of the fluid in the internal pipe followed by the
Stirling cycle analysis to produce electrical energy.

The drop in power output is not excessive but has to be taken into consideration
for a potential productivity analysis on an annual basis. This is a disadvantage of any
solar technology, which depends on the position of the Sun and its irradiance. However,
the sun tracker placed on the concentrator enables to minimize these losses by following
the movement of the Sun across the sky, compared to fixed systems such as photovoltaic
panels for the small-scale generation which are not mounted with a tracking system and
are therefore more subjected to these fluctuations.

The results show that this technology has various positive aspects, but also showed a
margin of improvement to reach a clear and sustainable expansion which can eventually
facilitate the highly required transition to “clean” energy production methods.
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Nomenclature

◦C Degrees Celsius
Be is the “Beale Number”, [-]
CAD Computer-Aided Drafting
CFD Computational Fluid Dynamics;
Cp is the specific heat at constant pressure of the fluid, [J/kg/K]
CSP Concentrated Solar Power
Dh is the hydraulic diameter, [m]
DNI Direct Normal Irradiance (W/m2)
f is the frequency of the cycle, [Hz]
J Joule
k is the thermal conductivity of the fluid, [W/m/K]
kWel Kilowatts of electrical power
Nu Nusselt number
p is the average pressure in the cycle, [bar]
P is the thermal power, [kW]
Pr Prandtl number
PV-RO photovoltaic powered reverse osmosis
rad Radians
Re Reynolds number
rpm Revolutions per minute
ST-RO solar thermal powered reverse osmosis
UOM Unit Of Measurement
Vo is the displacement of the power piston, [cm3]
W Watt
Greek Symbols
σ Stefan–Boltzmann coefficient, [W/(m2·K4)]
φ rim angle, [rad]
v is the average velocity of the fluid, [m/s]
μ is the dynamic viscosity of the fluid, [Pa·s]
ρ is the fluid density, [kg/m3]
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Abstract: The article summarizes the arguments within the scientific discussion about performance
management in mining companies and their significance for obtaining competitiveness in the market
of mining companies in the direction of sustainable development and economic growth. The main
goal of the paper is to evaluate the performance indicators of mining processes after the implementa-
tion of strategic innovation—a new layout of the mining area focused on a combination of stationary
and mobile mining equipment and their influence on the environment in a selected mining company
in Slovakia in area of mining of limestone. Methods of research were focused on using economic
indicators for the valuation of the efficiency and functionality of the mining processes. We used
Pareto analysis for evaluation that points to critical mining processes and their significance in the
financial area with orientation to costs, revenues. This research was used economic analysis with
direction to efficiency, an indicator of cost and profit. Those indicators create a base for effective
business in the mining area. The research empirically confirms that the new innovation of layout of
mining place brings improvement of mining processes and indicators point to effective (over limit
0.70) and functional (over limit 0.90) mining processes in the year 2020. Pareto analysis showed the
best processes (mining, expedition, transport, sorting) for financial benefits, the volume of production,
demand, the satisfaction of customers, the cover needs of industries but at the same they are processes
with high costs. Strategic innovation brought improvement too in the area of the environment. The
results of the research can be useful for other mining companies in performance management and
achievement mining market position.

Keywords: mining processes; evaluation; efficiency; functionality; performance

1. Introduction

Management of mining processes and monitoring of their performance is a basic pre-
requisite for continual improvement, elimination of waste, the introduction of innovations
in mining, gaining competitive advantages, and application in the competitive environ-
ment of the mining industry by the view of sustainable development and economic growth.
Jiskani et al. (2020) support the argument that improving the competitiveness of the mining
industry aids in the promotion of its sustainable development by the SWOT analysis for
the mining industry. Jiskani et al. (2021) [1] comment that the performance indicators are
evaluated in smart mining, but it is important to the importance of performance indicators
framework should be highlighted. Cehlár et al. (2019) [2] stated that the new mining
machines mean improving mining operations, more efficiently boosting productivity and
employee safety, and opportunities for future use of earth resources and new technologies
in the mining industry [3]. Optimization of the mining area and its layout means compet-
itiveness in the market of mining industries (quality management). Jiskani et al. (2020)
described the importance of mine optimization, safety, and green mining strategy as an
essential pathway to achieving sustainable mining. The role of mining safety and green
mining for sustainable mining is the base idea for future mining [4]. Krupnik et al. (2020)
stated that process and operation management and mining process improvement represent
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an approach that enables to ensure the maximum performance of mining processes, to
fill in the strategic goals of the mining companies, and to ensure the competitiveness on
the mining industry market [5]. Sutoová et al. (2018) stated that the achievement of the
performance in mining processes means focusing on innovation, developing knowledge,
improving internal processes, eliminating waste, minimizing costs, improving technology,
and using production factors effectively [6]. Zhou et al. (2020) stated the concept of green
mining is to improve the mining industry in a holistic way so that it is safe, efficient, and
environmentally sustainable. They created an evaluation index system of green surface
mining based on the theory of green grades. The evaluation model is comprised of three
attributes (safety, efficiency, and environment), nine criteria, and 35 indicators [7]. Chen
et al. (2020) presented the idea of green mining was proposed as a practical approach to
making the mining industry more sustainable than before. Green mining is a contemporary
mining model centered on the sustainability of resources, environment, and socio-economic
benefits. Its purpose is to develop and apply technologies and processes that increase
environmental performance, while maintaining competitiveness throughout the entire
mining cycle from exploration to post-closure [8]. The main goal of the paper was to evalu-
ate the performance indicators of mining processes after the implementation of strategic
innovation—a new layout of the mining area focused on a combination of stationary and
mobile mining equipment. Mining processes relate to negative environmental impacts
(environmental management) and high energy consumption (energy management). Mir-
mozaffari et al. (2020) stated that it is important continually to evaluate ecological efficiency
affected by CO2 consumption that is one part of the performance of mining processes [9].
Negative impacts of mining processes to the adjacent territories create a base for evaluation.
The contamination of territories is developed by active seepage of liquid waste of mining
(waste management). Menshikova et al. (2020) commented particularly important is to
evaluate water balance in the mining processes and a significant amount of wastewater
(water management). The results of performance indicators are to substantiate the need
to manage the seepage discharge process by means of enclosing dams to ensure environ-
mentally safe operation of the tailings dump [10]. The growing availability of information
and data analysis capabilities provides new opportunities for improving the performance
of mining operations. By using real-time measurements and artificial intelligence, it is
possible to respond faster to changing conditions, while accurate and timely information
permits rapid evaluation of changes and fast business improvement decisions (operation
management). The base of the blueprint is a performance framework (Figure 1) with a
system of key performance indicators for mining control.

The synergy of all various forms of management creates the base of improvement in
mining companies. Visser et al. (2020) commented that the introduction of the blueprint for
operations management enables mines to leverage the developments in information and
analysis capabilities to improve the performance of operations and prevention of risks (risk
management) [11]. An important part of performance evaluation in mining companies is
effective risk management in mining. Jiskani et al. (2020) stated that the significance of
risk identification, risk analysis, and risk management for sustainable development in the
mining industry must be highlighted. Sustainability has always been a core concern in the
mining industry because the exploitation of mineral resources poses adverse impacts on the
environment and society. As a result, the industry is seeking spectacular progress to foster
sustainable mining practices that can enable it to be financially viable, environmentally
friendly, and socially responsible. Since mining is inevitably endemic with risks, risk
assessment could enable the industry to deal with the risks that have significant impacts
on its sustainable development [12]. Risk needs to be properly identified before it may be
estimated and later responded to adequately. Tworek et al. (2018) stated that prerequisite is
an effective system of risk management in mining [13]. One part of risk management in the
mining area is the health and safety management system. Health risk management depends
on mining technologies, mining areas, and mining processes (Risk management) [14]. The
best important part of management is financial and cost management in mining companies.
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Typical responses by mining companies are to cut costs or increase production what is
presented as financial indicators—profit, revenues, and costs. Hall et al. (2003) stated
that economic risk is important to know in mining companies. Most mineral deposits
respond to increased production rates. Many mine failures can be prevented by a close
examination of the tonnage grade curve and an understanding of how margins, net cash
flows, and resulting business risk change with cut-off grades and rates of production. The
synergy effect of cost and financial management is a base for improvement in mining
companies [15]. The economic situation of mining companies entails a strategic approach
to cost reduction planning. The slowdown of the economy forces the business sector to
restructure and reduction of cost, proceeding to rationalization processes which leads to
optimization of mining processes, increasing of machine utilization, the use of materials,
and people. Domaracká et al. (2013) commented that for the right decision-making it is
necessary to have information about the financial situation and about critical areas in the
mining process during risk management [16]. Puzder et al. (2017) commented that one of
the risks in mining companies is an economic indicator—cost ratio. The cost ratio indicator
is the fundamental performance indicator of the mining companies and it is important to
create a cost model for its evaluation orientated to minimize mining costs [17]. The next
problem for evaluation of the performance of mining is sustainable development and is
it attracting new investment. Solving it requires access to international capital markets
and preparing financial statements with international requirements based on the data
generated by the accounting system. Tyuleneneva (2017) stated that the framework of
international financial reporting standards is important to base for new investment in
mining companies [18]. Evaluation of the performance of mining must be introduced
through the life cycle assessment (LCA). The mining industry is a potential field where
sustainability and LCA can be implemented due to intense energy requirements and
equipment utilization [19]. LCA is beginning with the mining process. The rationalization
of the transportation of raw material in a mining company creates a base for other processes
for example sorting, milling, and crushing. The application of generally applicable logistics
principles may result in the increased efficiency of the transportation process. The main
input of the rationalization proposal is the analysis of technical parameters of belt conveyors
and following their optimization [20]. All mining processes would have to be managed
effectively. Strategic development in mining companies is orientated to vertical integration.
It means using outsourcing for the specific needs of the basic mining company during the
IPO chain. The integration process may concern mining, processing, or mining–processing–
metallurgical operations [21]. Bye (2007) stated that in the frame of strategic development is
important to evaluate mining areas not only for grade and tonnage predictions but also for
predictions of rock mass quality. The development of 3D multi-parametric models facilitates
the provision of resource information well in advance of the mining. This information can
be used for overall mine planning and evaluation, costing, mining optimization, and slope
design. This allows the full range of mining activities to be interconnected, thereby lowering
costs and improving efficiencies [22]. Mining companies using simulation modeling as an
integral component in their development to determine which combination of infra-structure
options, operating performance, and operating rules best achieve the goals of the mining
process [23]. Except for simulation, models are used, namely, the technical–economic
model for calculating a suitable mining method with accepted technical and economic
factors [24]. The conventional discontinuity survey process in the mining industry to be a
time-consuming one and it is technically challenging due to the limited accessibility of fresh
rock exposures. A rapid and robust rock mass property quantification system is desirable
for rock structure design during mining operations. An image-based and fully automatic
rock mass geological strength index (GSI) rating system is used in praxis. The GSI system
includes both structure rating (SR) and joint condition digital imaging (JCDI) to represent
the bulk rock and discontinuity surface conditions of the rock mass [25]. Information
management is today part of mining processes. The raw material policy is focused on the
performance of all mining processes. Performance indicators of mining processes show to
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efficiency and functionality of mining processes. In developed countries, support tools for
process optimization are increasingly used, which ultimately affects the quality of the final
product [26]. Process management can be provided by managerial approaches (Figure 2),
which are focused on special areas of management.

Figure 1. Performance framework for evaluation mining processes. Source: own source.

In this paper, we used instruments of various forms of management and we showed
how important a synergy of forms of management is in the mining companies. The main
goal of the paper was to evaluate the performance indicators of mining processes after
the implementation of strategic innovation—a new layout of the mining area focused
on a combination of stationary and mobile mining equipment and their influence on the
environment in a selected mining company in Slovakia in area of mining for limestone.

The most frequently implemented management approaches in mining companies in-
clude: facility management (FM), activity-based management (ABM), project management
(PM), and human resource management (HRM), alongside other forms of management that
are presented in Figures 1 and 2. These managerial approaches focus on mining processes
to shorten the time of product implementation, utilization of input resources in a particular
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process, sensitivity to the interconnection of activities in the process, risk documentation,
and consistency and completeness in filling reports, records, and processed documenta-
tion. The orientation of process management is focused on measuring key performance
indicators of mining processes, which are in the synergy of other management approaches.

 

Financial management, Activity Based 
Management, Cost management, 

Information management  

Operation management, Facility 
Management, Project management, 

Knowledge management  

Quality management , Environmental 
management, Energy management, 

Waste management,  Water 
management 

Human Resource Management Health 
and Safety management  

Performance
management system

Figure 2. The synergy of various forms of management as a base for the performance management
system. Source: own source.

2. Materials and Methods

In this article, we evaluated mining processes after the implementation of strategic
innovation—a new layout of machines in the mining area. The complex process of research
was done by a research algorithm (Figure 3). The object of research was the chosen mining
company in Slovakia that deals with the mining of raw material, limestone.

1. Collection of data of mining processes from 
internal sources. 

2. Evaluation of performance of mining 
processes (efficiency, functionality).  

3. Graphical analysis of performance indicators 
and Pareto analyses.

4. Decribing of results of all analysis

Figure 3. Algorithm of research in the mining company. Source: own source.

We evaluated performance indicators of processes in mining. The base processes in
the IPO chain (input, process, output) (Figure 4) are processes in the mining company such
as mining, crushing, sorting, grinding, packing, expedition, and transport. These processes
create a base of the IPO chain and are the main processes in mining. These processes were
evaluated. In the first step, we collected data of mining processes from internal documents
of the mining company in the financial accounting and financial statements. We collected
data through a personal visit to the mining company, and at the economic department we
obtained outputs from the company’s internal databases and double-entry bookkeeping.
Data named “plan” are information of budgeting which was prepared last time period.
The budgeting used plan method was based on percentual increasing of data. Data named
“reality” are information of accounting statement which was prepared at the end of the
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year. Information creates data from two years—one year before implementation of the new
layout, and after the implementation of the new layout.

 

INPUT MINING CRUSHING SORTING GRINDING PACKING EXPEDITION TRANSPORT OUTPUT

Figure 4. IPO chain of mining processes in the mining company.

We collected data for economic analyses for performance indicators in mining
processes in the selected mining company in Slovakia. Table 1 contains data of various
industry areas where the mining company sells raw material and products of raw
material -limestone. Data are expressed volume unit (tone) for two the period years
2019 and 2020. Data are introduced for reality (current period) and plan (budgeting) of
production of raw material.

Table 1. Production volume of raw material—limestone for various industries.

Type of Industry (Tone) 2019 (Plan) 2019 (Reality) 2020 (Plan) 2020 (Reality)

Construction (0–8) 32,000 35,300 34,000 30,500
Construction (8–32) 4500 5200 14,600 15,100

Construction (32–63) 52,360 54,600 65,820 87,650
Steel industry 7900 8200 18,500 20,400
Steel industry 15,600 17,500 90,000 156,000

Chemical industry 18,600 20,700 32,000 30,200
Glass industry 1400 1500 1650 1700

Agriculture 2500 2100 2100 1900

Source: Internal document of the mining.

Table 2 contains data of mining processes in the mining company. Data were expressed
as volume unit (ton) for two period years, 2019 and 2020. Data were introduced for reality
(current period) and plan (budgeting) of production of raw material.

Table 2. Production volume of raw material, limestone, for mining processes.

Mining Processes (Tone) 2019 (Plan) 2019 (Reality) 2020 (Plan) 2020 (Reality)

Mining 134,860 145,100 258,270 343,450
Transport 125,600 78,500 215,600 200,700
Crushing 75,860 74,650 154,600 158,750
Sorting 128,900 131,200 185,600 189,600

Grinding 45,600 43,500 74,650 74,800
Packing 33,450 31,530 48,500 49,650

Expedition 115,600 120,630 225,450 256,700

Source: Internal document of the mining.

In the second step, we analyzed performance indicators—coefficient of efficiency,
index of functionality—for each process because these are two basic indicators of pro-
cess evaluation according to ISO standard 9001 in the field of process management. We
evaluated each area of industry where the mining company sold raw material, limestone.

Coefficient of efficiency (K) expresses the degree of fulfillment of the plan of the
given process. It can be calculated by various parameters (production, revenue, failures,
number of contracts, costs). Results of the coefficient evaluation are compared by limit

76



Processes 2021, 9, 1374

values (Table 3). Formula for coefficient of efficiency (K), where (Xs) = value for reality,
(Xp) = value for plan. This formula is based on the essence of process management:

K =
Xs
Xp

(1)

Table 3. Limit of effective process [27].

Coefficient of Efficiency (K) Limit

Effective K ≥ 0.85
Mostly effective 0.85 > K ≥ 0.70

Ineffective K < 0.70

The index of functionality (I) expresses the degree of trend (development) of the
given process through the coefficient of efficiency for two continual time’s period. It can
be calculated by various parameters (production, revenue, failures, number of contracts,
costs). Results of the index of functionality evaluation were compared by limit values
(Table 4). The formula index of functionality (I), where K1 = value of coefficient of efficiency
for current period, K0 = value of coefficient of efficiency for base period:

I =
K1
K0

(2)

Table 4. Limit of functionality of process [27].

Index of Functionality Limit

Functional I ≥ 1
Mostly functional 1 > I ≥ 0.90

Nonfunctional I < 0.90

The limit of the effective process and limit of the functionality of process are values
established by long-term theories from the quality guru Deming and are used today in
the quality management system. For those indicators, the ISO norm 10,014: economic
of quality exists. The coefficient of efficiency and index of functionality are important
indicators for assessing the business environment and the functioning of mining pro-
cesses in mining companies around the world. These indicators significantly affect the
functioning of mining processes, the demand for extracted raw material, interest in
processed raw materials, the use of the machinery park, and complex influence on the
financial situation in the mining area [27].

We also used Pareto analysis to research the performance of mining processes.
Pareto analysis is named after the Italian economist Vilfredo Pareto, who at the end of
the 19th century found that 80% of the wealth was owned by 20% of people. The Pareto
rule also applies in business processes, e.g., 80% of the company’s revenues come from
20% of customers, 20% of products generate 80% of profit, and 20% of possible causes
generate 80% of problem situations in production.

The Pareto analysis procedure is employed for the following reasons:

1. To identify the causes in the monitored process (complaints, errors, costs,
injuries, failures);

2. To arrange the causes in descending order (MAX-MIN), from the largest to the
smallest values;

3. To determine the relative abundance (%);
4. To determine the cumulative relative abundance (%);
5. To construct a bar graph of causes from the largest value to the smallest value;
6. To construct a Lorenz curve (line graph) of cumulative frequencies of observed causes

by means of a secondary axis in the graph;
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7. To draw the ratio 80/20—80% on the cumulative number of the perpendicular to
the Lorenz curve, from the point of intersection of the Lorenz curve perpendicular
to the x-axis (20%). From point 0 to point 20%, the area of causes is decisive for the
implementation of changes, after 20%, the area of causes is insignificant.

Relative abundance (%) expresses the share of the part in the whole in percentage
expression, where Xi = economic value (production, profit, revenue, costs, number of
employees) and KUM Ra means cumulating of percentage expression:

Ra =
Xi

SUM Xi
∗ 100(%) (3)

The Pareto analysis creates one of the models for a production system that describes
failures in the mining machines area. This model is based on filling business strategy goals
in the area of machines park of a mining company [28].

Process performance indicators also include financial indicators. In this area,
we evaluated the indicator of economic efficiency (e), economic result (P), and cost
ratio indicator (n).

The modern way of evaluating performance is based on the assumption that a com-
pany is efficient if it is able to achieve defined strategic goals. The efficiency of the company
is a prerequisite for the company’s competitiveness. The Global Competitiveness Report
(BCI) assesses business-level competitiveness on the basis of indicators of performance.
For economic analyses, we needed data of financial accounting as revenues, costs. Table 5
contains data of revenue for various industry areas (construction, steel, chemical, glass
industry, agriculture). Data were expressed value units (euro) for two period years, 2019
and 2020. Data were present for actuality.

Table 5. Revenue of raw material, limestone.

Type of Industry 2019 (Reality) (€) 2020 (Reality) (€)

Construction 546,600 1,034,600
Steel industry 175,800 1,920,500

Chemical industry 150,000 210,560
Glass industry 97,000 95,000

Agriculture 75,200 87,400
Source: Internal document of the mining.

Table 6 contains data of costs for various industry areas (construction, steel, chemical,
glass industry, agriculture). Data were expressed value units (euro) for two period years,
2019 and 2020. Data were present for actuality.

Table 6. Costs of raw material, limestone.

Type of Industry 2019 (Reality) (€) 2020 (Reality) (€)

Construction 339,120 1,025,700
Steel industry 125,600 1,758,000

Chemical industry 149,800 207,560
Glass industry 85,600 85,700

Agriculture 68,520 65,700
Source: Internal document of the mining.

Economic indicators present those formulas:
Formula efficiency (e) is where X = value of revenue (€), Y = value of cost (€):

e =
X
Y

(4)

Efficiency (e) expresses the index between revenue and costs. The value of the coeffi-
cient (e) should be above level e > 1.
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Formula profit (P) is where X = value of revenue (€), Y = value of cost (€):

P = X − Y (€) (5)

Profit (P) expresses the difference between revenue and costs. The value of the profit
(P) should be positive.

Formula cost ratio (n) is where X = value of revenue (€), Y = value of cost (€):

n =
Y
X

(6)

Cost ratio (n) expresses the index between costs and revenue. The value of the cost
ratio (n) should be level n < 1.

Financial indicators create the base of performance. The dissatisfaction with financial
indicators led to a focus on areas of performance measurement such as a balanced scorecard,
environmental indicators, quality indicators, and technic indicators. Moreover, many
recent studies have focused on the sustainability concept and performance measurement
interconnection. This approach is important for mining companies and evaluation mining
processes [29].

3. Results

The research was orientated to process evaluation in mining. The object of research
was chosen mining company in Slovakia that deals with the mining of raw material,
limestone. In the selected mining company, we evaluated all processes in the IPO chain.
Processes were evaluated after the implementation of strategic innovation, a new layout of
machines in the mining area (Figure 5). The mining machines were placed in the workplace
in another place. This change was done for the efficiency of the mining process.

 
Figure 5. Layout in mining company after implementation new strategic innovation. Source: [30].

After the new layout of mining machines in the mining area, the mining processes
were optimized. Based on the change of the working space, we evaluated the performance
of the processes before the change and after the change of the mining layout area. The
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results of the evaluation of the efficiency indicator (Table 7) and functionality indicator
(Table 8) of mining processes are presented in tables. The coefficient and index were
calculated by formula 1 and formula 2. The results of the evaluation of the efficiency of
mining processes point to critical mining process—transport in a mining company in the
year 2019 at the level under limit e < 0.70. This means that this process is ineffective. The
other processes are higher as limit level. The main goal of this indicator is to plan new
changes in the area of internal transport in a mining company. This problem was in the
year 2020 solved by implementing a new layout. The coefficient of efficiency was changed
on the over-limit level on value K = 0.93.

Table 7. Coefficient of efficiency (K).

Mining Processes (Tone) K(0) 2019 K(1) 2020

Mining 1.075 1.32
Transport 0.62 0.93
Crushing 0.98 1.03
Sorting 1.01 1.02

Grinding 0.95 1.002
Packing 0.94 1.02

Expedition 1.04 1.13
Source: own calculation.

Table 8. Index of functionality (I).

Mining Processes (Tone) I

Mining 1.22
Transport 1.5
Crushing 1.05
Sorting 1.009

Grinding 1.05
Packing 1.08

Expedition 1.09
Source: own calculation.

The positive benefits we evaluated in this research through the coefficient of efficiency
and index of functionality were recorded in the year 2020 because the coefficient of efficiency
for transport was increased over a limit level K > 0.70 and the index of functionality for
the year 2020 was recorded value over a limit level I >1 because its value was I = 1.5. All
mining processes were effective. It means that each mining process was plan filling, and
the mining, crushing, and grinding increased from the year 2019 after the new innovation
strategy layout. For the mining company, the new innovation means new opportunities,
meeting customer requirements, process efficiency, cost reduction, and downtimes.

The results of the evaluation of the efficiency (Table 9) and functionality (Table 10)
orientated on the industry area where the mining company sells raw material and fractions
of raw material we evaluated. In both years, mining processes were effective for all industry
areas because the value of coefficient of efficiency in both 2019 and 2020 achieved over-
limit level K < 0.70—for ineffective process. The lower results were recorded by area of
construction (0–8), chemical industry, and agriculture.

In all areas, all purchasers recorded positive indicators of efficiency over-limit levels.
The mining company fills the requirements of customers in the various areas—construction,
chemical industry, glass industry, steel industry, and agriculture. This state is very impor-
tant to the sustainability of mining market.

Index of functionality (Table 10) recorded nonfunctional mining processes in two
areas—construction (0–8) and construction (8–32). These areas did not fulfill the require-
ments of customers. The other areas were fulfilled. This means that the trend during the
two years recorded caused some problems in the mining processes as internal transport
and downtimes at mining place. This problem was solved by a new layout at the mining
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place. In the new layout new mobile machines and other mobile crushers were used. The
change of machines park brings the efficiency of mining processes, including crushing,
grinding, and transport. This fact was described in values of functionality over the limit
level. Managing and improving business processes increases business performance. There
are several perspectives on managing and improving business processes such as productiv-
ity, efficiency, performance, time, cost, accuracy, flexibility, and output quality. Performance
is the ability of a company to achieve the set goals and bring effect to all stakeholders. This
represents a high probability of success in competing with other companies [31].

Table 9. Coefficient of efficiency (K) for type of industry.

Type of Industry (Tone) K(0) 2019 K(1) 2020

Construction (0–8) 1.10 0.89
Construction (8–32) 1.15 1.03

Construction (32–63) 1.04 1.33
Steel industry 1.03 1.10
Steel industry 1.12 1.73

Chemical industry 0.99 0.94
Glass industry 1.07 1.03

Agriculture 0.84 0.90

Source: own calculation.

Table 10. Index of functionality (I) for type of industry.

Type of Industry (Tone) I

Construction (0–8) 0.80
Construction (8–32) 0.89

Construction (32–63) 1.27
Steel industry 1.067
Steel industry 1.54

Chemical industry 0.94
Glass industry 0.96

Agriculture 1.07
Source: own calculation.

In the second step of algorithm of research, we prepared the Pareto analysis (Table 11).
In the second step of the algorithm of research, we prepared a Pareto analysis. This analysis
stated which processes were critical. Rules 20/80 mean that 20% mining processes create
80% operational costs (Figure 6). This analysis points to minimize costs in mining processes,
including mining, expedition, transport, and sorting. Transport and sorting were solved by
the new layout of the mining space.

Table 11. Pareto analyses for mining processes.

Mining Processes Production (Tone) Ra (%) KUM Ra (%)

Mining 343,450 27 27
Expedition 256,700 20 47
Transport 200,700 16 63

Sorting 189,600 15 78
Crushing 158,750 12 90
Grinding 74,800 6 96
Packing 49,650 4 100

Source: own source.

Results of Pareto analysis point to critical processes in the mining company but at
the same to processes that bring high revenues to satisfy the demand of raw material of
various industry sections. Lorenz curve explains relation 20/80. It means only 20% of
mining processes (mining, expedition, transport, sorting) create high production 80%. At
the same time, this Lorenz curve explains 20% of mining processes create 80% operational
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costs. At last Lorenz curve explains 20% of mining processes create 80% revenues, which
are important for the financial stability of the mining company. The process of mining
contains a lot of various processes, but only some processes create a high level of costs.
Those processes are important to solve and optimize costs.

Figure 6. Pareto analyses and Lorenz curve. Source: own source.

We investigated the financial stability of the mining company through economic
indicators (Table 12) as economic efficiency (e), cost ratio (n), and economic result (P).
For economic analysis, we used data from the years 2019 and 2020 and we calculated
economic indicators by formula 4, 5, 6. Indicator of efficiency (e) expresses the index
between revenue and costs. The value of the coefficient (e) should be above level e > 1. In
the mining company, this indicator is higher as (1) in the year 2019, 2020. It means that the
mining company fulfills the goals of production and demand, and it uses all production
factors optimal. The indicator economic result (P) in the mining company recorded high
value in the years 2019 and 2020 means profit, not loss, which is important for the financial
stability and for new investment. The high profit was recorded in the area for construction
in the year 2019, and for the steel industry in the year 2020.

Table 12. Economic analyses.

Type of Industry 2019 (e) 2020 (e) (P) (€) 2019 (P) (€) 2020 2019 (n) 2020 (n)

Construction 1.6 1.01 207,480 8900 0.6 0.99
Steel industry 1.4 1.1 50,200 162,500 0.7 0.9

Chemical industry 1.001 1.01 200 3000 0.999 0.99
Glass industry 1.1 1.1 11,400 9300 0.9 0.9

Agriculture 1.1 1.3 6680 21,700 0.9 0.8

Source: own source.

The cost ratio indicator (n) expresses the index between costs and revenue. The value
of the cost ratio (n) should be level n < 1. This indicator informs the mining company about
operational costs to one unit of revenue. In the year 2019 was this indicator the lowest in
the construction area of industry and in the year 2020 was this indicator the lowest in the
agriculture area. The structure of this indicator runs from 0.6 to 0.99. It means the risk for
mining companies because costs directly to the value of revenue, which means a loss in
the future period. Comparison analysis for economic efficiency and cost ratio (Figure 7)
express through a limit level—value (1). Efficiency must be over this limit level and cost
ratio must be under this limit level.
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Figure 7. Economic analyses. Source: own source.

Comparison analysis points to economic efficiency over-limit level (1), where the cost
ration indicator is under limit level (1). Both indicators showed a positive trend, but in the
future they will be important to monitor.

4. Discussion

In this paper, we dealt with strategic innovation and its impact on performance
indicators in mining companies for all mining processes. It is important to state that
various innovations change performance indicators and bring improvement and increasing
of profit of the mining company. Green mining is based on safety, environment, employees,
results of the company, requirements of customers, and the end to achieve market position.
The evaluation of the performance (Figure 8) of mining processes is connected with the
strategic innovations that mining companies plan on the basis of the achieved results in the
area of process efficiency and functionality.

 
Figure 8. Dashboarding of performance of mining processes. Source: own source.
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Innovations are also part of the goals of the business strategy, which must be achieved
and fulfilled in the set time [32]. Based on the implemented strategic innovation in the
mining company, the performance indicators improved. The processes were evaluated as
functional and efficient. The change in layout caused a reduction in time downtime by
transporting the raw material to the crushing and grinding process. Mobile crushers were
introduced and belt conveyors were moved. Sorting lines were added for each shredder, as
well as mobile sorting lines. The change in in-house transport has reduced the operating
costs of equipment, transport costs, and raw material storage costs. The use of mining
equipment was in line with the technical capacity of the machines at the level of 85%. All
these measures brought the mining company better results in the performance of mining
processes. In praxis managerial instruments were used such as TQM, Kaizen, Six Sigma,
Controlling, 5S, Kanban, and JIT, which could ensure that the customers’ needs are met
and thus contribute to the higher performance of the mining companies [33]. Using quality
management instruments and methods, businesses can increase their productivity and
efficiency, decrease risks, reduces the unwanted variability in the processes, and associated
non-productive costs for increasing the production quality and customer satisfaction [34].
Potkany et al. (2020) presented the results of the research that indicate dependence between
the business size, capital structure, and use of quality management instruments. The
enterprises applying at least one of the quality management instruments achieved higher
performance measured by indicator ROE (above 7.5%) [35]. Using a new approach as
outsourcing or facility management is one direction for improvement in mining companies.
The search for the potential for cost savings, gaining more time for the core business in
mining companies, but also increasing the quality of outsourced activities is offered through
coordinated management of facility management support processes. Facility management
is a vital part of successfully operating companies because joins people, processes, the
building, and technology and brings benefits for companies [36]. All the instruments of
various management areas (quality, energy, environmental, financial, cost, human resource,
risks, information, and operation management) brought improvements for the mining
processes and for mining companies. The significant change was the layout of the mining
area, using alternative energy—solar energy, using mobile machines, and others.

5. Conclusions

The universal tool for measuring performance in mining companies is the subject
of research in many countries around the world. Achieving a competitive advantage
and gaining a foothold in the mining companies’ market provides a basic impetus
for evaluating the performance of mining processes in the direction of sustainable
development with orientation on green mining. Achieving performance in mining
companies means focusing on innovation, developing knowledge, improving mining
processes, using alternative resources, and protecting the environment. The right
strategic move for mining companies is to focus on innovative strategies. The mining
company introduced innovation in the form of the layout of the mining area and thus
improved the mining processes and achieved positive results in the financial area, thus
ensuring the financial stability of the mining company and satisfies customers in several
of the industry. This approach brought improvements in the environment and the use
of alternative sources for the achievement of energy. The research empirically confirms
that the new innovation of layout of mining place brings improvement of mining
processes and indicators point to effective (over limit 0.70) and functional (over limit
0.90) mining processes in the year 2020. The Pareto analysis showed the best processes
(mining, expedition, transport, sorting) for financial benefits, the volume of production,
demand, the satisfaction of customers, and the cover needs of industries, but at the
same they are processes with high costs. The results of the research can be useful
for other mining companies in performance management and achievement mining
market position. The introduction of new modern tools for measuring performance

84



Processes 2021, 9, 1374

is a prerequisite for building new performance management models in direction of
sustainable development.
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3. Cehlár, M.; Čulková, K.; Pavolová, H.; Khouri, S. Sustainability of Business with Earth Sources in V4. In Proceedings of the
4th International Innovative Mining Symposium; E3S Web of Conferences; Edition Diffusion Presse Sciences: Bristol, UK, 2019;
Volume 105, pp. 1–7. [CrossRef]

4. Jiskani, I.M.; Cai, Q.; Zhou, W.; Chang, Z.; Chalgri, S.R.; Manda, E.; Lu, X. Distinctive model of mine safety for sustainable mining
in Pakistan. Min. Metall. Explor. 2020, 37, 1023–1037. [CrossRef]

5. Krupnik, L.; Yelemessov, K.; Beisenov, B.; Baskanbayeva, D. Substantiation and process design to manufacture polymer-concrete
transfer cases for mining machines. Min. Miner. Deposit. 2020, 14, 103–109. [CrossRef]
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Abstract: Li4Ti5O12 (LTO), known as a zero-strain material, is widely studied as the anode material
for lithium-ion batteries owing to its high safety and long cycling stability. However, its low electronic
conductivity and Li diffusion coefficient significantly deteriorate its high-rate performance. In this
work, we proposed a facile approach to introduce oxygen vacancies into the commercialized LTO via
thermal treatment under Ar/H2 (5%). The oxygen vacancy-containing LTO demonstrates much better
performance than the sample before H2 treatment, especially at high current rates. Density functional
theory calculation results suggest that increasing oxygen vacancy concentration could enhance the
electronic conductivity and lower the diffusion barrier of Li+, giving rise to a fast electrochemical
kinetic process and thus improved high-rate performance.

Keywords: Li4Ti5O12; oxygen vacancy; high-rate performance; electronic conductivity; density
functional theory

1. Introduction

Lithium-ion batteries (LIBs), as the dominant energy storage device, have been widely
applied in portable electronic devices and electric vehicles [1–4]. Even though graphite
could be considered as the most successful anode material for LIBs [5–7], it still suffers from
large volume expansion, poor rate capability arising from its low Li+ diffusion coefficient,
and also dendrite formation which would cause severe safety problems [8,9]. As a result,
graphite may not be suitable for applications where safety and low-frequency maintenance
are the primary concerns, such as batteries for buses or large-scale power plants.

Recently, spinel Li4Ti5O12 (LTO) has attracted a lot of attention as a deintercala-
tion/intercalation anode material due to its high safety and long cycling stability, which is
associated with its negligible volume variation (also known as “zero strain”) during the
Li+ insertion/extraction process through the three-dimensional diffusion channels [10–12].
Meanwhile, LTO possesses a high operation voltage (1.55 V vs. Li/Li+) that can, to some ex-
tent, avoid the formation of the solid electrolyte interphase (SEI) and Li dendrites. However,
the intrinsically low electronic conductivity (10−13 S cm−1) and limited lithium diffusion
coefficient (10−9–10−13 cm2 s−1) [13–15] of LTO, originating from the absence of electrons
in the Ti 3d orbitals, leads to its large band gap (2 eV), thus preventing its more intensive
applications.

To address these drawbacks, metal atom doping could be quite effective, such as Cr,
Na, Gd and W, which would have a positive impact on the structure and stability of LTO
during lithium intercalation and de-intercalation [16–19]. On the other hand, several works
have indicated that the electrochemical properties of LTO could also be improved by the
introduction of oxygen vacancies (OVs), which can narrow the band gap by creating defeats,
thus enhancing the electrical conductivity of different materials [20–24] such as TiO2,
Co3O4 and LTO. The OVs are usually generated by treating the materials under reducing
atmosphere (i.e., H2), argon or vacuum [25], reacting with metal or hydride, hydrothermal
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reactions and plasma treatments [24,26]. Even though it has been demonstrated that
plasma treatments under reducing atmospheres could be efficient in generating OVs in
LTOs which led to the reduction of Ti4+ to Ti3+ while at the same time enhancing lithium
storage performance [20,21,24], this method might not be commercially feasible at a large
scale due to its high cost and complicated operation process.

Herein, we facilely treated commercialized LTO under a reduced atmosphere of Ar/H2
(5%) for the successful generation of OVs in LTO. As demonstrated by density functional
theory calculations, the increasing concentration of OVs could lead to a tuned electronic
structure and a low interaction of Li+ and LTO surface. As a result, the H2-treated LTO
demonstrated much better high-rate performance and long-term cycling stability than the
untreated pristine LTO. Both the theoretical and experimental analysis confirmed that the
current H2 treatment was highly efficient and cost-effective in introducing OVs into LTO,
leading to greatly enhanced lithium storage properties, thus demonstrating great potential
for large-scale high-power applications.

2. Materials and Methods

2.1. Modification of LTO

0.5 g commercial LTO (Tianjiao Technology Development Co., Kuiyong Town, China)
was put into a porcelain boat with a size of 60 cm in length and 30 cm in width and treated
in a tube furnace (OTF-1200X) by annealing under Ar/H2 (5%) atmosphere and the size
of tube was 8 cm in diameter and 1 m in length. In particular, the rate of heat rate was
2 ◦C min−1 with a 50 mL min−1 of gas flow rate and the temperature of 450 ◦C for 1 h.

2.2. Material Characterization

The crystallographic phases of all samples were investigated by X-ray diffraction
(XRD Bruker, D8 Advancer; Using Cu Kα radiation in the range of 2θ = 10–80◦ with
50 kV 30 mA, λ = 1.54 Å). The morphologies of HLTO and LTO were characterized via
transmission electron microscope (TEM; JEM2010F; FEI Talos-s, 200 kV accelerator voltage),
selected area electron diffraction (SAED) and field emission scanning electron microscope
(FSEM; FEI Inspect F50, Thermo Fisher Scientific, Waltham, MA, USA). X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher Scientific Escalab 250Xi; Al Kα hv = 1486.6 eV;
working voltage 12 kV and filament current 6 mA, Thermo Fisher Scientific, Waltham,
MA, USA) measurements were carried out to determine the chemical state of samples.
Raman spectroscopy tests were performed on a Thermo Fisher Scientific DXR Raman
spectrometer with an excitation wavelength of 532 nm. The specific surface area of LTO
and HTLO was acquired by N2 adsorption−desorption Brunauer−Emmett−Teller (BET)
measurement using a Kubo X1000. The OVs were tested without pretreatment through
Electron Paramagnetic Resonance (EPR) (power: 20 db, modulation amplitude: 3, center
field: 3510 G, range: 100 gauss). Volume resistance of LTO and HLTO was obtained using
DC resistance measurements (Malvern Mastersizer 2000, ACL Staticide, Chicago, IL, USA)
at the pressure of 3 MPa.

2.3. Electrochemical Measurement

The electrochemical performance of materials were tested using CR2032 coin-type
cells (Duoduo Technology Co., Guangdong, China) assembled in an Ar-filled glove box
(SG1200/750TS). The electrodes were prepared by mixing active material, Super P carbon
(Aiweixin Chemical Technology Co., Shenzhen, China) black and polyvinylidene difluo-
ride (PVDF) in a weight ratio of 8:1:1 and then hand milling with N-methyl pyrrolidone
(NMP) (Tianchenghe Technology Co., Beijing, China) to obtain a homogeneous slurry.
Subsequently, the slurry was coated on copper foil and dried at 80 ◦C for 12 h under
vacuum. The loading mass of active materials on the current collector is about 1~1.5 mg
cm−2. SEM/EDX results of the LTO and HLTO electrodes (Supplementary Materials Figure
S1) confirmed that both electrodes were shown with similar morphology and porosity. A
pure lithium metal disc was used as the counter electrode and Celgard 2500 (Tianchenghe
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Technology Co., Beijing, China) was used as the separator. The electrolyte was obtained
by dissolving 1 M LiPF6 in a mixture of ethylene carbonate (EC)/diethyl carbonate (DEC)
(Duoduo Technology Co., Guangdong, China) with volume ratio of 1:1.

Galvanostatic charging−discharging profiles were tested on Neware battery tester
with a voltage range of 1.0–2.5 V (vs. Li/Li+) at different current densities. Both cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were
carried out on a Bio-logic SP-150 electrochemical workstation. CV was conducted with a
voltage rage of 1–2.5 V (vs. Li/Li+) at different scan rates. For EIS, both LTO and HLTO
were prepared as anodes following the above-mentioned protocol, and the tests were
carried out after charging at the open-circuit potential of approximately 2.7 V (voltage
protection is a range from −5 V to 5 V) with a superimposed 5 mV sinusoidal (root-
mean-square) perturbation over the frequency range from 0.1 to 105 Hz. At least two
cells were tested for each condition, which showed very similar performance. Besides, all
the tests were performed using freshly assembled cells to rule out the aging effect. All
cells were assembled with a configuration of an Li (counter electrode)/Celgard polymer
separator/liquid electrolyte/LTO (or HLTO) anode.

2.4. Density Functional Theory (DFT) Calculations

First-principle calculations were performed via the Density Functional Theory (DFT)
method coupled with the Vienna Ab-Initio Simulation Package (VASP, University of Vi-
enna, Austria) [27]. The generalized gradient approximation (GGA) in the formulation
of Perdew−Burke−Ernzerhof (PBE) was used to treat the exchange and correlation en-
ergy [28]. The cutoff energy of 450 eV was adopted for the wave basis sets. A k-points
sampling with 0.04 and 0.08 Å−1 separation was used in the Brillouin zone for geometry
optimization and density of states, respectively. The force and energy were converged
to 0.02 eV Å−1 and 2.0 × 10−5 eV, respectively. The cutoff energy of 450 eV was set for
the plane wave basis. The (111) plane of LTO was adopted to construct OVs. Moreover, a
2 × 2 supercell was built in this work. The vacuum layer thickness of 20 Å was applied
to avoid virtual interaction. The energy barrier was calculated using the Nudged Elastic
Band (NEB) method, employing eight images between two end states. The constrained
optimization of the transition state was used when the NEB method was inapplicable due
to a high computational expense.

3. Results and Discussion

It is clear from Figure 1 that both the pristine and H2-treated samples contain phase-
pure Li4Ti5O12 (JCPDS 49-0207) [29]. The bump between 20◦ and 30◦ could probably
be attributed to the amorphous carbon present in the samples, which was confirmed by
Raman spectroscopy (Supplementary Materials Figure S2). Typical Raman vibration bands
were observed at 1348 cm−1 and 1588 cm−1, which correspond to the D and G band of
carbon. A TGA test (Supplementary Materials Figure S3) was investigated to verify such a
claim. Apparently, the initial weight loss of 1.14% below 200 ◦C could be the evaporation of
absorbed moisture content, and the subsequent loss of 2.08% between 400 and 600 ◦C could
be due to the combustion of amorphous carbon. Furthermore, we refined XRD patterns of
both samples and calculated their grain size with the Debye−Scherer formula [24,30]:

D =
Kλ

Bcosθ
(1)

where the value of K is a constant; λ is the wavelength of X-ray; θ is the diffraction angle;
B is the full-width-at-half-maximum. As a result, by calculating the D values based on
the diffraction peak at 18.5◦ (111), the average grain size of HLTO (21.78 nm) is bigger
than LTO (16.86 nm), which is most likely caused by the annealing process promoting the
growth of crystallites. Moreover, the higher degree of crystallinity of HLTO (60.37%) than
LTO (53.44%), which were obtained by the refinement results, also suggested the better
crystallinity in the former.
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Figure 1. XRD patterns of HLTO and LTO.

On the other hand, even though both samples contained irregular submicron meter
particles (Figure 2a,b), the heating process introduced subtle changes in the morphology of
LTO, as HLTO seemed to have slightly larger aggregations with fewer small particles. Such
a morphology was further confirmed under TEM (Figure 2c,d), and the high-resolution
TEM (HRTEM) images (Figure 2e,f) showed well-defined lattice fringes with an interplanar
distance of 0.48 nm, corresponding to the (111) plane of LTO in both samples. The selected-
area electron diffraction (SAED) patterns display highly ordered arrangement of diffrac-
tion spots, verifying the single crystallinity of both samples. N2 adsorption/desorption
measurement was conducted to analyze the surface structure of HLTO and LTO (Supple-
mentary Materials Figure S4). It is clear that both samples presented a typical type III
isotherm [2,8] with no apparent hysteresis loop, showing a BET surface area of 10.8 m2 g−1

and 13.1 m2 g−1 for HLTO and LTO, respectively, and a pore size distribution with a
well-defined peak at about 4 nm.

To confirm the presence of the OVs, X-ray photoelectron spectroscopy (XPS) was
performed to investigate the surface chemical states of both samples (Figures 3a,b and S5).
The O 1s spectra could be deconvoluted into three peaks which were located at 533.38 eV,
530.48 eV and 531.68 eV, corresponding to the hydroxyl species of surface-adsorbed water
molecules, the Ti−O bonds and the OVs, respectively [8,11,20,24]. It can thus be quantified
from the peak area that the content of OVs in HLTO is about 7.69%, which is about two
times that of LTO (3.73%), confirming the higher concentration of OVs in the former. Ti
2p spectra for both samples (Figure 3b) showed two peaks at 459.09 eV and 464.78 eV,
belonging to Ti4+. The peaks at 458.08 eV and 460.88 eV correspond to Ti3+, and HLTO
possessed a higher Ti3+ level of 23.78%, while that of LTO is only 15.38%, also verifying the
presence of more OVs in HLTO, suggesting that the H2 treatment could not only introduce
OVs in the material, but also effectively adjust the valence state of the Ti atoms in LTO
for the overall charge balance [20,24]. The relative concentrations of OVs were further
analyzed by Electron Paramagnetic Resonance (EPR) (Figure 3c). Judging by the g-values,
there are two high g signals at 2.004 in HLTO and LTO, which are due to the unpaired
electrons trapped by OVs, thus confirming the existence of OVs [23,29,31–33]. Meanwhile,
the higher signal intensity in HLTO than LTO indicates the higher OVs concentration in
the former [33–36], consistent with the above XPS analysis. Raman shift was studied to
analyze the functional groups of materials and explore the influence of the OVs on Ti-O
bonds (Figure 3d). Typical Raman vibration bands of LTO were observed at 227 cm−1,
417 cm−1 and 668 cm−1, which represents the bending vibration of the O–Ti–O, the
stretching–bending vibrations of the Li–O bonds in LiO4 polyhedral and the vibrations of
Ti–O bonds in TiO6 octahedra [37–39], respectively. After bringing in the OVs, the Ti-O
peaks were blue-shifted, which may be caused by the asymmetric vibrations due to the
replacement of Ti4+ by Ti3+ [37,38].
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Figure 2. SEM images of (a) HLTO and (b) LTO; TEM images of (c) HLTO and (d) LTO; HRTEM
images of (e) HLTO and (f) LTO. The insets in (e,f) show the SEAD patterns of the respective sample.

As illustrated in Figure 4a, both samples exhibited similar discharge capacity of
166 mAh g−1 and 161 mAh g−1 for LTO and HLTO at 1 C, respectively, and could be
probably attributed to the slightly higher surface area of LTO than HLTO. Generally,
such a difference is quite negligible at low current rates; however, HLTO demonstrated
significantly higher capacities than LTO as the charge/discharge rate reached 5 C and
beyond, further confirming the more efficient charge transfer process in the former [40,41].
Similar trend was also reflected in the cycling stability test at 1 C (Supplementary Materials
Figure S6) and 5 C (Figure 4b), where a capacity advantage could be maintained in HLTO
at 5 C for 300 cycles, while no noticeable difference could be observed at 1 C. The reason
for this phenomenon could be that, at a low current rate, the Li+ insertion/deinsertion
and the dual-phase transformation are slow processes, the Li ions in both samples could
have enough time to diffuse to the respective vacancy sites, thus producing comparable
storage capacities. While testing at higher rates, the interaction between the Li ions
and the active materials would be greatly limited, and only the sample with a higher Li
diffusion coefficient could allow the efficient intercalation/deintercalation of Li ions within
such a short reaction interval [20,24,26]. In the case of HLTO, the OVs could cause an
unbalanced charge distribution in the local vicinity, which generated a built-in electric
field [36,42], providing an extra driving force to the diffusion of Li+, giving rise to a
higher specific capacity at high charge/discharge rate. A long-term stability test at 20 C
(Figure 4c) presented a gradual decrease in specific capacity for 1000 cycles with almost
99.3% Coulombic efficiency, which is much higher compared to that of LTO during the
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course of the test. For anodes, CE is calculated by charge capacity divided by discharge
capacity, corresponding to the insertion and disinsertion of Li+ into and from the LTO
crystal framework. The initial CEs of LTO and HLTO were 99.8% and 99.6%, respectively
and then stabilized at 99.1% and 99.3% after 1000 cycles at 20 C, suggesting that the
insertion and deinsertion processes could take place to a similar extent. Even though both
samples have similarly high CEs, HLTO delivered much higher capacities than LTO at high
rates, suggesting that the diffusion of Li+ was much more efficient in the former as more
Li+ could be inserted and deinserted during the charge/discharge process. In order for the
complete storage of Li+, an Li metal anode was used to provide an excessive amount of Li+

in order for both samples to uptake as much Li+ as they can store, avoiding any possible
difference in the CE values originating from the intrinsic interaction between Li+ and
LTO/HLTO, but not from the depletion of Li+ at the electrolyte/electrode interface caused
by insufficient Li+. Based on the above analysis, the performance and kinetic properties
of HLTO were significantly improved with the introduction of OVs compared with the
pristine LTO.

 

Figure 3. Characterization results of HLTO and LTO: High-resolution XPS spectra of (a) O 1s and
(b) Ti 2p; (c) electron paramagnetic resonance (EPR) spectra; (d) Raman scattering spectra.

Subsequently, the galvanostatic charge/discharge curves of HLTO and LTO at various
rates from 0.5 C to 30 C were investigated to inquire the capacity contributions in both
samples (Figure 5a,b). It is apparent that HLTO demonstrated higher specific capacity than
LTO at higher rates. Based on the analysis of the difference between the charge/discharge
voltage plateaus (Supplementary Materials Figure S7), corresponding to the potential value
of the distinct voltage platform from the galvanostatic charge/discharge curves, a much
smaller polarization could be observed in HLTO at a high charge/discharge rate than LTO,
further confirming the more efficient kinetic diffusion of Li ions. Figure 5c,d compares
the discharge curves of HLTO and LTO at 1 C and 10 C, respectively. Each curve could be
divided into three phases according to the potential range: the region from the open-cycle
potential to ~1.55 V (noted as P1), the discharging platform at ~1.55 V (noted as P2) and a
third potential region from ~1.55 V to 1 V (noted as P3) [43–45]. These three processes are
related to three different reactions during discharge. P1 corresponds to the insertion of Li+

into the LTO solid solution. The dual-phase transformation, where Li4Ti5O12 transforms
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into Li7Ti5O12 (as shown in Equation (2) below) [46,47], is related to P2. P3 corresponds to
the storage of Li+ at solid−liquid and solid−solid interfaces.

Figure 4. Electrochemical tests of LTO and HLTO: (a) Rate performance; (b) Cycling performance
at 5 C; (c) Long-term cycling stability test at 20 C. All the capacities displayed in this figure are the
discharge capacities.

Li4Ti5O12 + 3Li+ + 3e− ↔ Li7Ti5O12 (2)

In all cases, the P1 and P3 phases contribute only a relatively small portion of the
discharge capacity, and it is also very clear that P2 played the dominant role in delivering
the main capacity during discharge (Figure 5e,f). Evidently, both samples demonstrated
similar capacity contributions from the three phases at the low current rate of 1 C. When
the charge/discharge rate increased to 10 C, the contributions from P1 and P3 remained
quite comparable, and the major difference originated from P2; that is to say, the main
reason for HLTO having a higher capacity than LTO is because the former had a more
efficient dual-phase transformation process than the latter [48,49].

To further study the reaction kinetics of HLTO and LTO, cyclic voltammetry (CV)
analysis at different scan rates from 0.2 mV s−1 to 5 mV s−1 was conducted. The first
cycles of LTO and HLTO at 0.2 mV s−1 are displayed in Figure 6a,c, where both samples
showed a pair of well-defined redox peaks at ~1.5 V/1.65 V (vs. Li/Li+), corresponding
to the Li+ insertion/desertion of Li4Ti5O12 [11–13]. It should be pointed out that HLTO
demonstrated higher peak intensities compared to LTO, suggesting that the presence of
OVs would enhance the electrochemical processes during charge and discharge [50,51].
When increasing the scan rate to 5 mV s−1, the difference in the peak intensities becomes
even more prominent, suggesting a faster kinetic process in HLTO than LTO [52]. Similar
to previous measurements, HLTO displayed current peaks with higher intensities than
LTO at high scan rates. The relationship between the peak current (i) and the scan rate (v)
could be described by an equation of i = avb [53–55], which can be transformed into:

log (i) = b log (v) + log (a) (3)

where b represents the charge storage behavior, and its value is usually within a range of
0.5–1. If the b is close to 0.5, the electrochemical process is mastered by ionic diffusion.
On the other hand, the process is controlled by faradaic reactions when the value of
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b is approaching 1 [56]. According to this theory, the b values of anodic and cathodic
peaks for LTO are determined to be 0.46 and 0.36 (Figure 6b), respectively, indicating that
the electrochemical process of LTO is basically controlled by ionic diffusion. In contrast,
the same values of b for HLTO are 0.62 and 0.45, suggesting that there are also faradaic
reactions, which could be caused by the introduced OVs in the material [57,58].

Figure 5. Charge/discharge curves of (a) HLTO and (b) LTO at various rates of 0.5 C, 1 C, 2 C,
5 C, 10 C, 20 C and 30 C; discharge curves at (c) 1 C and (d) 10 C; and the corresponding capacity
contribution of different phases for HLTO and LTO at (e) 1 C and (f) 10 C.

Electrochemical impedance measurements (Figure 7) were also performed for both
specimens to analyze the resistance properties. The specific frequencies at some data points
have been specified (labelled in the figure). The impedance curves were fitted with the
equivalent circuit model (inset of Figure 7a), where Rs represents ohmic resistance in the
high frequency region and exhibits the internal resistance of electrode and electrolyte
in LIBs [59], which could be obtained by the left intersection of the Nyquist plot with
the Z’ axis; Rct refers to the charge transfer resistance at the electrolyte/LTO interface,
presenting the resistance incurred on the Li ions when they inserted from the electrolyte
into the LTO/HLTO crystal structure [11,60,61], which is illustrated by the semicircle in the
middle frequency region; CPE corresponds to the double-layer capacitance, which could
be probably attributed to the accumulation of charges on the surface of the electrode that
were not inserted into the active material. Warburg impedance represents the resistance of
the Li+ ions transporting through the active material [50,62]. The diffusion coefficient of Li+

(DLi+) through the active material LTO or HLTO could be calculated using the following
equation [63,64]:

DLi+ =
R2T2

2A2n4F4C2σ2 (4)
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where R is the gas constant (value is 8.314 J K−1 mol−1); T is the absolute temperature
(298.15 K); A is the surface area of the electrode with a diameter of 12 mm (1.13 × 10−4 m2);
n is 3, which is the number of electrons transferred in the half-reaction for the redox reaction
and can be acquired from Formula (2); F is the Faraday constant (96,500 C mol−1); C is
the concentration of lithium ions (8.3 × 10−3 mol cm−3) [64]; σ is the Warburg factor
which can be acquired from the slope of Z’ ~ ω1/2 curves, as shown in Figure 7b, and the
related results for both samples are displayed in Table 1. As summarized in Table 1, HLTO
exhibited a larger DLi+ than LTO, which could be attributed to the improved conductivity
via the introduction of OVs. Other fitting results are also listed in Table 1, and apparently,
HLTO had a smaller ohmic resistance and charge transfer resistance than LTO, which was
also consistent with its better high-rate performance. Besides, DC resistance measurement
also showed that HLTO had a lower resistance of 5720 Ω·m than LTO (16,900 Ω·m).

 
Figure 6. Kinetic analysis of the LTO and HLTO anodes: (a) CV curves at different scan rates for LTO
and (b) corresponding log i versus log v plot; (c) CV curves at different scan rates for HLTO and
(d) corresponding log i versus log v plot.

 
Figure 7. (a) EIS spectra of LTO and HLTO electrodes; (b) plot curves of Z’ versus ω1/2 of three LTO
electrodes in the low-frequency region. The inset in (a) shows the equivalent circuit model.

95



Processes 2021, 9, 1655

Table 1. Summary of the EIS fitting results of LTO and HLTO.

Electrodes Rs (Ω cm−2) Rct (Ω cm−2) σ DLi+ (cm2 s−1)

LTO 1.48 314.9 373.73 3.29 × 10−17

HLTO 0.87 254.3 297.58 5.18 × 10−17

To discover the mechanism of OVs in improving the lithium storage capability, density
functional theory (DFT) calculations were carried out to investigate the electronic conduc-
tivity and Li+ diffusion behaviors in LTO lattice. Based on the XPS results, two different
models of LTO with a concentration of OVs of 3.9% and 7.8% were constructed, named
model I and II, respectively. Considering that the coordinate numbers of Ti atoms will affect
the chemical activity of LTO [65], we thus selected the (111) surface of the two models with
fivefold-coordinated and fourfold-coordinated Ti atoms, corresponding to LTO with low
and high OV content, respectively. The Li+ diffusion path on the two models are displayed
in Figure 8a,b, and the corresponding diffusion barriers are shown in Figure 8c. The (111)
surface of LTO with high OV content (model II) exhibits a diffusion energy barrier of
0.78 eV, which is much lower than that of the sample with low OV concentration (model I;
1.62 eV), indicating that the Li+ diffusion is faster on the surface with high OV content.
This phenomenon could be attributed to the reduced interaction between Li+ and under-
coordinated Ti atoms by the OVs, thus facilitating the migration of Li+. The calculated
density of stats (DOS) of two models are shown in Figure 8d. At high OV concentration,
significant changes can be observed in the DOS of LTO, giving rise to a narrowed band
gap of 1.6 eV in model II. Moreover, the corresponding Fermi level exhibited an upshift
from the valence band to conduction band, suggesting an enhanced electronic conductivity.
These calculation results indicated that increasing oxygen vacancy concentration could
enhance the electronic conductivity and lower the diffusion energy barrier of Li+, resulting
in a fast electrochemical process and superior high-rate performance.

Figure 8. Li migration paths of (a) model I and (b) model II; (c) corresponding energy barriers and
(d) calculated DOS of model I and model II. Model I and II correspond to the (111) surface of LTO
with the OVs concentration of 3.9% and 7.8%, respectively.

4. Conclusions

In summary, by facilely treating commercial LTO under H2 atmosphere, OVs could
be efficiently introduced into the active material, giving rise to a greatly enhanced elec-
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trochemical properties for lithium storage. Specifically, as confirmed by both XPS and
EPR measurements, the concentration of OVs in LTO was significantly increased after
H2 treatment, and based on density functional theory calculations, the presence of OV
would enhance the electronic conductivity and lower the energy barrier of Li+ diffusion.
As expected, HLTO with more OVs demonstrated greatly improved high-rate perfor-
mance than the pristine LTO, with a reversible capacity of 85.1 mAh g−1 at a very high
charge/discharge rate of 30 C, while that of LTO was only 59.9 mAh g−1. For prolonged
cycling at 20 C, HLTO also exhibited higher capacities than LTO. These results confirmed
that this facile method of introducing OVs into the active material would be highly effective
in enhancing the high-rate performance of the electrode, shedding light on the design of
high-power anode material for LIBs at an industrial scale.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9091655/s1, Figure S1: SEM/EDX images of LTO (a), HLTO (b), Figure S2: Partial Raman
spectra of HLTO and LTO, Figure S3: TGA results of commercial LTO, Figure S4: N2 adsorp-
tion/desorption curves of HLTO and LTO. The inset shows the pore size distribution of both samples
from adsorption branch, Figure S5: XPS spectra of HLTO and LTO, Figure S6: Cycling performance
of LTO and HLTO at 1 C, Figure S7: The polarization results of both samples at different rates.
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Abstract: There are two important territories in Slovakia with functioning gas well operations:
the Eastern Slovak Lowland and the Vienna Basin. This article focuses on the creation of electronic
monitoring and graphical mapping of the current technical conditions of gas wells in the Eastern
Slovak Lowland. An analysis of the gas wells’ current state in the terrain is available. The aim of the
article is to draw attention to the current state of gas wells, such as the insufficient processing of gas
wells, the lack of summary and uniform records concerning them, and the lack of an electronic system
for monitoring the technical security of the wells. The scientific contribution of this article lies in its
ability to interpret and address operational problems related to gas wells. Through analogy, the step
algorithm expresses the possibility of also using gas wells for oil, geothermal and hydrogeological
wells. The intention was to highlight the importance of the need to create a database for the security
and strategic needs of the state regarding the storage of natural gas. As of yet, no computer or
graphic system has been used in Slovakia to monitor, unify and clarify the actual technical condition
of gas wells. Using the ArcGIS electronic and graphical software tool, the mapping and recording
of gas wells was carried out in the area under investigation. The mapping was completed with the
mentioned technical patterns. These patterns have the information found on individual gas wells.
After the information is added to the database, this mapping can also be carried out in another
important area with functioning gas wells, such as in the Vienna Basin, which could be another theme
for further research in this area.

Keywords: natural gas; gas well; gas extraction; monitoring; mapping; ArcGIS software

1. Introduction

Today, Slovakia is almost entirely dependent on the import of oil and natural gas. De-
spite the current situation, the history of oil production in Slovakia, which was previously
part of Austria-Hungary and later Czechoslovakia, is one of the oldest in the world, and its
origins date back roughly to the middle of the 19th century.

At the beginning, extraction from a geological point of view was situated in the area
of the western and eastern part of the flysch belt of Slovakia. Over time, extraction in these
territories declined, and in the period between the First and Second World Wars, almost
completely disappeared. During the First World War, however, intensive exploration and
then extraction began in the Vienna Basin area, and then in the 1960s in the East Slovak
Neogene Basin area as well.

These extraction locations reached their maximum production in the 1960s and 1980s.
The Vienna and East Slovak Basin were then gradually joined by the Danube Basin. These
are rated among the traditional areas of oil exploration and continue to be some of the most
promising exploration areas in Slovakia. These basins have a degree of oil exploration that
is relatively uneven in terms of quality and volume [1,2].
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The wells must be situated in suitable rock-bearing environments, e.g., in sandstones.
Because of its structure, sandstone allows the accumulation of hydrocarbons such as oil and
natural gas. For drilling applications in the evaluation of cases such as borehole instability
and many other drilling problems, it is necessary to analyze the effects of bound tension
and pore pressure in the bearing rocks [3,4].

It is useful to analyze the history of measurements and perform continuous optimiza-
tion in order to reduce the number of measurements on wells where problems have not
been registered for a long time and focus more on potential problematic wells [5].

In the territory of Slovakia, the largest Neogene basin is the Danube Basin. When
compared to the Vienna Basin and East Slovak Basin, verified deep borehole source rocks
contain less organic carbon and have a lower hydrocarbon potential. In Slovakia, the Vienna
Basin is definitely one of the very important gas and oil regions, and important deposits
with predominantly gasoline types of oil can be found in the East Slovak Basin (Figure 1).

 
Figure 1. The Eastern Slovak Lowland and Vienna Basin [6].

Energy security, as one of the essential prerequisites for sustainable development, is
an objective pursued by all countries in the world [7].

The dynamics of the world oil and gas market have changed drastically over the last
decade. The discovery and extraction of large, new high-quality oil and gas reservoirs,
combined with the involvement of states in the development of low-carbon alternative
energies, lead to the fact that the global market is currently shaped not only by demand
but also by supply. The volatility of oil prices creates uncertainty, which negatively affects
decision-making processes in all energy sectors. The price of oil is the reference unit for the
investment and development in the alternative energy sector. In the context of the Paris
Climate Agreement, it is necessary to mitigate the impact of oil prices on the development
of alternative energies [8].

The current global economy is also making progress by using oil and natural gas
in several sectors of the economy. Their use is visible in the cosmetic, pharmaceutical,
alimentary, chemical, and metallurgical industries, but especially in the energy industry.

Oil is not recyclable and is now more frequently substituted with alternative fuel in
the energy industry. Currently, there is a trend in the energy industry towards the use of
low-carbon energy.

102



Processes 2021, 9, 1850

An alternative solution to the use of low-carbon fuel sources is also natural gas. One of
the possibilities of the efficient use of this energy source is its storage in excavated natural
gas (NG) deposits [9]. Slovakia has the largest storage capacity of underground storage
tanks in Central Europe.

Another possibility for obtaining natural gas from unconventional sources, especially
from shale, is hydraulic fracturing, currently mainly used in Poland. Hydraulic fission (HF)
techniques are particularly effective in stimulating hydrocarbon production from shale gas
or oil formations [10,11].

Hydraulic fracturing and induced seismicity monitoring are operating procedures for
the safe and effective production of oil and gas [12].

The aim of the article is to draw attention to the current state of wells, in which there
is insufficient processing of gas wells, a lack of summary and uniform records concerning
them, as well as a lack of an electronic system for monitoring the technical security of
the wells. In the area of fuel production and use, oil derivatives are increasingly being
replaced by fuels of plant origin such as biofuels, while many aggregates and mechanisms
have also started to use electric drive. At present, the trend in energy is to force out
aggregates burning hydrocarbon fuels because they produce a carbon footprint. Fossil fuels
are exchanged in favor of alternative fuels such as biofuels. Nevertheless, the traditional
hydrocarbon fuels will still be used in many other industry sectors.

In the territory of Slovakia, the largest extraction company is NAFTA a.s., which is
also our largest natural gas storage company with a maximum annual storage capacity of
approximately 2.5 billion m3. It operates in two exploration areas (Figure 2) with a total area
of approximately 3050 km2. NAFTA is currently the most important player in Slovakia’s
oil and gas exploration in the production sector. Table 1 has a list of valid exploration areas
and permits for oil and gas extraction for 2020 used by the international energy company
NAFTA Ltd., (London, UK). The original collection of gas centers where natural gas had
been stored provisionally were replaced by new modern technology. Underground gas
storage in the Slovak Republic represents the conversion of natural gas deposits to the
conditions of the underground storage of natural gas. The technological equipment for gas
processing, measurements as well as the control system have a very high technical level.
The other companies such as Vermilion Slovakia Exploration s.r.o., Bratislava, Alpine Oil
& Gas Slovakia s.r.o., Bratislava and ROMGAZ s.r.o., Bratislava are small shareholders in
Slovakia (Table 1).

 

Figure 2. Exploration territories in the Slovak Republic [13].

Out of concern for the social interest, the national strategy is to store natural gas in
underground storage facilities, as part of the sustainability of the country’s energy potential
for the future [2].

In recent years, it has been discovered that there are several operational problems
in the fields around underground reservoirs. During mining, changes in the geological
environment may occur that affect the mining process, e.g., compaction and sandblasting.
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With increases in the understanding of mining procedures and methods, the work on
underground gas storage facilities will become more efficient [14].

Well mapping allows the creation of efficient and safe gas reservoirs based on their
properties, which is a way of locating wells during the development of oil and gas reservoirs
and during extraction. Well modeling using an optimization algorithm automatically finds
the most suitable well locations, can help increase efficiency, provide objective decision-
making and reduce risk [15]. The exact identification of localized wells by mapping via
ArcGIS software leads to the accurate localization of wells. The excavated boreholes
with suitable geological conditions (e.g., porosity and the boundary of the deposit with
impermeable layers) are potentially suitable for use as underground storage tanks.

The stochastic drilling approach with the usage of well property algorithms is used to
find the optimal drilling depth measured in vertical wells in three-dimensional space. The
algorithms created in such a way are then used to demonstrate the determination of the
actual measured depth of the vertical wells [16].

Based on the above-mentioned information, we can demonstrate that it is possible
to quickly identify deposits with good productivity and to identify the most promising
areas with the presence of natural gas (according to Table 1). In the article, all available
data and information obtained from the East Slovak Basin from the available gas wells are
mapped and electronically processed into the summary registration and mapping system.
The authors used the existing software, ArcGis, and showed the possibility of filling its
database with the verified data and information from the existing wells. This information
was not completely processed in the electronic form. This software more easily provides
research into the technical characteristics of wells. The main aim is to show the newly
realized approaches to the electronic registration and mapping of wells, which, in Slovakia,
have not been mapped so far. This method of electronic evidence is possible to use to
process data and information, as well as for geothermal wells.

We can use various automated systems and programming in other software such as
DELPHI and MATLAB [17,18] to monitor, map and digitize information on the conditions
of wells. For example, a computational fluid dynamics (CFD) simulation tool is used to
build computational models, which together, creates modelling support for employees at
the Centre for Renewable Resources at the Technical University of Košice [19].

Table 1. List of all valid exploration territories for oil and gas in Slovakia (2020), (source: elaborated by authors based
on [13,20]).

Name of the Exploration Area Keeper of the Exploration Area Area [km2] Validity Up to

Bažantnica
oil and natural gas NAFTA a. s., Bratislava 451.4 14.05.2020

Beša
natural gas NAFTA a. s., Bratislava 770.45 26.09.2029

Gbelyoil and natural gas NAFTA a. s., Bratislava 419.00 21.05.2020
Topol’čany
natural gas NAFTA a. s., Bratislava 1190.93 31.12.2024

Trnava
natural gas

NAFTA a. s., Bratislava (50%),
Vermilion Slovakia Exploration s.r.o.,

Bratislava (50%)
91.3 31.03.2028

Vienna Basin—north
oil and natural gas NAFTA a. s., Bratislava 146.51 28.06.2024

Svidník
oil and natural gas

Alpine Oil & Gas Slovakia, s.r.o.,
Bratislava (66.67%),

ROMGAZ s.r.o., Bratislava (33.33%)
34.22 01.08.2021

As we have demonstrated in the introduction, up until recently, information on
the location and condition of historical oil and gas wells in Slovakia has been poorly
recorded and archived, including important geological, fluid and hydrocarbon production
information collected for each well.
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As a result, this has hampered the efficient new exploration of oil and gas, has pre-
vented the repurposing of historical wells for carbon or hydrogen storage or the assessment
of geothermal resources, and has impaired the ability to effectively identify and remediate
wells in poor condition that pose an environmental risk.

In this article we demonstrate how we have developed a new database and interroga-
tion workflow utilizing ArcGIS technology that can address these concerns. We provide
case examples of how the new system can be used to easily identify wells that require
remediation, depleted gas reservoirs that can be repurposed for carbon storage, and areas
of future hydrocarbon perspectivity.

2. Materials and Methods

For our research we have chosen gas wells in the territory of the East Slovak Lowland.
One model example of information inserted into the ArcGis database is from the Stre-

tava 45 well. The individual steps show the process of creating the database and entering
information into it. The valuation of the current status of all available wells was carried
out. After a detailed analysis, it was found that in 2020, there were six active extractions
of hydrocarbon deposits in the territory of the East Slovak Lowland. We considered all
gas and oil wells in Slovakia, which are registered by NAFTA Ltd. (270 wells). There are
270 wells in these mining areas, of which 61 are drilled and equipped, 11 planned and 198
that have been plugged and abandoned. These wells were used to create a program for
their records, electronic mapping and the collection of their basic information.

We entered the data of production wells, testing wells and exploration wells into the
software database. The abandoned wells were no longer important when considering data
entry into the database as they are excluded from the study.

After obtaining the measured data (the location, quantity, and state of oil and gas
wells), the data were evaluated using the following analyses:

(a) We analyzed up-to-date information on the status and number of gas wells in the
selected territory. In the territory of the Slovak Republic, the production of oil, gaso-
line, and natural gas as well as the underground storage of natural gas in natural
rock structures is localized in the districts of competence of the OBU (District Min-
ing Office) in Bratislava and the OBU (Mining Office) in Košice. A list of all valid
exploration territories in Slovakia for 2020 is given in Table 1.

Due to its suitable geological structure, the territory of Slovakia has several oil and gas
deposits (Tables 2 and 3). This favorable geological structure is necessary for their formation,
accumulation and subsequent extraction, or more precisely, for underground storage.

Table 2. List of currently valid extracted natural gas deposits, (source: elaborated by authors).

Natural Gas—14 Deposits

From which 5 are mined deposits

No. Name of the deposit
1 Bánovce nad Ondavou
2 Trhovište—Pozdišovce
3 Stretava
4 Senné
5 Ptrukša
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Table 3. Listing of the actual valid mined oil deposits, (source: elaborated by authors).

Oil (Gasoline)—6 Deposits

From which 4 are mined deposits
No. Name of the deposit

1 Bánovce nad Ondavou
2 Trhovište—Pozdišovce
3 Stretava
4 Senné

However, not all the discovered deposits were extracted because they were not finan-
cially efficient. Extracted oil or gas deposits can be used for other extraction activities in
Slovakia as well as in other countries. Depleted oil and gas reservoirs can be subsequently
used for other activities such as gas storage, carbon storage, and the disposal of mine waste
water, sulphide, CO2 etc. [21,22].

Most of these suitable underground geological structures are used for the storage
of natural gas, which are located mainly near the villages of Jakubov, Gajary, Suchohrad,
Plavecký Thursday, Láb and Križovany nad Váhom.

An analysis of the current state of deposits was carried out from the total current
number of natural gas deposits (Table 2) and oil (Table 3) located in the east of Slovakia in
the East Slovak Basin.

The above mined oil deposits (Table 3) are located in Eastern Slovakia. Currently, the
total production of oil in our territory is symbolic and accounts for only 1% of domestic
consumption. The amount of mined oil and gasoline, which is around 58,000 tons and
10,500 tons per year, respectively, is not sufficient for the needs of the country, so oil has to
be purchased abroad.

More important are natural gas deposits, which produce one million m3 per year,
while geologically suitable mined deposits are mainly used in Slovakia for the underground
storage of natural gas, and are among the most important in Central Europe.

Table 4 gives an overview of the hydrocarbon deposits and the oil and gas wells in the
extraction territory of the Eastern Slovak Lowland.

Table 4. Actual state and number of wells in the territory of the Eastern Slovak Lowland, (source:
elaborated by authors).

No.
Name of Hydrocarbon

Deposits
Realized Wells

Abandoned
Wells

Planned Wells

1 Bánovce nad Ondavou 10 28 0
2 Pavlovce nad Uhom 10 46 2
3 Pavlovce nad Uhom I. 13 36 2
4 Pozdišovce I. 12 39 1
5 Kapušianske Kl’ačany 14 42 6
6 Trebišov 2 7 0

Total 61 198 11

Table 4 shows that abandoned wells are largest in number and are also in the last,
irreversible phase in the life of the gas and oil well. Liquidation shall be taken if there is no
use of the well or if its further use would be inefficient from an economic point of view.
Abandoned wells can be used for waste storage, the pumping of mining water, heating
with heat pumps, or heating through the usage of low-level heat. The wells are controlled,
plugged and abandoned if they are filled with special cement mixtures.

These wells have to then be deepened and cleaned, and then undergo the installation
of underground equipment [23,24].

(b) We gathered and collected the necessary technical data and relevant information from
2020 available in the annual reports published by NAFTA a.s.
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(c) We obtained and processed the collected data from the Information System of Geodesy,
Cartography and Cadaster in the Slovak Republic (ISGKK).

(d) We verified the collected data using a functional algorithm, where 270 wells were
processed, which will provide basic information about these wells simply by searching
for them. ArcGIS software was used for recording, monitoring and mapping, from
which the electronic and graphical records of gas wells were obtained. The selection
of well parameters (depth, diameter of casings, casing wall thickness, the type and
composition of the lower part of the well, material quality, the type of joint, etc.) were
decided based on the amount of available information about the wells and locations
of the wells in the East Slovak Basin.

ArcGIS is a geographic information system (GIS) for working with maps and geo-
graphic information maintained by the Environmental Systems Research Institute (ESRI). It
is used for creating and using maps, compiling geographic data, analyzing mapped informa-
tion, sharing and discovering geographic information, using maps and geographic informa-
tion in a range of applications, and managing geographic information in a database [25–27].

3. Results

In the contents of the methodology, we analyzed all the indicators necessary to create
an algorithm for solving the status of wells in the electronic system. A clear database of
technical overground and underground information about wells was created. After the
creation of the database, an image base was visualized in ArcGIS software and used to
form the map based on the Slovak Republic.

The background of the map made it possible to filter different information and make
a selection according to the selected parameters.

As a support for the creation of the algorithm, we used the monitoring of the well and
a database created by us that contained all the basic data obtained about individual wells.
These data are listed as follows:

- Hydrocarbon deposits;
- Location;
- Type of well;
- Completion of the well;
- Pumping tests;
- Underground correction of the well;
- Sample of further usage;
- Liquidation well;
- Photo documentation;
- Further obtained information.

The process of the creation of the algorithm is visualized by the map base of the area
in which we were interested, as shown in Figure 3.

The methodology of the sequence of the creation of geographical maps consists of the
following main steps:

(a) Opening the ArcMap tool and creating a digital geographical map base of the area of
interest (Figure 3);

(b) Creating the geographical names in the format “.shp “, from the source geoportal.sk (Figure 4);
(c) Opening the ArcCatalog system module, which is necessary for the organization of

the geographic database and the creation of polygon mining areas with a system
file (Figure 5);

(d) Marking the mining areas and wells on a map base, where the wells were placed in
the individual mining areas (Figure 6);

(e) Creating a file and inserting information about individual wells (Figure 7);
(f) Conducting the final search based on the selected well (Figure 8).
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Figure 3. The process of the creation of the algorithm maps, (source: elaborated by authors).

 

Figure 4. Inserting geographical districts and names, (source: elaborated by authors).
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Figure 5. Creating layers for mining areas, (source: elaborated by authors).

 

Figure 6. Placement of the wells in mining areas, (source: elaborated by authors).
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Figure 7. Entering the detected technical specifications and data, (source: elaborated by authors).

 

Figure 8. Preview of how to view basic information about the Stretava 45 well, (source: elaborated by authors).

The first step was to open ArcMap, one of the basic ArcGIS tools for creating digital
geographic maps. This was followed by downloading and inserting the background map
of the Slovak Republic in .shp format from the ZBGIS Map Client application, available on
the geoportal.sk website.

The second step was to download and insert the geographical names in the “.shp”
format (Figure 4 from the source geoportal.sk).

In the third step, the ArcCatalog system module was opened to organize and manage
the geographic database, as well as used to connect the system file. In order to form
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polygon-type mining areas, a new layer (also using the “.shp” format) was created and
added to the same folder (Figure 5). In a similar way, individual wells were created, which
were of the point type.

After creating all the necessary layers, in step four we marked the mining areas and
wells on the map base. The wells were inserted exactly according to the individual valid
mining areas, and their items/categories can be seen in the table (Figure 6).

The last step was to fill the individual wells with all the basic technical information
and well parameters. This was done using the top bar via the Start Editing function as
shown in Figure 7.

The result of processing the data on wells was the creation of clear gas well recordings.
The advantage for the user is the speed of obtaining available data according to the name
of the searched well.

Alternatively, through the legend on the right side of the screen, the user can choose
which hydrocarbon deposits he or she is interested in. The user then clicks on the type of
well he or she wants to be displayed in the given hydrocarbon deposits. Then, the user
clicks on the selected well, as shown in Figure 8 (Stretava 45 well), where he or she will see
all the basic information available on the searched well.

This will show the user a clear table with windows and then he or she will be able to
open photo documentation of the well.

Similarly, the user will be able to view information about pumping tests and un-
derground repairs of the wells, as well as information on the disposal of wells and the
possibilities for their further use via internet links [28].

4. Discussion

In the operation of wells by individual companies, it is a priority to have clear and
accessible information about the current state of individual wells. The electronic monitoring
and recording of wells allows wells to be kept under constant control. This helps companies
respond in an appropriate manner to changes in wells, such as those caused by weather
conditions, mechanical damage, and especially operational changes. It contributes to their
smooth operation and prevents abrasion or well damage.

Another shortcoming is inaccurate legislation with a lack of solutions to the issue of
well remediation after mining.

A number of obligations are unclear, such as who has the obligation to rehabilitate the
territory after mining, how often the territory is to be controlled, or in what state the well is
deemed to have been properly disposed of.

Each well requires regular monitoring on the surface, but mainly below the surface.
This will prevent unplanned downtime due to poor technical conditions. Figure 9 shows
an example of the unsatisfactory condition of a gas well at its mouth.

Figure 10 shows the correct surface and subsoil technical condition of the gas well,
which is equipped with all safety devices (reinforced panel area, fencing, camera system,
GPS system, information boards with basic data) and complete technical equipment (well
completion) necessary for its safe operation.

Each gas well shall be subject to a so-called underground repair of the well after a
certain period of operation or on the basis of its actual technical condition and production
in order to continue to operate safely. Electronic records of its technical condition will also
contribute to this.

The benefit of our algorithm and the work progress is to create fast and transparent
monitoring of wells (i.e., well records and information about wells).

Thus, the result of the formed program is the recording of wells, where the user can
find his or her sought-after well by name. Alternatively, through the legend on the right
side of the screen, the user can choose what hydrocarbon deposits he or she is interested in
and click on the type of well he or she wants to be displayed in those hydrocarbon deposits.
The user will then click on the chosen well and then will be shown all available information
about that well.
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First, the user will see a table with basic information about the well. Second, the
user will be able to open the photo documentation of the well. Next, it will be possible
to consult the pumping tests, the underground repair of the well and the possibility of
further use or disposal via internet links. All information and images entered can be edited,
amended or supplemented according to the current technical condition with the possibility
of comparing their status in the history of the program.

 
Figure 9. Example of the unsatisfactory condition of a gas well at its mouth, (source: elaborated
by authors).

Figure 10. Correct overhead technical equipment of a gas well at its mouth, (source: elaborated
by authors).

112



Processes 2021, 9, 1850

5. Conclusions

There is currently no systematic and consistent approach in Slovakia when deciding
on the necessity and priorities of remediation measures of the wells implemented. There
are no clearly defined criteria for assessing the importance of addressing them. There is
a lack of public programs for the disposal of old wells after oil and gas extraction and
for other environmental burdens. This should be done based on the objective evaluation
according to the state of pollution and according to the evaluation of environmental risks.

The disposal of underground wells and underground spaces represents not only
a technical but also an economically demanding task. This requires a combination of
technical knowledge from the use of materials and the creation of open spaces with an
emphasis on high environmental protection [29]. The modification of legislation would
eliminate the potential threat of burdens to the environment.

In the case of the overall technical and electronic equipment of gas wells, the well
can be considered safe for operation and control as shown in Figure 10. The benefit of
this processing is to check the records in the actual operation of the well. Therefore, the
purpose of this proposed electronic register is to simplify the search and control of the
current technical status of wells.

Another benefit is to detect possible defects in well damage or accidents, which has a
positive impact on the safety and technical security of the wells and, thus, on its service life
and environmental quality.

The mapping created by us using ArcGIS software is unique in Slovakia in such a way
that it allows an overview of individual wells and allows users to find out their current
technical condition [30]. The purpose was to inform the general public about the latest
developments in the subject under examination.

The results presented and the differences between our findings and the literature data
obtained in some other studies indicate the need for further research.

The scientific use of the article resides in the ability to interpret technical problems and
methods of processing and using information on gas wells. On this basis, gas companies
can quickly and safely assess and evaluate the suitability of selected wells. Furthermore, it
is possible to use them as storage devices, such as for the underground storage of natural
gas. The database is processed based on the step algorithm offered by ArcGIS software.
The database leads to a clear overview of the technical conditions of the wells, on the
basis of which they can evaluate the overall safety of well operation. The interpretation
of these data can provide gas companies with the strategic needs of the state and create
additional capacity in the storage of natural gas in the Slovak Republic. The algorithm
interpreted in the article is applicable not only to gas wells but also to oil, geothermal and
hydrogeological wells.
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Abstract: Developing superior efficient and durable oxygen reduction reaction (ORR) catalysts is
critical for high-performance fuel cells and metal–air batteries. Herein, we successfully prepared
a 3D, high-level nitrogen-doped, metal-free (N–pC) electrocatalyst employing urea as a single
nitrogen source, NaCl as a fully sealed nanoreactor and gingko shells, a biomass waste, as carbon
precursor. Due to the high content of active nitrogen groups, large surface area (1133.8 m2 g−1), and
3D hierarchical porous network structure, the as-prepared N–pC has better ORR electrocatalytic
performance than the commercial Pt/C and most metal-free carbon materials in alkaline media.
Additionally, when N–pC was used as a catalyst for an air electrode, the Zn–air battery (ZAB)
had higher peak power density (223 mW cm−2), larger specific-capacity (755 mAh g−1) and better
rate-capability than the commercial Pt/C-based one, displaying a good application prospect in
metal-air batteries.

Keywords: N-doped carbon nanosheet; gingko shells; oxygen reduction reaction; Zn–air battery

1. Introduction

The oxygen reduction reaction (ORR) plays a key role in fuel cells and metal–air
batteries to implement electrochemical energy conversion [1,2]. However, the sluggish-
ness of ORR kinetics at the cathode limits their commercial application [3,4]. Pt and its
alloys materials, recognized as the best ORR electrocatalysts, suffer from the resource
deficiency, prohibitive cost and inferior durability [5,6]. Consequently, development of
earth-abundance, cost-effective and performance-stable catalysts to substitute the precious-
based catalysts for ORR is crucial yet challenging [7–9].

Heteroatom-doped carbon materials, such as P-doped carbon xerogel [10], N-doped
nanotube [11,12], S-doped carbon [13,14] and B-doped graphene [15], are among the most
promising electrocatalysts for ORR due to their advantages of relatively low cost, abundant
reserves, good electronic conductivity and environmental friendliness [16,17]. Among
them, N-doping has been considered to be one of the most effectual ways to enhance
the electrocatalytic activities of carbon materials for ORR [18,19] because the N-doping
can improve the electrical conductivity of carbon and change the charge distribution of
the carbon atoms close to the dopants and then make them positively charged, which
is beneficial to the adsorption and reduction of oxygen at the corresponding sites and
improving the ORR activity [7,20,21].

However, the morphology of N-doped carbon materials prepared by traditional
methods is hardly controlled, and the content of the N-dopant is relatively low because of
the volatilization of the N element at high temperature, which has an undesirable effect on
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the electrocatalytic performance of the prepared materials. The employment of nanoreactor
during the synthesis process can help relieve these challenges. The assistance of inorganic
salts, such as NaCl [22,23], MgO [24], SiO2 [25,26] and Fe3O4 [27], has been considered to
be an effective strategy to prepare porous carbon materials. Among them, NaCl is one of
the most commonly used because NaCl can not only act as a confining agent to reduce
the weight loss of precursors and promote the N-doping during the high-temperature
pyrolysis process but also as pore-forming agents to promote the production of macro-pores
and a 3D network structure. In addition, NaCl can be conveniently removed by water-
washing with no use of any corrosive and harmful chemicals and can be facilely recycled
by recrystallization. However, a cost-effective and large-scale synthetic production method
is still highly desirable but challenging. During the past decade, various biomass-derived
carbon ORR catalysts have aroused ever-growing attention [28–31]. Gingko is mainly used
for food and medicine, but the shells are usually thrown away as garbage, which not only
causes a huge waste of resources but also leads to environmental pollution.

Herein, we report a molten-salt-assisted strategy to fabricate a 3D high-level nitrogen-
doped porous carbon nanosheets network (N–pC) by a facile high-temperature pyrolysis
method, employing the carbon-enriched biomass waste of gingko shells and urea as a
carbon precursor and NaCl and urea as a fully sealed nanoreactor and a nitrogen source,
respectively. The merits, such as large specific surface area, hierarchical pore structure
and high active nitrogen (pyridinic and graphitic-N) content, endow the obtained N–
pC excellent electrocatalytic ORR performance in alkaline solution, much superior to
commercial Pt/C and most of the reported N-doped carbon materials. Inspired by the
excellent ORR catalytic performance, the prepared N–pC was further used to assemble
Zn–air batteries, which showed high peak power density, large specific-capacity and good
rate-capability, making it a competitive alternative to the application in metal–air batteries.

2. Materials and Methods

2.1. Synthesis of the Materials

N–pC was prepared by pyrolyzing the mixture of gingko shells, NaCl and urea. Typi-
cally, 0.5 g gingko shells rinsed by deionized water, 1.4 g NaCl and 4 g urea were mixed to
refined powder by planetary ball-milling for 4 h. Then, the mixture was initially carbonized
under Ar atmosphere at 750 ◦C for 2 h with a ramp rate of 3 ◦C min−1. Subsequently, the
obtained product was refluxed in 3 M HCl (50 mL) for 6 h and washed with deionized
water 3 times. After being dried at 80 ◦C for 24 h, the obtained black powder was further
pyrolyzed at 900 ◦C for 2 h, and then the final product (N–pC) was harvested. For compari-
son, N–C catalyst was fabricated through the same procedure in the absence of NaCl. C
catalyst was also synthesized by direct pyrolysis of the gingko shell powder.

2.2. Characterizations

Rigaku Ultima IV diffractometer (Cu Kα radiation) was employed to obtain the X-
ray diffraction (XRD) spectra. Microstructural morphologies were observed employing
field emission scanning electron microscopy (SEM, ZEISS SUPRA 55) and transmission
electron microscope (TEM, JEM-2100F). To analyze the specific surface areas and pore-size
distribution, nitrogen adsorption–desorption isotherms were tested on ASAP 2000 analyzer.
X-ray photoelectron spectroscopy (XPS) measurement was implemented employing a
Thermo Scientific Escalab 250 Xi.

2.3. Electrochemical Measurements

All the electrochemical tests were implemented on bipotentiostat (CHI760E, Shanghai,
China) assembled with a rotation system (Pine Research Instrumentation, Durham, NC,
USA) in a three-electrode system. A carbon rod, an Ag/AgCl elctrode (in saturated KCl
solution) and a glassy carbon electrode (GCE) loaded with various catalyst (N–pC, N–C, C
or benchmark 20 wt.% Pt/C) were used as the counter electrode, reference electrode, and
working electrode, respectively. To prepare the working electrode, 14 μL the catalyst ink
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obtained by dispersing 1 mg catalyst powder into 0.5 mL Nafion solution (0.05 wt.%) via
sonication was dropped onto the GCE, keeping the catalyst loading of 141.6 μg cm−2. All
potentials versus Ag/AgCl electrode (EAg/AgCl) were converted to the reversible hydrogen
electrode (ERHE) based on the formula of ERHE = EAg/AgCl + Eθ

Ag/AgCl + 0.059pH.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were

carried out in 0.1 M KOH electrolyte at a scanning rate of 100 mV s−1 and 10 mV s−1,
respectively. The electron transfer number (n) was calculated using the Koutecky–Levich
(K-L) equation:

1
J
=

1
Jk

+
1

Bω1/2 (1)

B = 0.62nFC0D2/3
0 v1/6 (2)

where J and Jk are the measured disk’s current density and the kinetic current density, re-
spectively, ω is the angular velocity of rotation. F is the Faraday constant (96,485 C mol−1),
C0 is the O2 concentration in electrolyte (1.2 × 10−6 mol cm−3), D0 is the O2 diffusion
coefficient (1.9 × 10−5 cm2 s−1), and υ represents the kinematic viscosity of the electrolyte
(1.13 × 10−2 cm2 s−1).

The yield of HO2
− and the n values for ORR via the RRDE measurements were

determined by the equations as below:

HO−
2 % = 200 × Ir/N

Id+Ir/N
(3)

n = 4 × Id
Id+Ir/N

(4)

where Id and Ir are the current density on disk and ring electrode, respectively, and N is
the current collection efficiency of Pt ring, which is equal to 0.37.

The durability and the possible methanol crossover effect of N–pC and benchmark
Pt/C catalyst were evaluated by chronoamperometric measurement at a rotation of 1600 rpm
and a fixed potential of 0.7 V (versus RHE) in the O2-saturated 0.1 M KOH solution.

The homemade Zn–air battery (ZAB) was equipped with a polished pure Zn plate
(0.5 mm in thickness) as the anode, carbon paper (2 cm × 2 cm) uniformly coated with the
catalyst (N–pC or benchmark 20 wt.% Pt/C, mass loading: 1 mg cm−2) as the air cathode
and 6 M KOH solution as the electrolyte.

3. Results and Discussion

The synthetic procedures of N–pC are illustrated in Scheme 1. Gingko shells, NaCl and
urea were first mixed to a refined powder by ball-milling. Then, the powder was initially
carbonized at 750 ◦C (slightly lower than the melting point of NaCl to avoid the structural
collapse of newly formed carbon materials). After the removal of NaCl by water washing
and further pyrolysis at 900 ◦C to increase the graphitization degree and conductivity,
the final product (N–pC) was obtained. The compositions of the C, N–C and N–pC were
characterized by XRD. As shown in Figure 1, the diffraction peaks of C, N–C and N–pC
at 26◦ and 44◦ correspond to the (002) and (101) planes of graphite carbon, respectively,
indicating that gingko shells have been successfully transformed into carbon materials
under high-temperature pyrolysis. The characteristic peaks of NaCl cannot be observed in
N–pC, indicating that the NaCl template can be removed by simple washing. In addition,
we notice that the peak intensity weakens in the order of C, N–C and N–pC, suggesting
that N-doping can increase the number of defect sites and the addition of NaCl can further
induce the formation of more defect sites.
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Scheme 1. Schematic illustration of the preparation of the N–pC catalyst.

Figure 1. XRD patterns of C, N–C and N–pC.

The morphologies of the synthesized materials were observed by SEM and TEM. As
shown in Figure 2a, the C catalyst obtained from the direct pyrolysis of gingko shells
without the addition of urea and NaCl presents a compact and irregular block, whereas
N–C has a significantly much looser and more porous morphology (Figure 2b), which
mostly results from the large amount of pyrolysis gas of urea. With the further addition
of NaCl, acted as sealed nanoreactor, the N–pC shows a 3D porous networks structure
composed of graphene-like nanosheets (Figure 2c), which is beneficial to the increase of the
specific surface area, the exposure of more active sites, and the improvement of transport
rate of various substances involved in the reaction. TEM results are consistent with SEM. As
shown in Figure 2d,e, the N–pC consists of a large number of graphene-like thin nanosheets,
which interleave with each other, resulting in the formation of hierarchical pore structure
and somewhat distorted of the carbon crystal faces. According to the elemental mapping
(Figure 2f), the elements C, N and O are homogeneously distributed in the nanosheet,
indicating the successful doping of N in N–pC catalyst.

The effect of urea and NaCl was further investigated by nitrogen adsorption/desorption
measurements. As shown in Figure 3a, a distinct nitrogen uptake occurs at relative low
pressure and a hysteresis loop appears at medium pressure in the isotherm curves of C,
N–C and N–pC, indicating the existence of micro- and meso-pores in the three samples,
which may be ascribed to the gas released from the decomposition of urea and gingko
shells in the carbonization process. In addition, the isothermal adsorption curve of N–pC
shows a sharp adsorption in the relative high-pressure region, demonstrating the existence
of macropores on the material as the result of the occupying space of NaCl. The corre-
sponding pore size distribution of the three materials (Figure 3b) further confirms their
porous structures. Due to the different pore structure, the specific surface area and pore
volume of C (641.9 m2 g−1, 0.365 cm3 g−1), N–C (1102.6 m2 g−1, 1.026 cm3 g−1) and N–pC
(1133.8 m2 g−1, 1.22 cm3 g−1) are different. The large specific surface area and pore volume
of N–pC means it can fully expose the active sites and most effectively accelerate mass
transport, thus improving the electrochemical catalytic performance.
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Figure 2. SEM images of (a) C, (b) N–C and (c) N–pC; (d) TEM; (e) HRTEM; and (f) element mapping
images of N–pC.

Figure 3. (a) N2 adsorption/desorption isotherms (inset shows the enlarged plots) and (b) the related
pore size distribution curves of C, N–C and NpC.

The surface composition of the C, N–C and N–pC samples were investigated by XPS
measurements. Figure 4a shows the full spectrum of the three materials. Compared with
C, both N–C and N–pC contain N, indicating that the addition of urea can successfully
realize N-doping. However, the N content of N–pC (5.18%) is higher than that of N–C
(4.65%) due to the existence of NaCl’s confining effect acting as a fully sealed nanoreactor,
which makes the volatilization and escape of N-containing gas generated by urea pyrolysis
reduced. As can be observed from the high-resolution C 1s spectrum of N–pC (Figure 4b),
there are four peaks located at 284.67, 285.72, 286.98 and 289.50 eV assigned to the C = C,
C = N/C–O, C–N/C = O and O–C = O, respectively [32]. The presence of C = N and
C–N bonds suggests that N atoms have been successfully incorporated into the carbon
skeleton. Additionally, the N 1s spectra (Figure 4c) can be well separated into four species,
corresponding to pyridine N at 398.07 eV, pyrrole N at 399.1 eV, graphitic N at 400.72 eV
and oxidized N at 403.4 eV [33]. It has been reported that pyridine N and graphitic N
can improve the electrocatalytic ORR performance of the materials, in which pyridine
N can promote O2 adsorption on the neighboring carbon and graphitic N can enhance
the electrical conductivity [34–36]. Combining Figure 4a,d, it is easy to find that N–pC
possesses a much higher content of pyridine N and graphitic N than N–C. Therefore, the
excellent ORR electrocatalytic performance of N–pC will be expected.
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Figure 4. (a) XPS spectra of C, N–C and N–pC; (b) C1s high-resolution spectra of N–pC; (c) N1s
high-resolution spectra of N–C and N–pC; (d) The percent of different forms of doping nitrogen in
N–C and N–pC.

Cyclic voltammetry (CV) was conducted to evaluate the electrocatalytic ORR perfor-
mance of C, N–C and N–pC in O2-saturated 0.1 M KOH electrolyte. As it can be observed
from Figure 5a, the CV curves of C, N–C and N–pC show an obvious cathode reduction
peak, among which N–pC gives the most positive oxygen reduction peak and the highest
peak current density, indicating that N–pC exhibits the highest electrocatalytic activity
among the three catalysts. The linear sweep voltammetry (LSV) curves were also measured
to further evaluate the ORR activity. As shown in Figure 5b, the C, N–C and commercial
Pt/C catalysts have the onset potential (Eonset) of 0.756 V, 0.913 V and 1.012 V and the
half-wave potential (E1/2) of 0.585 V, 0.773 V and 0.836 V, respectively. Compared with
those catalysts, the N–pC has the more positive onset potential (1.020 V) and half-wave po-
tential (0.863 V) and higher limiting current density. In addition, as presented in Figure 5c,
the Tafel slop of N–pC (59 mV dec−1) is slightly smaller than that of commercial Pt/C
(62 mV dec−1), suggesting that N–pC has a comparable ORR kinetic process to that of
commercial Pt/C. All these results suggest that N–pC has better electrocatalytic ORR activ-
ity than C, N–C, Pt/C and most of the reported metal-free catalysts (Table S1) in alkaline
media. The superior catalytic performance of N–pC can be attributed to the incorporation
of highly active N and the 3D hierarchical porous network structure.

To further evaluate the reaction kinetics of the ORR, the polarization curves at different
rotation rates of N–pC were acquired (Figure 5d). Based on the corresponding Koutecky–
Levich (K–L) plots, the transferred electron number (n) of the C catalyst are calculated to
be about 2~2.5, suggesting that the ORR on the C electrode follows a two-electron and two-
step mechanism. For the N–C catalyst, the n values are about 3.5, meaning that the ORR
current efficiency is widely increased after the N-doping. On the contrary, the values of n
for N–pC are close to 4 in a wide potential range, implying that a 4e−1 process occurs on the
N–pC electrode (Figure 5e). The RRDE experiments of the C, N–C and N–pC catalysts were
carried out to further quantify the n and HO2− yield. As shown in Figure 5f, the n values
for the C, N–C and N–pC are about 2.4, 3.5 and 4, respectively, entirely consistent with
the RDE measurement results. Meanwhile, the HO2

− yield at the N–pC is approximately
equal to 0 in the investigated potential range, which is much lower than that at N–C and C.
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Figure 5. (a) CV curves of different catalysts in 0.1 M KOH solutions at a scan rate of 100 mV s−1;
(b) LSV curves of different catalysts in 0.1 M KOH solutions at a sweep rate of 10 mV s−1 and a
rotation speed of 1600 rpm; (c) Tafel plots for N–pC and Pt/C; (d) LSV curves of N–pC in 0.1 M KOH
recorded at various rotation speeds (900–2500 rpm) at scan rate of 10 mV s−1 (inset: corresponding
K–L plots of N–pC at various potentials); (e) Electron transfer number (n) of ORR on N–pC electrode
based on RDE test; (f) Electron transfer number (n) and corresponding peroxide yield of ORR on
N–pC electrode at different potentials based on RRDE test.

In addition, the tolerance for methanol and durability are also important factors in fuel
cells. The chronoamperometric response of N–pC and Pt/C catalysts to methanol crossover
was tested in the O2-saturated 0.1 M KOH (Figure 6a). After the injection of 1 M methanol,
an obvious current attenuation is observed on Pt/C due to methanol oxidation, while there
was a negligible change in N–pC, indicating that the N–pC catalyst shows much better
tolerance for methanol than commercial Pt/C catalyst. Furthermore, the durability was
also evaluated (Figure 6b). After a continuous operation for 16,000 s, the current density
on N–pC remains at about 90%, whereas it only maintains 79% on Pt/C under the same
condition, confirming that the N–pC catalyst has higher durability than the Pt/C catalyst.

Figure 6. Comparison of (a) methanol tolerance and (b) stability for N–pC and 20% Pt/C catalysts
measured at 0.7 V versus RHE in O2-saturated 0.1 M KOH at a rotation speed of 1600 rpm.

To investigate the potential use of the N–pC catalyst in real batteries, the home-made
Zn–air battery (ZAB) was constructed using 6 M KOH solution as the electrolyte, polished
pure Zn plate as the anode and N–pC or Pt/C as the air cathode, respectively. The open
circuit voltage provided by ZAB using the N–pC catalyst is 1.50 V (Figure 7a), higher than
that of 1.43 V for the commercial Pt/C-based one. The polarization and power density
curves of the ZAB were given in Figure 7b. The peak power density of the battery equipped
with N–pC catalyst achieves 223 mW cm−2 at a high current density of 347.8 mA cm−2,
higher than the Pt/C catalyst (182.6 mW cm−2 at 304.9 mA cm−2), suggesting the N–pC
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can be employed as a potential cathode electrocatalyst for ZAB. The discharge curves of
N–pC-based ZAB at different current densities were measured by typical constant current
discharge test. As shown in Figure 7c, the voltage can quickly reach equilibrium when the
current changes, confirming that the structure of N–pC is beneficial to the mass-transfer.
When the discharge current density recovers to the initial value (10 mA cm−2) after the high
current discharge (50 mA cm−2), the discharge voltage can be well restored to the initial
value, suggesting the good stability of the N–pC. Finally, the ZABs were galvanostatically
discharged at 50 mA cm−2 to investigate their stability and specific capacity. As shown
in Figure 7d, the N–pC-based ZAB has higher and more stable voltage than that of the
Pt/C-based one during the discharge process. When normalized to the mass of consumed
Zn, the specific capacity of the ZAB prepared with N–pC exhibits 755 mAh g−1, higher than
that of 709 mAh g−1 for Pt/C and similar or even better than recently reported catalysts
(Table S2). All these results suggest that the N–pC catalyst has a good application prospect
in ZAB.

Figure 7. (a) Open circuit voltages and (b) discharge polarization curves of N–pC and Pt/C-based
batteries; (c) The rate capability behavior of N–pC-based battery; (d) The long-term galvanostatic
curves of the Zn–air batteries at 50 mA cm−2 using N–pC and Pt/C as ORR catalysts.

4. Conclusions

In summary, we successfully prepared a 3D, high-level nitrogen-doped, metal-free
(N–pC) electrocatalyst employing urea as a single nitrogen source, NaCl as a fully sealed
nanoreactor and gingko shells, constantly renewable and naturally available, as a carbon
precursor. Due to the high content of active nitrogen, large surface area (1133.8 m2 g−1)
and 3D hierarchical porous network structure, the N–pC showed a high onset potential
of 1.020 V and a half-wave potential of 0.863 V, and superior tolerance for methanol and
stability in alkaline media. Additionally, in ZAB, N–pC showed higher peak power density
(223 mW cm−2), larger specific-capacity (755 mAh g−1) and better rate-capability than the
commercial Pt/C-based ZAB, displaying a good application prospect in metal–air batteries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9122124/s1 Table S1: Comparison of electrocatalytic ORR performance between N-pC
and state-of-the-art metal-free catalysts reported in the literatures in alkaline electrolyte; Table
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S2: Comparison of the performance of primary Zn-air batteries assembled with various cathodic
electrocatalysts.
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Abstract: The paper presents a case study describing the process of creating and validating the
benefits of two Innovative Learning Tools (ILTs) aimed at more effective knowledge acquisition in
the interdisciplinary field of earth resource extraction with links to the status of renewable energy.
The philosophy behind the original designs and the design of the two tools, the way they are used,
and the results of their application in the educational process are presented in a framework. The
opinions and attitudes of both students and educators towards the tools were surveyed, and some
research questions related to this form of knowledge acquisition were validated. The presented
results show the students’ interest in the educational form as well as the attractive content that goes
beyond conventional educational subjects, with its connections.

Keywords: education; RES; Innovative Learning Tools

1. Introduction

The issues of the impacts of anthropogenic climate change on human society appear
to be one of the most pressing issues of our time, reflected in political, economic, social,
and personal terms [1–6]. Addressing the issues is the subject of major events such as sum-
mits (Climate Adaptation Summit) [7], meetings of international organizations (Glasgow
Climate Change Conference) [8], scientific conferences (2nd International Conference on
Environmental Science and Applications (ICESA’21)) [9], and so on.

In addressing, or rather finding solutions to, the identified problems, the massive
take-up of Renewable Energy Sources (RES) is often seen as a solution to the problem.
While in 2010 the world’s energy production from RES was at 761.2 TWh, in 2020 it was
already 3147 TWh [10]. In 2021, 70% of the 530 billion USD spent on energy production
should be invested in renewable energy sources [11]. There are also various youth demon-
strations taking place around the world for sustainable development and climate change
mitigation measures, as well as for the reduction of emissions and decarbonizations of
human activities [12,13].

However, aspects of the problem remain in the background, which are related to the
overall shape and size of the current human society with a population of 7.9 billion [14] built
on the intensive use of natural resources (raw materials, water, land, forests), the global
economy, regional differentiation, transport, etc. [15] Understanding the material base and
the energy background of these aspects is essential for the creation of a feasible framework
of measures that can somehow lead to at least partial elimination of the problems or to
the creation of more effective tools for solving some of the current problems [16]. For this
reason, it is important to understand the needs and extent of the application of renewable
energy sources in practice and this is not possible without a consistent and comprehensive
understanding of the source of raw materials and energy in their historical and current
form in the context of the global economy and society [17–19]. This concerns the people
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working in the industries concerned (mining, energy, transport, processing industry, waste
management, environmental protection, etc.), politicians, people creating a legislative
framework for the implementation of new solutions, access to and technologies using
portfolio RES, but also the common public, which is the bearer of certain ideas due to public
opinions or awareness, which create the basis for potentially global applicable and effective
changes in socio-economic activities. An important role in this is played by the building
of awareness and knowledge among the next generation, which takes place in the school
environment through the educational process [20]. Additionally, on the basis of many years
of teaching experience in the field of higher technical education, we can state that young
people often take very courageous and ambitious attitudes to problems, which, however,
are often not based on sufficient knowledge of the issues or are not based on an adequate
knowledge base. It is in this area that attitudes to the issue of securing the energy and raw
material base of human society today and in the future also fall. Education on RES as well
as on earth resource extraction in general is currently carried out conventionally and is tied
to isolated topics within individual scientific disciplines. Conventional educational forms
often do not lead to the desired results, if only because of the low degree of attractiveness,
which is illustrative in relation to the empirically acquired subjective perception of reality.
For this reason, various other educational forms are emerging, in the creation of which
their authors try to include elements with added attractive and motivational value, as well
as integrating inter- and multi-disciplinary approaches [21–23].

In the FMEPCG (Faculty of Mining, Ecology, Process Control and Geotechnologies)
environment, we create many interesting activities in this direction, which have been
subject to a certain natural evolution, conditioned both by the feedback and achievements
of previous work, triggered by external factors. The key factor for faster development in
the last years was the pandemic situation related to COVID-19, and that was an imaginary
wheel, which led us into faster changes in the teaching process.

The present paper presents a view of the process of creating an innovative educational
form and its content and the results achieved, as a kind of case study that can be an
important source of data, information, and experience for other analogous activities.

The process of developing those tools for this type of education includes didactic,
creative/innovative, and professional knowledge in the disciplines and much information,
which are included in a broader context point of view.

Looking at the learning process itself, the theoretical aspects of the mechanism have
been comprehensively elaborated and published in many publications [24]. According to
Vester [25], the types of learning are based on five types of perception, according to which
channel is dominant in the reception of information, and, thus, we distinguish: auditory
type, visual type, learning by reading, tactile type, and combined type. In this context, for
example, the source [26] cites Roy’s (1995) [27] data on what and how we remember, which
accounts for 10% of what we hear, 15% of what we see, 20% of what we simultaneously
see and hear, 40% of what we discuss, 80% of what we directly experience or do, and 90%
of what we try to teach others. The motivational aspect of curiosity-play may play a very
important role here, as several studies suggest. According to the source [28], maintaining
the “curious spirit of the young child” may be one of the keys to successful learning. Here,
there is a possible connection between all three domains of learning according to Bloom [29],
namely, the cognitive domain (learning to recall certain facts, to think, make decisions, and
to get better at it, to acquire a certain skill), the psychomotor domain (learning practical
skills), and the affective domain (to develop values, feelings, and beliefs).

There are several studies similar to the one which is presented in this article that
have investigated the incorporation of innovative elements into the teaching process and
their impact on students’ ability to retain information for longer periods of time. Under
innovations or innovative educational toolkits, we understand the implementation of
materials, games, group projects, and toolkits that provide information and knowledge to
students in a form other than convectional. There are more interesting ways to show very
essential information to people and, as was mentioned before, this area is more attractive
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for Z generation. This generation is more educated in the use of new technology and
the app that was created, giving them opportunity to be in familiar fields and giving
them more perspective and an interesting education. Kvam investigated the effect of
Active Learning Methods on student retention in Engineering statistics, and his findings
suggest that active learning can help increase retention rates for average or below average
performing students [30]. Zakaria found that cooperative learning improved math scores
by nearly 11%, and 13% of students had a positive attitude towards math after this style
of learning [31]. Risnita and Bashori compared conventional and contextual learning,
finding that the contextual learning group outperformed the conventional learning group
by 20.9% [32]. According to Ponomarenko, innovative teaching at selected universities is
more prevalent in economics majors, less so in engineering majors, which causes students to
be underprepared for an interdisciplinary perception of knowledge [33]. The positive effect
of innovation in the educational process was also confirmed by Setiawan [34]. The results of
Sadeghi’s study were that the combined method of education is more satisfying for students,
but it is more time consuming and more demanding for the teacher to prepare; moreover,
the results of both methods (classical lectures and e-learning) were very similar [35].

In order to develop creative abilities and to link the different cognitive domains in
education in the field of earth resource extraction and the use of renewable energies, the
Laboratory of Earth Resource Extraction (LERE) was established at FMEPCG in 2012
(Figure 1) [36], which soon brought results not only in stimulating a deeper interest in the
unconventional way of rendering reality but also in new application possibilities of this
creative environment, producing a number of outputs in the forms of original bachelor and
diploma theses, several of which have won leading positions in faculty and international
rounds of the Student Scientific Competition and Student Scientific Conference as well
as prizes of the Association of Slovak Scientific and Technical Societies. Students quickly
understood the potential of such “playful” teaching and showed a real interest in applying
their creative abilities during their studies and in their development under appropriate
pedagogical guidance.

 

Figure 1. Laboratory of Earth Resource Extraction, Cube [37].

In 2020, the LERE was expanded with the ECL Engineering Creativity Laboratory,
which provided a space for the development of creative abilities of gifted students and
managed to integrate creative workers and students into effective working teams capable of
solving complex tasks and creating new solutions. One such task was the implementation
of game or competition elements in the process of knowledge acquisition or mastering tasks.
It was possible to design the basic framework of a platform that combined the real-artifact
and virtual worlds in an ICT environment and to create a hierarchically structured model,
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which was piloted in the field of earth resource acquisition and applied in the teaching of
students in several high schools (under the guidance of university teachers). The proposed
educational product won the first prize of the V4 Raw Materials Ambassadors Schools in
Budapest in September 2019.

We have proposed two IETs, one with a tangible platform (preCOVID), the other
without a tangible platform. Both had a common and different concept compared to other
tools in the way of game implementation and competition elements (level conquest) and
variability of individual tasks and items. The innovativeness of the presented tools is on
two levels. For the first IET, besides the content itself, there is the rendering of the IET itself
in the form of a structured box with progressively unlockable cartridges with individual
tasks and the rendering of some of the tasks (the educational set), the designs of which are
also subject to intellectual property protection. In the case of the second IET, it is primarily
an informal link between a timeline and a quiz built on a broad base of disciplines and areas
of human activity. The aim of the research was to verify the functionality of the proposed
innovative IET educational tools focused on interdisciplinary issues of raw materials and
energy, understanding their role and complexity and the diversity of relationships with
emphasis on the attractiveness of education and building stable attitudes to students.

The contribution of the paper is the emphasis on the importance of the positive
role of non-conventional educational tools, which use knowledge from different scientific
disciplines and allow covering more complex issues of RES. Overall, it will be given more
information about effective extraction of the earth’s resources in a form that can be more
durable and helps to build students’ personal attitudes towards the issue, which can then
be reflected in the level of practice as well as in the political level.

2. Materials and Methods

The materials were created by the IET and the methodology was oriented towards
testing them.

2.1. Content: Professional Background in the Field of Earth Resources’ Extraction

When creating the content of the new educational tool, i.e., its content, the complexity
of the content was taken into account in terms of the interconnectedness of the individual
phases of the formation, acquisition, and use or practical application of individual raw
materials, chemical elements, or chemical compounds of which they are the source. For
the purpose of the primary design of the innovative educational tool, 12 items (raw ma-
terials/elements/compounds) were selected and divided into groups: metals (titanium,
chromium, copper, lead), energy raw materials (coal, oil, natural gas, uranium), non-metals
(gypsum, talc, salt, sulphur), and mix (quartz/SiO2, limestone, iron, clay). In addition to the
criterion of overall importance (position in the industry), aspects of coverage of variability
of the different aspects were taken into account when selecting the individual items.

Energy raw materials (fossil fuels) and their importance are key to understanding
the position of renewables in the role of alternative energy sources (from the beginning
of the industrial revolution to current climate impacts). The volume of global daily oil
consumption, which is around 92 million barrels [38], can serve as a representative indicator,
which, if adequately presented, is a good indicator for understanding the quantitative
aspect of humanity’s use of fossil fuels. The mineral energy source, uranium (a radioactive
raw material), is, on the other hand, exceptional in its nature (origin of the element itself;
understanding of the meaning of isotopes; accumulation of the useful component in the
Earth’s crust; and the process of mining, extraction, enrichment, fuel production, fission
reaction, reprocessing, production of the artificial element/fuel Plutonium, radioactivity
of the fission products, waste management, etc.). The category “energy feedstocks”, thus,
provides a good basis for understanding the current shape and structure of the sector in
terms of providing for the energy needs of society.

The metals’ category largely represents the material and technical base of contempo-
rary technology. Copper as a key metal for electrical engineering reflects the state of the
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industry. Chromium represents a metal that is important for the production of noble steel
types of corrosion-resistant and refractory alloys. It is also an element whose useful miner-
als come from ultrabasic rocks [39], which is important for understanding the evolution of
raw material deposits. Titanium represents a metal with a high added value in its chemical
and physical properties, on the one hand, and a paradoxical disparity between its abundant
percentage in the Earth’s crust [40] and the rarity of its deposits [41]. Lead represents a
metal that has been of great importance in technical practice in the past but, which, as an
element, is an excellent example to understand the evolution of the elements (the final
product of many decay series [42]) and their stability (it is a landmark between radioactive
and stable elements in the periodic table of elements [43]). It also serves to document the
process of ionizing radiation shielding.

The non-metals’ category adds to the range and variability of materials in terms of their
origin and importance in their application. Gypsum is a paradox in that not all gypsum is
made from gypsum (energy gypsum from the flue gas desulphurization process in coal-
fired power stations) [44]. In addition to pointing out the fact that talc is a bulk constituent
of drugs, it is useful to use the example of talc to highlight the issue of ensuring the stability
of underground works in relation to cohesiveness and other geotechnical properties of the
geological environment. Salt is one of the raw materials that has been sought and obtained
by humans since time immemorial and whose deposits show the geological evolution
of the environment related to the evaporation of seawater (evaporites) [45]. Sulfur, in
addition to its occurrence in elemental form, is the basis for the production of sulfuric
acid, an important input in the processing of ores, petroleum refining, and a number of
manufacturing industrial processes.

The mix category covers raw materials that are used in large volumes as the basis for
construction and building materials. Quartz/SiO2 represents, on the one hand, the basic
input for semiconductor production [46] and, on the other hand, quarried aggregates and
glass raw materials [47]. Limestone represents the basic raw material for the production
of cement [48], lime, crushed aggregate, building stone, and input for production and
treatment processes in industry (metallurgy, paper, sugar production) and energy (desul-
phurization) [44]. Although iron is undoubtedly a metal, on the other hand, in terms of
the genesis of deposits, it has a special position because, according to the geologist H.S.
Washington [49], iron figures in the group of both petrogenic and metallogenic elements.
Iron, as an element located on the boundary between the two groups, has a dual role in
nature, participating in the formation of rock-forming minerals as petrogenic elements but
also forming typical heavy metal minerals as metallogenic elements. The importance of
iron to human society has been increasing since the Iron Age, with the construction industry
currently the largest consumer of iron/steel [50]. Clay represents an important raw material
with a wide range of uses (production of bricks and building and sanitary ware, ceramics,
etc.) and an important link to the development of man and human society [51,52].

2.2. The Process of Creating an Innovative Educational Tool Oriented to the Field of Earth
Resource Extraction

The creation of the innovative learning tool was linked to the EIT RawMaterials:
RM@Schools project, for which reason standard items such as name/acronym, benefits
to be achieved, definition, and structuring of objectives were defined. At the same time,
a credo was formulated that captures the main idea of the proposal and reads as follows:
“The adventure of knowledge is in the context”. There are several other toolkits created
under this project to enrich the educational process and to highlight the broader connec-
tions between the current economic situation in the world, the circular economy, renewable
energy sources, and raw materials, such as FIND the elements (Treasure Hunt 2.0, RawMat-
Cards, RawMatCards, RAWsiko), Materials Around Us (Board Game or Digital version),
RockGame, MineralCheck, Recycling of silicon based PV modules, etc. [53].

The proposed innovative educational tool was given the form of a game. The primary
task for the players was not to learn or understand something, but to successfully complete
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all the tasks of the game in the shortest time. By transferring the tasks to a competitive level
and not emphasizing the process of knowledge acquisition or by presenting knowledge of
an interdisciplinary nature that is not the primary focus of their curricula in each differenti-
ated learning subject students’ prejudices and overall reticence towards the educational
process were eliminated.

The game design pursued three sets of objectives:

1. Cognitive goals:

• To understand the complexity of the issue of resource extraction and earth re-
sources in general.

• To learn to perceive and identify the relationships between reality and its material
background and to understand the key importance of earth resources in this
relationship.

• Gain the ability to understand analogies and model problem descriptions.
• Gain the ability to extract a problem from its complex verbal formulation or

broader description and develop critical thinking skills.

2. Value Goals:

• Acquire the ability to take an attitude towards things, phenomena, and work
activities in their environment primarily in terms of their social, material, and
energetic value.

3. Operational Objectives:

• To acquire the ability to work cooperatively in a team and to deal operationally
with tasks of a diverse nature.

• To learn how to actively use information technology in the educational process
and in play at the same time.

As the basic concept of an innovative educational tool, the game was designed into
two platforms.

1. Material platform, which is a box containing boxes with objects (artifacts necessary
for solving tasks).

2. A virtual platform, which is a tablet containing an application necessary for the
implementation of the individual tasks and stages of the game.

2.2.1. Description of the Material Platform

The wooden box itself contains eight separate, removable wooden boxes, each divided
by dividers into four compartments. The boxes are stacked in the box to create two
horizontal levels, each containing a quartet of boxes. Each level of boxes represents one
level of tasks. Each compartment of the box contains a tangible (3D) artifact needed to solve
the problem or to better understand the problem under analysis (e.g., a sample of a mineral,
a product or material containing the chemical in question, and element or compound, a
model or mock-up of an object, etc.).

The boxes placed on top of each other are physically connected to each other by a
mechanism containing a lock with a numerical code accessible from the top. The numerical
code is four digits. Knowledge of each digit in the code is the result of correctly answering
a problem/question from one compartment of the box. In this way, after solving the four
problems from one box, the code to unlock the lock can be obtained, so that the box in
question can be removed from the box and, thus, the box located underneath it can be
accessed. The bottom level box is connected to the bottom of the box in an analogous way.
Upon removal of the bottom level box, the bottom of the box is revealed to contain a third
level of play consisting of 2D artifacts, panels that are pictures or other two-dimensional aids
(such as the periodic table of elements). The sequence and continuity of steps in the game
itself is analogous to the sequence and continuity of steps in natural processes associated
with the formation of deposits and anthropogenic activities associated with exploitation,
work operations associated with extraction of a useful component, the processing of a raw

130



Processes 2022, 10, 9

material into a usable form or its subsequent use, or steps associated with other activities
such as waste disposal, recycling, environmental impacts, and the like.

The technical design of the material platform itself has become the subject of intellec-
tual property protection and is protected by a utility model.

2.2.2. Description of the Virtual Platform

The virtual platform consists of a tablet with a web application. The web application
is designed and configured to guide the users of the game in a hierarchical, logical, and
intuitive way from the beginning of the game until its end. Each question arising from a
material artifact contained in the ‘material platform’ of the game will be accompanied by
an application, whether at the level of the formulation of the task, support in mastering
an activity arising from the task, entering the answer to the question or the results of
the task, the use of additional information (aids), the generation of numerical codes, the
accompaniment of the game itself, the timekeeper, etc.

Each of the three levels of play, based on a material platform, is ideologically differently
oriented. For each problem, items such as the accompanying text (providing relevant
information and indicating relationships and connections in addition to an introduction
to the problem itself), the wording of the question or problem (formulated in such a way
as to clearly define the subject of the solution), the answer choices (multiple (four) answer
formulations, one of which is correct), and the aids in the case of an incorrect answer
(helping to draw attention to the point of the problem) are formulated.

The first level of the game is focused on the identification of the utility component
of an element, a chemical compound, and its source mineral. Either mineral samples
(utility mineral, rock) or objects containing or unambiguously representing the main utility
component serve as artifacts. Examples of first-level artifacts include:

Coal, a sample of lignite with a distinct structure;
Uranium, a sample of uranium glass and a UV lamp (to induce a luminescent effect);
Copper, chalcopyrite sample; and
Chromium, a sample of electroplated chrome-plated plastic (in this case the product

appears to be more illustrative compared to the mineral itself).
The individual boxes of the second tier will represent the same groups of raw materials

as for the first tier, and the individual compartments will follow each other vertically.
The second level of the game focuses on the extraction, processing, treatment, trans-

portation, trading, and technological aspects in relation to the raw material or its utility
component. Various objects will serve as artifacts, either demonstrating an important
characteristic or method, most often using analogies or helping to understand the specifics
of the area of raw material extraction and processing.

Examples of artifacts with second- level task descriptions include:
Coal, a wooden block with holes arranged in a regular grid. Marked “pins” are

inserted into the holes so that they protrude above the plane of the surface and can be
pulled out of the block. This object represents a block of rock containing one or more coal
seams. The pins represent the boreholes and will be colored so that the course of the seam
in the object under examination can be clearly seen. The thickness of the seam will vary in
different places, including its onset or dislocation. The present solution is the educational
file and has become the subject of intellectual property protection and is protected by a
utility model.

The task is to find out the volume of coal in the examined block, in such a way that
the players successively pull out individual pins, which they place on the tablet display at
a place where there will be a pair of runners (cursors), which they set to point to the lower
and upper boundaries of the strata (Figure 2). They repeat this process with all the pins,
at which point the app calculates the volume of coal in the bed. If they have followed the
procedure correctly, they will get a result from a certain interval, which will be the correct
answer. Among other things, this task is aimed at understanding that we can only “see”
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into the rock environment indirectly, and always our idea of the deposit is only a better or
worse approximation to reality conveyed indirectly.

 

Figure 2. Students using educational toolkit [authors].

Copper, a similar block to coal, but the spikes will have cross lines on them, the density
(spacing) of which will represent the pay grade of the deposit. By placing a pin on the
scale displayed on the tablet and setting the runner to the appropriate part of the scale
corresponding to the line on the pin, the player (competitor) will get an indication of the
pay grade ranging from 0.1–1.0%.

The challenge is to match the mining in different parts of the deposit to achieve the
desired pay grade in the mined material. This task is aimed at understanding that, in
addition to knowing where the useful mineral is located, we also need to know its quality
or the content of the useful or, conversely, the harmful component.

Natural Gas, a plastic sphere containing a liquid, which is an analogy for the spherical
tanks on LNG carriers, due to the understanding of the behavior of the liquid when moving
in a tank of this shape and the importance of the global transport of fossil fuels.

The third level of the game focuses mainly on the area of the use of the raw materials
itself or its utility component and the products made from it.

Examples of artifacts include:
Copper, a Picture of a copper brick (used for investment purposes), and
Lead, the Periodic table of elements with radioactive elements clearly marked.
In the final phase of the game, after all tasks have been solved, students/players are

presented with a representation of a complex object (in the presented case study it was a
hospital) in a virtual platform (via a created application) in a visual, simplified form in
cross section, while the task of the contestants is to insert into the picture the symbols of
the individual items (chemical elements/materials) that are significantly represented in
each object or are behind the supply of energy. Assigning all the items to all the required
boxes completes the process of the game itself and the timer stops.

2.3. Evolution of an Innovative Educational Tool (IET) in the Light of the Need for
Distance Learning

Due to the limitations of the measures related to the pandemic of COVID-19, it was
decided to modify the originally designed educational tool into a form that does not include
a material platform and can, therefore, be implemented remotely.

The first part is the creation of a timeline of the use of an item (chemical element/
compound/compound). The second part is a quiz covering the different disciplines or areas
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of human activity in which the item in question figures. Both parts have been incorporated
into the application.

The timeline covers the range from the Paleolithic to the present, and each time
milestone is represented by symbols such as hieroglyphics on artifacts from the ancient
Egyptian Empire, the Mona Lisa, or the Woodstock Festival.

In the first phase, the competition was set up for two chemical elements or two
substances, gold and silicon/SiO2 (two competing teams).

Substances were deliberately chosen that have an exceptionally long history of use by
humans, in order to maximize the range of the timeline and also to highlight the changes in
the function and use of these substances throughout history, which were directly related to
the development, progress, and changes in society. In the first part, students/competitors
were tasked with placing particular events on the timeline (e.g., gold, the first documented
gold hoard, the first gold money, the introduction of the gold standard; Si/SiO2, dating the
first flint tools, the first glass, the first silicon semiconductor components).

For the quiz part, questions were worked out in 10 areas (Gold: physics, chemistry, cir-
cular economy, sports, astronomy, education, geography, electrical engineering, metallurgy,
art; Si/SiO2: physics, chemistry, agriculture, astronomy, watches, personalities, computing,
engineering, geology, geography), the composition of which aimed to cover as broad a base
as possible for the use of each of the substances, from the key to the unexpected applica-
tions. For each of the 20 quiz questions, a video was produced explaining the answer to
the question in an illustrative manner, ranging from 0:27 min to 2:20 min. Examples and
forms of demonstration are used, using original perspectives, techniques, and punchlines.
The time scale and content are conditioned by the desire to gain maximum attention while
fixing the presented information to content with sold value (visual, humorous).

The proposed educational tool has been used in the context of a secondary school
curriculum oriented towards interdisciplinary issues of earth resources, environmental
protection, climate change awareness, and renewable energy sources.

2.4. Collecting Data from Visits to Secondary Schools and Using Games in the Education Process

Following the completion of the first IET, which took place in 2020, three grammar
schools were visited (one day for one school, with the visit lasting 2 h) where 86 students
(15–19 years old) and five teachers were involved in the IET trial. Their opinion about the
toolkit was collected by interviews, and citations of their answers can be seen in Table 1.

Table 1. Citation of answers obtained in the framework of the implementation of the feedback to the
first IET.

Group of
Goals

The Text of the Target Text of the Answers

Cognitive
goals

Understand the complexity
of the issue of obtaining raw
materials and land resources

in general.

“We were surprised by the connection between the common things around us and
the energy sources and raw materials behind them.”

“It looks like everything around us is completely dependent on raw materials and
energies that we don’t even know where they come from or what is happening

to them.”

To learn to perceive and
identify the relationships

between reality and its
material background and to

understand the key
importance of earth

resources in this relationship.

“Without people knowing to use resources” efficiently, “our society probably
wouldn’t have developed much and today we wouldn’t be where we are in both

positive and negative ways.”

“It is already clear that RES are only part of the energy mix and the role of
individual sources depends on many factors and is different for each country and

economy, and therefore RES cannot be considered as a flat rate solution.”

“Many fundraising activities take place completely outside of us, so we don’t think
they exist, the more shocked they are of great importance to us.”
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Table 1. Cont.

Group of
Goals

The Text of the Target Text of the Answers

Cognitive
goals

Understand the complexity
of the issue of obtaining raw
materials and land resources

in general.

“We were surprised by the connection between the common things around us and
the energy sources and raw materials behind them.”

“It looks like everything around us is completely dependent on raw materials and
energies that we don’t even know where they come from or what is happening

to them.”

To learn to perceive and
identify the relationships

between reality and its
material background and to

understand the key
importance of earth

resources in this relationship.

“Without people knowing to use resources” efficiently, “our society probably
wouldn’t have developed much and today we wouldn’t be where we are in both

positive and negative ways.”

“It is already clear that RES are only part of the energy mix and the role of
individual sources depends on many factors and is different for each country and

economy, and therefore RES cannot be considered as a flat rate solution.”

“Many fundraising activities take place completely outside of us, so we don’t think
they exist, the more shocked they are of great importance to us.”

Gain the ability to
understand analogies and

model problem description.

“It’s great as you can find in common things chemistry, mathematics, geometry,
physics, biology and the like, that’s how it makes sense.”

“When we learn such things at school, the connections are not there or no one will
tell us.”

“I really liked that we went through the individual levels and it was necessary to
complete things in order to find the code and go on, we wanted to win.”

Gain the ability to extract
the problem from its

complex wording or broader
description, development of

critical thinking.

“It was probably the hardest thing to understand what the role involved in the coal
and copper ore models was, but when you try to imagine it and realize that we have

only indirect information about things underground, for example, it started to
make sense. “

“Those tasks with ‘sticks’ looked pretty scientific, we had to read it a few times to
understand what we were supposed to do in the end, but then it went well.”

“It was interesting to choose from a variety of answers that contained logical
reasoning, but only one was correct.”

Value
goals

Gain the ability to take a
stand on things, phenomena,
and work activities in your
environment, especially in

terms of their social,
material, and energy value.

“Now we understand that each person’s actions and attitudes contribute to the
pressure on energy and raw materials.”

“We already understand why the recyclability of some things, such as glass, copper,
or iron, does not take into account the energy dimension of the problem, which is

important to take into account.”

“Replacing all those 100,000,000 barrels of oil a day with another energy source is
probably quite unfeasible and at some point soon unrealistic.”

“The link between the size of the human population and its material level and the
degree of global environmental, economic growth, and climate impacts are still

fully interlinked.”

“The behavior of an individual in the system seems to be important, because of his
direct energy consumption but also because of the demands on the raw materials

and energy that are in the products he buys and so on.”

Operational
goals

Gain the ability to cooperate
in the team and

operationally solve tasks of
diverse nature.

“It took us a while to share who would do what, but then it worked well when the
tasks were divided; it saved time.”

To learn to actively use
information technology in

both the educational process
and the game.

“The fact that we had those things in our hands was great. The application in the
tablet was well done, as such a guide, when we could not cope, so we read it again.

The tools were also great after the wrong answer; you clarified enough.”
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The testing of the second IET, a quiz application, involved two grammar schools (one
day for one school, visiting lasted 2 h) during summer 2021 with 42 students. In addition,
the application was tested at the SlovakTech event where another 42 students from different
high schools were involved. In total, 84 students (15–19 years old) tried the toolkit. The
selection of the schools as well as the participating students was random. The procedure
was the following:

1. Research questions (A, B, C) were defined for which null and alternative hypotheses
(H0, H1) were formulated.

• The Research question was A: Can education using the tools of interdisciplinary
competitions or games lead to a better understanding of the context of earth
resource acquisition, compared to conventional education on aspects of these
issues covered in individual subjects?

� A-H0: Education through an interdisciplinary competition or game does
not provide a better understanding of the relationships in the field of
earth resource extraction than conventional education within individual
subjects.

� A-H1: Education through interdisciplinary competition or games pro-
vides a better understanding of the relationships in the acquisition of
earth resources than conventional education within individual subjects.

2. In order to test the hypotheses for research question A, a questionnaire was formulated
with the following wording:

Is it effective to educate on the subject in the form of a competition or a game?

3. Research question B: Does information in the subject area acquired informally, through
tasks fixed to experience, have a more lasting character than that acquired through
standard formal channels?

� B-H0: Information given informally is not of a more permanent nature than
the information obtained through conventional sources.

� B-H1: Information given in an informal way is more durable than information
obtained in a conventional way.

4. In order to test the hypotheses for research question B, a questionnaire was formulated
with the following wording:

Can information given in an informal way be more lasting than that given in a
formal way?

5. Research Question C: Does the fact that the educational competition/game contains
any 3D artifacts and tangible objects have an impact on the engaging nature of the
educational competition/game?

� C-H0: The attractiveness of an educational competition/game is not enhanced
by enriching it by adding 3D and tangible objects.

� C-H1: The attractiveness of the educational competition/game will be en-
hanced by adding 3D artifacts and tangible objects.

6. In order to test the hypotheses for research question C, a questionnaire was formulated
with the following wording:

Would the contest be more engaging if it included some tangible artifacts?

7. The subject questions for each research question were included in a questionnaire that
also included questions aimed at verifying knowledge.

8. All participants first filled in a questionnaire where there were eight questions focused
on students’ knowledge about gold and silicon and three questions focused on their
opinion about learning through the game.

9. The participants were divided into two teams. Each team chose a captain who was to
interact with the toolkit leader and chose an element.

10. A timeline was arranged.
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11. There was a quiz (Figure 3), in which students could choose the number of points per
question (100, 300, 500) and the area from which they wanted to answer the question.
This also allowed them to practice their strategic thinking.

12. The team that had the higher number of points won.
13. Then, after the game, the students completed the same questionnaire again with the

same questions.

 

Figure 3. Innovative educational toolkit application [authors].

Students’ responses to the survey questions focusing on their opinion of the toolkit,
which were the subject of hypothesis testing, were evaluated using Non-Parametric Related-
Samples Wilcoxon Signed Rank Test using SPSS software. The results of the questionnaire
as well as the evaluation of the hypotheses are presented in Section 3 Results.

3. Results and Discussion

3.1. Evaluation of the First IET

After the game, qualitative feedback was obtained through dialogue with the student
contestants and with the teachers providing the teaching in the schools from which the
students came.

The questions asked by the IET designers were largely aimed at verifying that the
set cognitive, value, and operational objectives had been met. They were directed to the
content area, the formal area, aspects of the novelty of the information, its relevance for
further perception of the issue, and the construction of attitudes towards it.

The following findings emerged from the interviews:

• Students perceived positively that they were learning in the form of a game, focusing
on problem solving and they did not see the actual taking in of information as learning
but as overcoming an obstacle to progress through the game.

• They rated individual tasks from moderately to very challenging. The tasks with the
highest level of abstraction (tasks with educational sets) posed the greatest challenge.

• Overall, students expressed interest in this kind of learning.
• The issues presented were largely surprising to the students and many of the facts

presented were described as fundamentally new.
• The overall impression of the presented content of the game was the clarification that

the human society is directly intertwined with the raw material energy resources, their
availability, and rate of use, with an emphasis on energy resources.

• The students largely lost the vision of simple solutions consisting of the quantitative
substitution of non-renewable resources (mainly fossil fuels) by renewable resources,
which did not reflect other aspects and their limits.
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• Students presented concerns about the future direction of human society and the
possibility of effectively addressing the problems related to the impact of human
activity on the environment and climate change.

• Teachers unanimously expressed a positive attitude towards the implementation of
IET in the teaching process as a means of gaining attention and engaging students
in the process of acquiring interdisciplinary knowledge through team creative work
in solving competitive tasks in the game itself. Educators also expressed surprise
at the presented connections between different phenomena related to the use of
earth resources. Educators expressed the view that it is very difficult to translate the
complex issue of earth resource extraction into individual, differentiated teaching
subjects pursuing primarily different objectives.

Specific types of responses are listed in Table 1 according to the group of objectives pursued.

3.2. Evaluation of the Second IET

A total of 84 students took part in the second IET, completing the same questionnaire
before and after game, with eight questions focusing on their knowledge and ability to
relate information from different areas and three questions focusing on their opinion on
supplementing the learning process with such playful learning.

Evaluation of the questionnaire responses revealed the following findings:

• Before playing the toolkit, the mean score for the knowledge questions was 5.4 points,
while after playing it was 5.8 points.

• Before the game, none of the participants achieved full points, while after the game,
eight students achieved full points.

• Before using the toolkit, 23 students had less than 5 points, while after using the toolkit
only 15 students had less than 5 points.

• These findings are also presented in Figure 4.

Figure 4. Results of questionnaire for knowledge questions.

In addition to the knowledge questions, hypotheses A-H0, A-H1, B-H0, B-H1, C-H0,
and C-H1 for research questions mentioned in 2.4. were verified. The students’ responses
for the questionnaire are evaluated in the form of graphs in Figures 5–10.
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89.28%

1.20%
9.52%

Before game

Yes it seems to be effective.

Not when I'm playing or
competing so I can't be
educated at the same time.
I can't take a clear position
on this because I don't have
enough experience with it.

Figure 5. Results of questionnaire for question: Is it effective to educate in the form of a competition
or a game? (before using toolkit).

100%

0%

0%
After game

Yes it seems to be effective.

Not when I'm playing or
competing so I can't be
educated at the same time.
I can't take a clear position on
this because I don't have
enough experience with it.

Figure 6. Results of questionnaire for question: Is it effective to educate in the form of a competition
or a game? (after using toolkit).

Figures 5 and 6 show that before playing the toolkit, 1.2% of students thought that
learning through a competition or game was not effective and almost 10% could evaluate.
After the competition, all 84 respondents (100%) agreed that such learning is effective.

Based on the results of the Non-Parametric Related Samples Wilcoxon Signed Rank
Test, the A-H1 hypothesis was accepted, i.e., education through interdisciplinary com-
petition or play provides a better understanding of the relationships in earth resource
acquisition than conventional education within individual classroom subjects. Hypothesis
A-H0 was rejected.

When we asked whether information delivered in an entertaining way can be more
enduring than formal education, almost 10% said no before using IET, almost 36% could
not say, and over 54% said yes. After the use of IET, 90.47% agreed that information given
in this way can be more permanent and almost 10% could not express their opinion.
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Figure 7. Results of questionnaire for question: Can information given in an informal way be more
lasting than formal ones? (before using toolkit).

Figure 8. Results of questionnaire for question: Can information given in an informal way be more
lasting than formal ones? (after using toolkit).

Based on the results of the Non-Parametric Related Samples Wilcoxon Signed Rank
Test, the B-H1 hypothesis was accepted, i.e., the information given informally is of a
more permanent nature than the information obtained conventionally. Hypothesis B-H0
was rejected.

Finally, students were asked to answer the question whether tangible artifacts would
have made the competition more engaging. Prior to the quiz, the majority of students
(54.76%) could not answer, 27.38% said yes, and almost 18% disagreed. After the quiz, all
students could answer, with almost 73% of students agreeing that the game would be more
interesting with real artifacts and over 27% of students disagreeing.

Based on the results of the Non-Parametric Related Samples Wilcoxon Signed Rank
Test, the C-H1 hypothesis was accepted, i.e., the engaging nature of the educational com-
petition/game will be enhanced by enriching it with 3D artifacts and tangible objects.
Hypothesis C-H0 was rejected.
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Figure 9. Results of questionnaire for question: Would the competition be more engaging if it
included some tangible artifacts? (before using toolkit).

Figure 10. Results of questionnaire for question (Would the competition be more engaging if it
included some tangible artifacts?) after using toolkit.

Although significant differences between the number of correct answers before and
after the game were expected, we concluded that the use of the toolkit was successful.
Indeed, several factors may have influenced the results:

• Before playing the game, students were relaxed and, after the game, which lasted
almost 2 h, their attention and concentration were already reduced.

• Students may have felt less motivated to complete the questionnaire after the game,
especially the team that lost the game.

• The students who did not improve may belong to a group of students who need a
different learning approach other than listening and reading.

• The students were in a hurry to complete the questionnaire and, therefore, they did
not pay the same attention to the answers as they did before the game.

• Students did not want to fill out the same questionnaire a second time and, therefore,
answered “just so it is”.

However, based on the students’ responses to the opinion questions concerning the
testing of hypotheses before and after playing the game, it was evident that the students
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had a positive attitude towards the toolkit and were aware of its benefits for the learning
process. Additionally, most students agreed that such information is more permanent and
that supplementing the quiz with tangible artifacts could further enhance the engaging
nature of the competition and bring about more significant differences in the results of
correct answers before and after the quiz.

The results indicated that conventional education is not sufficient for a proper under-
standing of complex issues such as RES and the extraction of raw materials–energy or land
resources. It is important to present the information in an interdisciplinary level but at
the same time in an engaging form, so that it is sufficient to build attitudes for students
and so that there is a prerequisite for better implementation of knowledge in practical life.
The proposed IETs can be applicable with different content at different levels of education
and also for complex interdisciplinary issues, while, at the same time, they can improve
students’ attitudes and motivations to receive knowledge. The contribution of the solution
lies in the fact that by using one tool, besides the actual knowledge acquisition, aspects of
teamwork, working under pressure (time, points), aspects of using ICT tools at work, and
motivational and value aspects can be addressed.

4. Research Limitations

This study contains many limitations that also offer opportunities for further research.
First, the sampling and data collection were limited to the region, which means that this
research has limited empirical applicability. This study focused only on middle and high
school students. The age limitation of the students (12–19 years old) was determined by
the EIT project itself. Sample size, number of days visited, and time spent in school were
affected by the COVID-19 pandemic and schools being closed during the lockdown. If
the situation improves during the next year, more schools are expected to be visited, with
a larger number of students and teachers being involved in the testing of the extended
version of the toolkit.

5. Conclusions

Understanding the comprehensiveness of resource acquisition, the real status of re-
newable resources and alternative energy solutions, their role and importance for human
society is one of the basic prerequisites for the effective transformation of the current form
of human civilization towards a more sustainable and less environmentally burdensome
form. Given that this is a very complex issue overall and crosses a number of scientific
disciplines, obtaining relevant information, forming an objective judgement, and taking
a sober attitude towards the issues among the majority population are difficult, and it is
advisable to focus already on the educational process.

The educational tools presented in the study were designed to overcome the bound-
aries defining the individual disciplines reflected in the standard teaching subjects, focusing
on the secondary school level, and have the added value of attractiveness and appeal of
educational form and content. Two tools were developed, one of which was built more
on a physical basis and a face-to-face form of delivery, the other on an ICT platform and a
more distance or online form.

The experiences presented with the use of both tools show that, overall, they were posi-
tively received by the students. In the validation of the second tool, three research questions
were defined and the hypotheses based on them were verified by way of a questionnaire
survey. The results obtained confirmed the expectations: All three hypotheses, A-H1, B-H1,
and C-H1, were accepted by testing answers of students with Non-Parametric Related
Samples Wilcoxon Signed Rank Test in SPSS software and indicated that the presented way
of obtaining information/knowledge in the field appears to be promising and effective.
The knowledge and skills acquired in this way are of a more permanent nature, strengthen
the student’s self-confidence, and will be a real competitive advantage for the graduate in
the labor market. The results of this paper are in line with the studies mentioned in the
introduction. The general results are that the innovations in the educational process have
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a positive impact on students’ learning and their acquisition of knowledge in the field of
interdisciplinary understanding of the world.

The presented findings could also contribute to the effort to objectively perceive the
position of the overall importance of the issue of raw material–energy resource extraction
in the sense of increasing the chances for the implementation of the necessary changes in
terms of possible reduction of the negative impacts of human activity on the environment
and the overall transformation of the current global economy towards a more sustainable
form. Last but not least, objectively oriented, educated young people will have a better
chance of creating a rational form of society in which both they and future generations
will live.

6. Patents

The material platform in this paper, Multilevel hierarchically configured box, as
indicated in Section 2.2, is protected under Slovakia Law (PUV 50017-2020, Utility model
number: 8953).

The material platform in this paper, Educational set, as indicated in Sections 2.2 and 2.3,
is protected under Slovakia Law (PUV 50017-2020, Utility model number: 8933).
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Abstract: The use of geothermal energy (GE) and the green economy in the environment of Slovak
municipalities and towns is significant, due to the reduction in the negative influences and impacts
of human society’s constant consumer lifestyle. The authors highlight the use of modern scientific
knowledge, practical experience, and ever-improving technologies in the field of renewable energy
sources RES. The aim of this contribution is to draw attention to the under-utilization of GE’s
potential in Slovakia. Given the country’s commitment to meeting emission limits under EU carbon
neutrality agreements by 2050, the use of this resource is very pertinent. Slovakia has significant
geothermal resources that are not currently sufficiently utilized. The article suggests using GE to heat
housing units of the housing estate near the geothermal source. Three scenarios (60 ◦C (pessimistic),
65 ◦C (conservative), and 70 ◦C (optimistic)) were considered in our energy balance and economic
advantage calculations. The green economy offers a sustainable way of using the earth’s resources.
The financial calculations regarding the amount of investment, the expected financial return and the
possible values of the saved emissions confirm the possibility of the further use of GE technology.
The information under consideration can be used in other significant territories, which may be a
theme for further research in this field.

Keywords: geothermal energy; renewable technology; thermal energy; investment

1. Introduction

The necessity of achieving net zero global CO2 emissions by 2050, to achieve the
target set in the Paris Agreement, has stimulated interest in the use of low-carbon energy
technologies, including geothermal energy. The constant exploitation of natural resources,
excessive waste generation, the emission of harmful substances into the atmosphere (COx,
SOx, NOx, etc.), seas, oceans, and soils lead to negative and often permanent changes.
Climate change is manifested by an increase in average temperatures, changes in the nature
of the climate, more frequent occurrences of extreme weather (melting of glaciers and
permafrost, landslides, extreme drought and heatwaves, torrential rains, sudden flooding,
and others). There are changes in biodiversity, the migration of animal species, extinc-
tion, excessive deforestation, changing soil composition, and the contamination of water
resources (increasing the acidity of the oceans). Population migration is another important
manifestation of these changes [1]. However, despite various climate agreements, CO2
emissions reached an all-time high of 35 billion tons per year in 2019. The unprecedented
nationwide COVID-19 crisis that began in China at the end of 2019 has rapidly frozen
emissions growth. All these reasons, among others, have led to increased interest in the
research and development of sustainable and renewable energy (RES) technologies.

Man, through his anthropogenic activity, significantly influences conditions on the
planet. At present, the greatest emissions are generated by the burning of coal; for instance,
more than 14 billion tons were burned in 2018. Emissions from this source totaled more
than 12 billion tons in 2018. This ranking is followed by natural gas and its increasing
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consumption level of almost 8 billion tons, as well as cement production. The EU is the
world’s largest importer of energy, relying on imports for 50% of its energy needs. With
an energy demand forecast to grow 1–2% a year, this figure will rise, within the coming
20–30 years, up to 70%. Europe’s energy needs are growing relatively fast compared
to other parts of the world. Climate change has encouraged the inclusion of modern
RES technologies in the program, to mitigate the negative impacts of fossil fuel energy
production. Europe is being forced to invest in new technologies [2,3]. The overall EU
average of RES production in 2019 was 20%, meeting its target for 2020. Iceland has the
largest share of RES energy at almost 80%, thus meeting the target above the set limit.
This was mainly helped by the geographical relief and nature of the landscape and the
wide use of energy from geothermal and water sources—geothermal power plants and
hydroelectric power plants. Norway meets about 73% of its energy needs from RES
especially due to the hydroelectric power plants made possible by the mountainous profile
of the landscape, offering a bountiful supply of rivers with a high falling gradient. Of the
other EU countries, Sweden’s share is almost 60%, Finland’s, about 43%, and Latvia’s, 40%,
followed by Denmark, Austria, etc. Included in the leading countries that have not (yet)
met their commitments is Slovenia, which produced more than 20% of its energy from
RES in 2019, but the target for 2020 is 25%. Other such countries are Ireland, Belgium, the
Netherlands, Luxembourg, the United Kingdom, and Poland. Poland relies mainly on coal
production and, therefore, has long had a problem with air pollution. In 2019, Slovakia
produced almost 20% of its total energy from RES, thus meeting its 2020 target [4].

Geothermal energy, as a renewable energy source, can be an important resource for
numerous regions of Europe. The development of geothermal energy facilities gives people
the potential to gain better control of their own local energy resources and take advantage
of a secure, environmentally friendly and domestic source of energy. This energy from
within the Earth can be used for different purposes to improve environmental quality
and protect public health and safety. The technological and sustainable development of
this type of energy will help to solve the world’s energy needs and the requisite chal-
lenges [5]. For geothermal electricity production, the highest concentration of resources on
the European continent is located in Italy, Iceland and Turkey; the present exploited value
is only 0.3% of the whole renewable market. The possibilities for geothermal energy to
expand its penetration in Europe are mainly from using the enhanced geothermal system
(EGS). Some areas have been critically investigated regarding geothermal resource base
assessment, recoverable EGS estimates, in-depth research on EGS technologies and the
current performance, the designing of suburb-facing systems, drilling technology eco-
nomics, the conversion of energy using enhanced geothermal systems, the effect of this
technology on the environment, and the analysis of enhanced geothermal systems and
their sustainability [6,7].

Slovakia should take advantage of the potential geothermal resources it has, which
are currently used to a minimal extent. It is important to use energy resources efficiently
because the price of energy, in general, is rising [8].

Is geothermal energy renewable? Geothermal energy has often been described as a
renewable energy resource. However, on the time scale normally used in human society,
geothermal resources are not, strictly speaking, renewable. They are renewable only if the
heat extraction rate does not exceed the reservoir replenishment rate. Exploitation through
wells, sometimes using down-hole pumps in the case of non-electrical uses, leads to the
extraction of very large quantities of fluid, and consequently to a reduction or depletion
of the geothermal resources that are in place [9]. Geothermal localities can be subdivided
into two categories: springs and deep boreholes. Springs are locations where geothermal
water naturally flowed out or is still flowing out from the aquifer onto the earth’s surface.
The category of deep boreholes accounts for all the localities where there are not, nor have
there ever been any natural springs, but where geothermal waters have been found during
hydrocarbon exploration and exploitation [10,11].
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The drilling works enable geologists to establish the rock composition of an investi-
gated area, along with other data that are connected to the tasks needed in the eventuality
of a geothermal energy plant [12]. Geothermal fields, as opposed to hydrocarbon fields,
are generally systems with a continuous circulation of heat and fluid, where fluid enters
the reservoir from the recharge zones and leaves through discharge areas (hot springs,
wells) [7]. Heat production from GE is widespread in many countries of the world. The
largest geothermal central heating systems are in the USA and China; in Europe, it is mainly
found in France, Germany, Iceland or Turkey [13]. Slovakia has the greatest potential for
GE in Central and Eastern Europe [3].

The aim of this article is to demonstrate how to carry out an analysis of an area
examined in terms of the availability of a site suitable for GE domestic heating systems, the
availability of distribution networks, and energy needs. We provide a case study of how
a GE system can be used from the perspectives of investment efficiency, environmental
impact, and meeting user needs. Practical information and advice on procedures can help
other cities in terms of future perspectives.

2. Materials and Methods

This article addresses the issue of obtaining and using a renewable energy source
(RES) for heating purposes, district heating (DH), and domestic hot water (DHW). With this
energy-clean technology, it is possible to minimize the production of emission substances
and replace the combustion of natural gas during heating.

Data that is publicly available and at the same time processed by us in the case study
have been used for the processing of this contribution. The procedures and methods are
summarized as follows:

• Based on the available information, we analyzed the possibilities of using geother-
mal energy in the environment of towns and villages in the area of the High Tatras
(Podtatranská basin). To design a model of geothermal energy use for heating, we
considered a mining well to serve a housing estate of 5500 households.

• We created a methodology for determining the profitability of a geothermal well using
a flow chart. We designed a technology setup for the use of geothermal well energy.
The energy potential and energy balance were calculated. The complexity and return
on investment were assessed. The volume of emissions of harmful substances that
can be saved by using this clean energy was calculated. Based on the findings, we
assessed the usability of a geothermal well for the purpose of heating apartments.

2.1. Hydrogeological and Hydrogeothermal Conditions in Slovakia

Due to its natural conditions, the Slovak Republic has significant potential geothermal
energy. Based on research and surveys to date, the energy potential of GE is important in
Slovakia, and its value is at 5538 MWt. Geothermal energy sources are mainly represented
by geothermal waters, which are tied to hydrogeological collectors located at depths of
200–5000 m. In Slovakia, the average temperature increase is 3–3.8 ◦C for every 100 m of
the borehole; at a depth of 3 km, the temperature is about 100 ◦C. Geothermal sources are
divided according to temperature (◦C), into:

• Low temperature—from 20 ◦C to 100 ◦C: these are geothermal sources with a moderate
temperature, suitable only for heating and recreational purposes;

• Medium temperature—from 100 ◦C to 150 ◦C: these are suitable for heating and using
binary cycles, and for electricity generation;

• High temperature—above 150 ◦C: these are geothermal sources suitable for electricity
generation (using water vapor).

In terms of well yield, geothermal sources are distinguished as follows:

• With minimum yield—up to 1.0 L·s−1;
• With very little yield– from 1.0 to 5.0 L·s−1;
• With a small yield—from 5.0 to 10.0 L·s−1;
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• With medium yield– from 10.0 to 25.0 L·s−1;
• With great yield—from 25.0 to 50.0 L·s−1;
• With very high yield—above 50.0 L·s−1 [14].

The wells that have been carried out so far (at depths of 92–3616 m) have verified
temperatures at the wellhead of 18–129 ◦C. The yield of free-range wells ranged from tenths
of a liter to 100 L·s−1, with a predominantly Na-HCO3-Cl, Ca-Mg-HCO3 and Na-Cl water
type, with mineralization of 0.4–90 g·L−1 [15].

Slovakia, considering its small surface area (49,000 km2), is very rich in mineral and
thermal waters. There are 1200 springs registered on its territory, the equivalent of one
spring for every 40 km2. The rich physicochemical diversity of waters and their even spread
throughout the territory is conditioned by the favorable geological–tectonic construction of
the territory and its geothermal activity.

From north to south, mineral and thermal waters are linked to sediments of the Flysch
zone and the Klippen belt of the Paleogenic and Mesozoic eras, the crystalline rocks of the
Paleozoic and Mesozoic, the dolomites and limes of the Mesozoic, and Flysch sediments
of Inner Carpathian Paleogene and Neogene origin. The temperature of the waters of
the springs is between 15 and 70 ◦C. Mining works carried out in some areas obtained
water with temperatures in the range of 40–130 ◦C. The yield of natural springs varies
between 1 and 40 L·s−1. The well yield is from 5 to 90 L·s−1 [16,17]. From the point of
view of geothermal water sources, we can only consider as a possibility the Paleogene
subsoil in the area of interest, which consists mainly of Triassic carbonates of Krížna Nappe
and Choč Nappe, with Karst-fissure permeability. Overall, the geothermal activity of
the area of interest can be assessed in terms of the density of the earth’s heat flow as
average geothermal output (65–70 mW·m−2). Temperatures at the depth of storage of the
collectors (1400–3000 m below the surface) are about 45–95 ◦C. Mineral waters reflect the
hydrogeological, hydrological, geological, and structural conditions in the monitored area.
The nature of the waters indicates that Triassic structures correlate well with the appearance
of Triassic carbonate rocks on the surface around the basin. The nature of the waters in the
Paleogene subsoil may have been obviously marine in origin, i.e., waters that have been
preserved after the transgression of the Paleogene Sea but are now more or less infiltrated
surface waters from the peripheral parts of the basin. The total mineralization of the waters
in the Mesozoic subsoil, based on the results of the pumping tests in the surrounding wells,
can be expected in the range of 3–5 g·L−1. Information on the hydrogeological conditions
of the territory comes mainly from the quaternary sediments of Poprad, where several
exploration wells were created. Several deeper wells were created in the Poprad Basin, the
results of which provided valuable data on groundwater properties in individual geological
units. From this point of view, valuable information can be drawn from the wells in the
areas of Stará Lesná (FGP-1), Poprad (PP-1) and Vrbov (VR-1, 2, 2A, 3) and the latest from
the area of Vel’ká Lomnica. Since the PP-1 borehole (Poprad) is relatively close to the site
under examination, its results may be analogous to those of the projected well. At the
PP-1 well in Poprad, the geothermal waters, of a significantly calcium-magnesium-sulfate-
sulphate-hydrogen carbonate type, were verified as having an average mineralization value
of 2.88 g·L−1, with a pH value of 6.21. The water is over-gassed with CO2. The increased
sulfuret content is due to the dissolution of plaster stone and anhydrite. The incidence of
sodium is low because it is released due to the low pH [18].

Groundwater resources and reserves in Slovakia vary not only depending on the
location and time but also in terms of their quality. Although they are regularly renewed,
they are not unlimited and only proper use can ensure their relative inexhaustibility.
Groundwater, which is a source of quality drinking water, is the most important natural
wealth in Slovakia. Therefore, the most fundamental task is getting to know the laws of
groundwater creation and flow as well as its protection. This requires very close monitoring,
documenting and registering their basic characteristics and parameters. The total usable
amounts of groundwater in Slovakia, as documented in 2018 in all categories, represent
77,175.07 L·s−1.
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Those usable quantities also include usable amounts of thermal water as an integral
part of groundwater and, for the sake of completeness, part of the mineral waters, in
particular the usable quantities of mineral waters approved by the Hydrogeological Com-
mission [19]. Figure 1 shows the prospective areas of geothermal waters in the Territory of
the Slovak Republic.

 

Figure 1. Prospective areas of geothermal waters in Slovakia [19]. (1) 10/4; (2) Klippen belt;
(3) prospective areas where hydrogeothermal evaluation has been carried out; (4) prospective areas
where hydrogeothermal evaluation is being carried out; (5) prospective areas where hydrogeothermal
evaluation has not yet been carried out.

In order to create the best possible conditions for the use of geothermal energy, regional
hydrogeothermal evaluations are carried out by determining the quantity of geothermal
waters and geothermal energy in the defined 27 hydrothermal areas or structures of Slo-
vakia [20]. Current geothermal conditions in Slovakia are mapped out and reviewed
in detail. There are currently 27 prospective geothermal areas that have been defined
(Figures 1 and 2).

 

Figure 2. Partial map of geothermal wells in Slovakia.

A large proportion of geothermal reservoirs provide water with a temperature of
up to 135 ◦C, which is optimal for use for heating buildings or for recreational purposes.
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Geothermal energy (GE) is not primarily used for efficient electricity generation. Modern
technologies also make it possible to generate electricity using a binary cycle [13].

2.2. Technological Description of Geothermal Well Utilization

The proposed geothermal well is GTK-1 Kežmarok, with an estimated depth of 2800 m;
the relevant technological and piping equipment for the purpose of using geothermal
energy for DH production and the preparation of DHW in existing block boiler rooms
on the housing estate. Currently, housing estate boiler rooms are used for the supply
of DH and DHW to apartment buildings, civic facilities, and other buildings in the city.
Thermally treated geothermal water will be discharged into a nearby surface flow system.
The physicochemical properties of geothermal water and its impact on the material of
the pipes are also fully taken into account. Geothermal energy is expected to be used in
an open system, with the newly proposed GTK-1 geothermal well serving as a drilling
(pumping) well.

The exploitation of geothermal water by free flow has been considered, with water
from the well estuary (mouth) entering the separation and storage vessel, where it will be
relieved of free gases. Consequently, it will be pumped (if there is not enough pressure
at the mouth of the well) and overdrawn in the ground to the isolated pipelines, then
carried to an heat exchanger station situated close to the well. In the heat exchanger station,
geothermal water transmits its heat to the secondary treated heating system water, by
which method geothermal heat will be distributed in a closed and hydraulically separated
circuit to 3 boiler rooms, in a ground-stored isolated pipe. Heat exchangers will be added
in existing boiler rooms to heat the returning heating water and the preheat/heating of
the DHW. After thermal use, geothermal water from the heat exchanger station will be
transported under the ground by stored pipes without thermal insulation to a nearby
surface stream (see Figure 3).

 

Figure 3. Scheme of district heating using geothermal energy.

150



Processes 2022, 10, 289

2.3. Methodology for Determining the Suitability of Geothermal Well Usage in the Monitored Area
(Podtatranska Basin)

Hydrogeologically, the projected well is situated in explored territory in the Poprad
River Basin. It has a left-hand tributary from the High Tatras and the right-hand tributary is
mainly from the Levoča Hills. Water management is important in the area since the surface
waters of the tributary of Poprad and the groundwater from its alluvia are often used for
drinking water supply. Water quality in the river is influenced by industrial enterprises
and local agglomerations. The area of the Sub-Tatran Basin under investigation offers
the use of several types of RES in different locations of the territory, in order to reduce
negative environmental impacts, especially in terms of reducing emissions or replacing the
combustion of fossil fuels. Fossil fuel heating is one of the largest sources of CO2 emissions.
The best solution is the use of thermal energy from geothermal sources.

Geothermal energy is an available local, strong energy source that is characterized
by stability of supply, regardless of current climatic conditions. Geothermal energy is
a long-term and sustainable energy source. Based on the geological construction of the
surrounding area and the conditions of geothermal wells that have already been realized, it
is possible to expect a well yield in the range of 20–30 L·s−1, with a total mineralization of
about 3–5 g·L−1 and a water temperature at the surface of 60–70 ◦C. One definite point of
uncertainty, according to the study, may be the depth of the collectors; therefore, the study
recommends counting on the final mining depth being 2800 m [21].

Based on analyses of the available data, we assume that there is potential for the
practical use of GE in the monitored Podtatranska Basin. GE may replace the combustion
of natural gas in the supply of housing units under the current model. This creates ideal
conditions for:

• Limiting the use of energy derived from fossil and conventional fuels;
• Reducing CO2 emissions, (NOx, CO, SO2, TZL)
• Stabilizing heat prices,
• Obtaining a stable, green, and renewable energy source.

The aim of the methodological procedure (Figure 4) is to choose the appropriate
technology to cover the energy needs of the chosen location—a housing estate—based
on sustainability, local availability, and affordability, and with a positive impact on the
environment, as an exemplary model of energy independence for towns and villages.

The methodology begins with the search for theoretical knowledge in the field of RES
energy. This draws attention to the call for a transition to renewable and sustainable energy
sources within the European Union, which aims to achieve carbon neutrality by 2050.

Following a subsequent evaluation and the selection of appropriate information, the
individual available RES technologies were evaluated for:

• The area of energy coverage of household needs;
• The types and principle of operation; and
• A large-scale and stable supply for the population throughout the year.

From the information found, geothermal energy appears to be the most suitable
form of energy. With the subsequent selection of the site and the examination of existing
technologies covering the energy needs of the housing estate, it is possible to proceed
with an evaluation of the most appropriate RES technology. Our research has shown that
the technology used has the best potential and the appropriateness of the subsequent
investment is confirmed by further calculation.
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Figure 4. Flowchart methodology for the work of detecting a suitable GE source.

The processing of the geothermal contribution was based on data from the technical
study of the geothermal well GTK-1, which is publicly available [21]. A specific site (GTK-1,
Figure 5) has been designated in which to carry out the geothermal well under investigation.
Residential houses (in a housing estate with a population of 5500) were selected that met the
requirements for the use of geothermal energy from the borehole. To determine the yield of
a geothermal source for heating the estimated capacity needed for the source was compared
with the heating volume of 3 boiler rooms in previous years (average of years 2015–2017).

 

Figure 5. Location of the proposed GTK-1 well area under investigation [21].
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The calculation of the energy potential of the geothermal source was based on the
following parameters: yield, mineralization, and water temperature at the surface. Given
that it is not possible to determine the exact temperature of geothermal water on the basis
of current knowledge, three variants of geothermal water temperature (60 ◦C, 65 ◦C and
70 ◦C) have been considered when calculating the energy potential.

2.4. Procedure for Calculating the Chosen Technology’s Potential Using Geothermal Energy

A methodological procedure was used to evaluate the use of the suggested possi-
bilities regarding suitable RES technology with the best potential and lowest subsequent
investment, with a recalculation, determination, and proposal as to whether the given
system (investment) is suitable. The procedure for calculating the investment technology
chosen, using geothermal energy, is as follows:

• Calculation of the Return on Investment (ROI)

ROI is the most frequently used parameter for the assessment of the economic effi-
ciency of investments. It is the total income that results from concrete investments, divided
by the amount of investment funds. This indicator is completely time-independent [22].

Return on Investment ROI =
cumulative incomes

total investments
(1)

• Calculation of Cash Flow (CF)

Calculation of the annual cash flow is carried out on the basis of the following rela-
tionship [22]:

CF = incomes investments − production costs (2)

CF, or annual cash flow (annual income), is the product of the unit price of natural gas
(EUR 0.0219/kWh, for 2021) and the amount of heat produced (DH and DHW) in kWh
(MWh) with a difference in estimated annual operating costs (EUR).

The cash flow of a project is the sum of positive and negative items, incomes and costs,
connected with a certain activity. The sum of all financial flows, which results from the
investment into a project, is called the cash flow produced by capitalized investments.

• Calculation of Net Present Value (NPV)

NPV =
n

∑
i=1

{
(−I + CF i)/(1 + a)i

}
(3)

where:

NPV—net present value;
I—investments;
CF—cash-flow;
a—update rate;
i—current year;
n—project duration.

If the NPV of the first project is higher than the NPV of the second project, and
vice versa—the ROI of the first project is smaller than the ROI of the second project
(NPV1 > NPV2; ROI1 < ROI2). In this case, there is no precise mathematical formula
defining which of the two projects is better. The volume of investments and the risk level
of the project will probably play the most important role. The intuition and experience of
the project evaluator, as well as other arguments, can influence investment decisions.

• Calculation of Payback Period (pBp)

A payback period is the project’s duration, from its beginning until the point when
the cumulative cash flow becomes positive. Although in the case of some projects, the
assessment results based on the payback period may seem interesting, this indicator does
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not say anything about the project’s future course from the viewpoint of its cash-flow
development. This could be either positive or negative.

• Calculation of Emission Values for Natural Gas Heating

The CO2 emission factors needed to calculate CO2 emissions from the operation
of buildings (heating, hot water preparation and the operation of other appliances) are
country-specific or operational (and also different for each IPCC1 category) and are derived
from specific fuel characteristics. Average CO2 emission factors are used for natural gas,
hard coal, lignite by region of origin (Slovak, Ukrainian and Czech), and coke. Due to these
reasons, emission factors should be revised each year [23,24].

The values of the weighted arithmetic mean of the qualitative parameters of natural
gas, distributed in the territory of the Slovak Republic by SPP—distribúcia, a.s, were used
according to the method followed in [25]. Density, calorific value, combustion heat and
Wobbe number are given for the business unit, i.e., m3 at 15 ◦C, pressure 0.101325 MPa,
and relative humidity ϕ = 0. The formula used for the conversion of units: 1 kWh = 3.6 MJ.

Annual consumption of MNG NG at a calorific value of 34,848 MJ/m3 [26]:

MNG =
annual heat consumption

calorific value ·boiler efficiency
(4)

• Calculation of Energy Potential

The energy potential is an elementary indicator of the possibility of using geothermal
water. The energy potential of water, which is heated by the action of the earth’s core, is its
heat output [27].

Pt = m·cv·Δt (5)

where:

Pt—thermal power (kW)
m—weight (kg·s−1)
cv—specific water heat (m−3·K−1)
Δt—temperature difference (K)

• Determination of the Energy Balance

Three variants of geothermal water temperature (60 ◦C, 65 ◦C and 70 ◦C) were con-
sidered when determining the energy balance. Natural gas savings were assessed by
comparing the average natural gas consumption for 2015–2017 and the energy balance of
geothermal energy as a percentage; thus, it was also possible to assume an approximate
reduction in CO2 production.

When processing the energy balance of the GTK-1 geothermal source, we will take
into account the following assumptions:

• Geothermal energy will be used for heating the housing estate of the DH and for the
preparation of DHW.

• Heat loss or a temperature drop of 4 K due to the use of heat exchangers is considered.
• The daily operating time of boiler rooms is assumed to be 16 h.
• A maximum heating water temperature of 70 ◦C is assumed.
• A reduction factor in the use of geothermal energy for each whole 1 ◦C rise in the

external temperature, which takes into account differences in outdoor temperatures
during the day and resulting fluctuations in the temperature of the heating water. The
reduction factor varies for different geothermal water temperatures.

• Thermally used geothermal water will be discharged into a nearby stream.

The energy balance will be processed for individual scenarios: the pessimistic scenario
(geothermal water temperature of 60 ◦C), the conservative scenario (geothermal water
temperature of 65 ◦C) and the optimistic scenario (geothermal water temperature of 70 ◦C).

To process the energy balance, it is necessary to know the following values:
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• Number of days of temperature duration from 13 ◦C to −16 ◦C;
• Temperature of the supply and return heating water;
• Average heat output per DH;
• Amount of heat produced per DH;
• Amount of heat produced per DHW;
• Usable thermal output of the geothermal source for DH;
• Reduction factor for the use of geothermal energy for DH.

3. Results and Discussion

In the context of rising energy (heat/electricity) prices and societal pressure on
environmental impacts in terms of the green economy, the interest of business own-
ers/population/society in ecological sources of energy production (heat/electricity) is
increasing. The design of a GE system for heating towns and villages is problematic, due to
several of the input parameters of the calculation. The timing mismatch, the suitability of
site selection in terms of the time optimization of production, the capacity of the distribu-
tion network, daily consumption, and the possibility of using GE as an energy source for
building heating systems are data that has to be mutually optimized when dimensioning a
balanced energy system.

3.1. Determination of the Parameters of the Proposed Geothermal Well

The predicted physicochemical properties of geothermal water from the proposed
GTK-1 borehole are similar to geothermal boreholes already created in the vicinity of the
Podtatranska Basin (wells Vr-1 and Vr-2 Vrbov, VL-1 Vel’ká Lomnica).

The mineralization type of Ca-Na-HCO3-SO4 is assumed, i.e., a composition similar
to Vrbov; the dominant cationic components will be calcium (up to 600 mg·L−1), sodium
(up to 300 mg·L−1) and magnesium (about 150 mg·L−1), with anionic components of
bicarbonate concentrations (about 2000 mg·L−1) and sulfites (up to 700 mg·L−1). Total
mineralization is estimated to be up to 3 g·L−1. The concentration of strontium (approx. 10
mg·L−1) and potassium (80 to 100 mg·L−1) will also be increased. Radioactivity will also
be slightly increased compared to the natural background. Trace amounts of sulfide can
also be expected. The expected phase ratio (dissolved gas content) will be up to 1 m3.m−3

of geothermal water, the main component being carbon dioxide (95 to 98% by volume), the
remainder is mainly nitrogen and methane, with a small admixture of ethane, propane,
isobutene, etc. [22].

Table 1 shows the predicted parameters of the geothermal borehole in the explored
site of the Podtatranska Basin, based on an analogy of geothermal wells located nearby.

Table 1. Predicted parameters of the proposed geothermal well.

Scenario Pessimistic Conservative Optimistic

Geothermal water temperature at the mouth of the well (◦C) 60 65 70
Yield geothermal well (L·s−1) 25 25 25

Mineralization (g·L−1) 3–5 g·L−1

Usable amount of geothermal water per year (L·s−1) 788,400 788,400 788,400
Theoretically usable energy potential (kW) 4710.4 5233.8 5757.1

Theoretically usable annual amount of heat (MWh) 41,262.9 45,847.7 50,432.4

Table 2 shows the values of total annual heat production and NG consumption for the
years 2015 to 2017.
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Table 2. Total heat production and consumption of natural gas in the selected location, (source:
elaborated by authors).

Year 2015 2016 2017

Type of DH DHW DH DHW DH DHW
(MWh) 17,964 9565 19,084 9565 18,975 9290

Total DH + DHW (MWh) 27,529 28,649 28,264
Total consumption (NG) Total DH + DHW (kWh) 15,021,319 15,558,809 15,474,532

Total consumption (NG) DH + DHW (m3) 1,398,633 1,448,678 1,440,831

• Calculation of saved emission values using geothermal energy

Table 3 shows the specific values of individual emission substances that pollute the
environment by burning natural gas. The recalculation was carried out according to
the literature [23]; these pollutants would be eliminated by using the thermal energy
of the geothermal well. The replacement of NG with geothermal energy minimizes the
greenhouse effect.

Table 3. Calculation of emissions from natural gas heating.

Annual Emissions from Natural Gas Heating (kg)

TZL 270.8
SO2 32.5
NOx 5958
CO 1997

TOC 253.9
Total emissions (kg) 8512.2

These pollutants would be eliminated annually for a housing estate with about 5500 res-
idents. The calculation of emissions in NG heating was recalculated according to the
literature [23] (see Table 3).

• Energy balance of geothermal well

Geothermal wells offer a number of positive options in terms of reducing negative
environmental impacts in the long term. The presumed energy potential of the well could
supply the housing estate with hot water intended for heating and hot service water
preparation in full coverage, but a certain amount of natural gas usage is still envisaged by
heating, to cover possible failures of the energy system.

We considered the following values:

- The specific weight of salt water of 1025 kg·m−3;

- Specific water heat cv = 4.18 MJ m−3 K−1;
- Temperature difference (for pessimistic, conservative, and optimistic scenarios) Δt = 42,

45 and 55 K.

The energy balance of a geothermal well at 3 different geothermal water temperatures
was determined as shown in Table 4.

Table 4. Energy balance of geothermal well GTK–1.

Geothermal Water Temperature 60 ◦C 65 ◦C 70 ◦C

Annual amount of heat produced for DH (MWh) 8538.8 8538.8 8538.8
Annual amount of heat produced for DHW (MWh) 4676.5 4676.5 4676.5

Annual production of heat TOTAL (MWh) 13,215.3 13,215.3 13,215.3
- geothermal energy (MWh) 9763.1 11,070.3 12,091.4
- geothermal energy (%) 74 84 91
- natural gas (MWh) 3452.2 2,45 1123.9
- natural gas (%) 26 16 9

Annual average efficiency of geothermal energy (%) 24 24 24
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The energy potential of geothermal water from the proposed well has been calculated.
Since the energy potential of water heated by the earth’s core is its heat output, the heat
output formula has been used (2). The energy potential has been calculated for three
temperature scenarios. Table 4 shows that as the geothermal water temperature rises, the
energy potential and annual amount of thermal energy increase. Due to the large range
of processed data, the evaluation of the energy potential by the authors in a conservative
scenario of the implementation of a geothermal well with a water temperature of 65 ◦C is
given in Table 5.

Table 5. Evaluation of the energy potential of a geothermal well in a conservative scenario with a
water temperature of 65 ◦C.

Geothermal Water Temperature (◦C) 65

Amount of heat produced annually from
geothermal energy for DH (MWh) 7939.75

Amount of heat produced annually from
geothermal energy for DHW (MWh) 4275.25

Total amount of annual heat produced from
geothermal energy (MWh) 12,215

Natural gas savings (m3) 1,136,279
Natural gas savings (kWh) 12,215,000
Price of saved natural gas (EUR/year) 354,235

The results of Tables 4 and 5 clearly show how the energy potential and the annual
amount of thermal energy increase with increasing geothermal water temperature. Using
data from the technical study of the geothermal well, the energy balance of the geothermal
source GTK-1 was calculated for three temperature scenarios (pessimistic, conservative,
and optimistic) of geothermal water.

3.2. Assessment of the Economic Feasibility of Using GE and the Payback Period of the
Implemented Project

The assessment of economic profitability was recalculated by calculating the net
present value, and the return-on-investment method was used. We considered two
variants—a pessimistic and an optimistic scenario.

In the calculations, we considered the following input data:

1. Quantity delivered to GE per year;
2. Credit financing up to 90% of the realized investment;
3. Interest rate—0.75%;
4. Loan maturity—12 years;
5. Annual increase in operating costs—by 1% per year;
6. Discount rate—7.5%.

In Table 6, the recalculation of the evaluation of the economic efficiency of the imple-
mented geothermal project for the pessimistic scenario is shown.

Based on the economic assessment, and assuming Tables 6 and 7 have the considered
inputs, we came to the following partial conclusions:

- The project would achieve a return of 16.4 years in a pessimistic scenario.
- The project would achieve a negative cash flow in the years 2022 to 2025 until, in 2026,

the cash flow would reach a positive value, which would increase in subsequent years.
- The project would achieve a return of 7.4 years in an optimistic scenario.
- In an optimistic scenario, the project would achieve a high positive cash flow from the

beginning, which would increase in subsequent years.
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The payback period of the project in the optimistic scenario is very attractive and
is advantageous for the specified parameters. A higher share of credit financing has a
significant effect on the payback period.

The presented data create a synergy for the final conclusion that the implementation
of this project will be an effective investment in the future.

4. Conclusions

Geothermal wells offer a number of positive options for reducing negative environ-
mental impacts in the long term. In theory, the projected energy potential of the well would
be able to supply the modeled housing estate with warm water intended for heating and
the preparation of hot service water. One of the most burdensome aspects of today’s society
is energy. In particular, energy in households, especially heating and cooling, contributes
significantly to negative impacts on the country as a whole. In the case of Slovakia, there is
currently a system of supported RES and limited use of fossil resources. In the case of the
specific location of the Podtatranska Basin, we propose to use the potential of geothermal
energy for heating domestic housing units (housing estates). This will help to limit the
combustion of natural gas and, in the long term, save money on the purchase of NG and
achieve increased energy security and stability. The use of geothermal energy for housing
estate heating will bring a number of benefits to this area. GE can also be used in a com-
bined way (heating and electricity production) for greenhouse heating for growing crops
and flowers, for fish farming, etc. Primarily, it will offer an ecological benefit in the form
of significant emission reductions in the combustion of processes (NOx, SO2, CO, TZL).
Currently, the city’s thermal economy burns natural gas and coal. Geothermal energy is a
highly ecological source; immediately after heating use, it will be drained off to a nearby
surface stream. Another benefit will be that it will reduce dependence on the imports of
primary heat sources (NG and coal) and replace them with a renewable energy source.
Finally, the use of geothermal energy will lead to a lower heating bill for the inhabitants of
the housing estate.

Currently, the aim is to use RES technology that contributes as much as possible to
reducing the negative consequences of energy use on the global climate system. The topic
is vital, according to current developments in energy policy in the EU and around the
world. At the end of October 2021, the UN World Climate Summit was held in Glasgow;
it highlighted the need to address the issue of reducing emissions in energy production.
Our contribution, in terms of the use of geothermal energy, highlights a clean renewable
resource and is therefore highly relevant for future generations.
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18. Fendek, M.; Hanzel, V.; Bodiš, D.; Nemčok, J. Hydrotermálne Pomery Popradskej Kotliny. Manuskript.Archív Tatra Thermálu, a.s.;
Archív Tatra Thermál a.s. Poprad: Poprad, Slovakia, 1992; p. 99.

19. Franko, O.; Remšík, A.; Fendek, M. a kol. Atlas Geotermálnej Energie Slovenska, Bratislava: Štátny Geologický Ústav Dionýza
Štúra. 2010. Available online: http://apl.geology.sk/atlasge (accessed on 3 January 2022).

20. Slovenská Agentúra Životného Prostredia. Kjótsky Protokol k Rámcovému Dohovoru OSN o Zmene Klímy. Available online:
https://www.enviroportal.sk/dokumenty/medzinarodne-dohovory/dohovor/2 (accessed on 25 September 2021).

21. Enviroportál MŽP SR. Available online: file:///C:/Users/Erika/AppData/Local/Temp/soh_geotermalny_vrt_kezmarok_
optimised_asice_soh_geotermalny_vrt_kezmarok_optimised_redigovane-.pdf (accessed on 3 January 2022).

22. Rybár, P.; Drebenstedt, C.; Cehlár, M.; Domaracká, L.; Khouri, S.; Dietze, T. Mining Investment; Vydavatelství a nakladatelství Aleš
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Abstract: The process of designing a longwall powered support is extremely complex and requires
many operations related to the creation of a complete machine. The powered support section is one
of the basic elements of the longwall system. It acts as protection for the working space and takes
part in the process of excavating and transporting the spoil. The implementation of the support that
meets the guidelines of the manufacturer and user requires an endurance analysis at the design stage
conducted according to the regulations in force. The main objective of this research, pursued by the
authors, was to perform the analysis of the ultimate strength of selected elements of the designed
powered support section. The research was carried out with the use of special software that uses the
finite element method. This article presents the analysis of the strength limits conducted with the help
of the finite element method, determining the strength of selected elements of the longwall support
section. The solutions proposed by the authors include changes in the structure and properties of the
material in the design process. The aim of the proposed solution was to obtain a model with strength
value that meets safety standards. The research results are a valuable source of knowledge for
designers. Solutions of this type set examples for spatial models of the longwall support section being
designed currently. The analysis presented in the article, together with the results of the research and
the conclusions resulting from them, may improve the safety and effectiveness of powered supports.

Keywords: finite element method (FEM); mining; numerical modeling; power roof supports; safety

1. Introduction

Currently, the dynamically developing area of automation and robotization of ma-
chines in accordance with the idea of modern technologies [1–3] brings about changes in
the processes of their design and production. These changes force producers to use modern
methods and techniques [4–6], influencing the improvement of safety and reduction of
costs and time [7–9]. At the stage of design, the fulfillment of these assumptions allows
using model research [10,11] on virtual objects with the use of numerical methods [12–14].
Numerical modeling techniques based on differential equations [15] enable the creation of
a virtual three-dimensional model. The model, thanks to dedicated software, can be sub-
jected to processes determining changes in the behavior of physical parameters, including

Processes 2022, 10, 527. https://doi.org/10.3390/pr10030527 https://www.mdpi.com/journal/processes163



Processes 2022, 10, 527

determination of yield strengths. Determining the yield strengths is an important issue
from the point of view of designing machine structure elements [16–19], as it entails the
determination of the state of stress and deformations resulting from the impact of external
forces [14,16]. At this stage, it is also worth taking into account the working environment
of the designed machines [20–22].

Numerical tests of powered support sections conducted by using the finite element
method in the design process shorten the time of creating a prototype [23–25]. They enable
the use of various design variants [26,27] in order to choose the most optimal solution
based on the analysis [28,29]. Thanks to this, the final product, in this case a powered
support, will meet the quality and safety requirements [30,31]. Due to the significant role
of powered support in the production process, it is important for it to exhibit a high safety
index [32–34]. The support sections are responsible for securing the longwall excavation
against the fall of roof rocks and for moving the mining machine along the face conveyor
towards the face of the wall [35–37]. It is one of the three main machines included in the
longwall complex, which forms a set of mutually dependent machines [38–40].

Elements of the support section are constructed according to specific safety standards
that the support must meet [40–43]. The powered support section consists of basic elements
(Figure 1), which include all the parts carrying load caused by the pressure of roof rocks [44].
The additional elements are the parts that do not transfer the load resulting from the
pressure of the roof rocks, but are necessary for the functioning of the support [45]. The
working environment of the longwall support in underground mining plants is extremely
difficult and dangerous. Complicated natural (environmental) conditions make the process
of coal mining inextricably associated with both natural and mechanical hazards—resulting
from improper use of machines and devices. The accumulation of many threats, such as
methane, rock bursts, the risk of gas and rock outbursts, inclination of underlay, depth
of the selected deposit, water leaks, tectonic disturbances, and coal and rock cracks force
machine designers to take into account these extremely difficult mining and geological
conditions [46].

Figure 1. Section of the powered roof support: 1—canopy, 2—shield support, 3—lemniscate tie rods,
4—leg, 5—floor base, 6—shifting system.

The powered support section opposes the occurrence of dynamic phenomena in the
rock mass, the effect of which is the formation of tremors. The tremors occurring in the rock
mass can be divided into natural and mining, i.e., caused by improper roof control [47].
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The conditions of cooperation between the support and the rock mass are analyzed on
the basis of the processes related to the subsidence of the roof layers. This method has
been widely used to determine the factor characterizing the maintenance of the roof. The
support is influenced by some dynamic phenomena occurring in the rock mass, such as
vibrations, rapid clamping of the adjacent rocks, impact of crushed and ejected rocks and
an increase in load force resulting from a fractured rock mass. All this collaboration is
extremely complex. It depends on many mining and geological factors influencing the
value of the load on the powered support by the rock mass. These parameters, apart from
the previously mentioned depth of the works, are structure and strength of the surrounding
rocks, exploitation history, height, length, span of the wall and water accumulation [47].

At the stage of designing, planning and conducting research on a powered support
section, each of the elements should be thoroughly analyzed prior to the interaction between
the support and the rock mass under real conditions [48–50]. The design stage is based
on the selection of adequate technical solutions and on determining mutual dependency
between them in order to obtain the final effect [51,52].

The first stage involves the preparation of a flat model, which is subject to analysis
in order to determine its geometric and kinetostatic features [53]. The performed analysis
must meet the design guidelines. The data are analyzed in the form of dimensioned
elements of the powered support section. The second stage covers the scope of strength
analysis and determination of boundary conditions. An adequately prepared model is
generated in dedicated software [54], where it is subjected to stimulation. The third stage
includes the preparation of the prototype and testing in a notified body [47,53].

After obtaining a positive opinion from the research laboratory, the production of
powered support begins. The importance of the powered support section in the entire
process [55,56] triggers the need to conduct a series of tests using modern methods [57–59]
to optimize its strength parameters with the aim of improving safety in accordance with the
PN-EN standards, as well as improving quality, efficiency and reduction of production cost.

This publication presents model strength tests of powered support sections with the
use of numerical calculations. This work contains the examples of design solutions for
the formation of the support in accordance with the standards and safety regulations.
The analysis also took into account the working environment [60] of the machine and the
conditions of interaction with other machines.

The purpose of this article is to determine the strength limits of the elements of
powered support sections by means of numerical calculations. The tests will make it
possible to get rid of defects and will allow design features to be given to the machine as
early as at the design stage. Such activities will take into account the reduction of the costs
of creating a prototype in accordance with the manufacturer’s and the user’s guidelines.

2. Materials and Methods

The load acting on the body may cause deformation of the structure. In case of reaching
a load value exceeding the permissible values of individual elements of the structure, it may
lead to destruction or irreversible deformation. The impact of the occurring deformations
and stress depends on multiple factors regarding the type of material, the force affecting
the structures and the condition of the machine [61–63].

Operations using calculation methods simulate the effect of load force on individual
elements of the machine structure. These elements are subjected to load carrying capac-
ity assessment, that is, strength assessment and deformation assessment, in accordance
with the standards, regulations and manufacturer’s recommendations [64,65]. All these
operations are meant to guarantee safety [66] and rigidity as well as limitation of economic
losses of the machine. The computational methods use the principles of solid mechanics,
where they use mathematical calculations [66,67] to describe the influence of the load by
determining the state of deformations and stress of the machine and mutual interactions,
taking into account the material properties of the structure [68,69]. The determination of the
properties of continuity, homogeneity, isotropy and elasticity of the material allows specify-
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ing mathematical dependencies [70]. When it takes into account the mechanical properties
of the material and the analysis of computational methods, the machine’s operation is able
to limit the formation of permanent deformations.

According to the guidelines concerning the strength of the materials, the body sub-
jected to a load force is deformed. The deformations can be divided into elastic and plastic.
The elastic deformations do not change the shape of the structure elements after removing
the load force affecting the mechanical properties. In case of plastic deformation, the per-
manent deformation which affects the structure from the very beginning occurs. Only after
reaching the permissible values, called the limit of elasticity, it damages the structure [71].
When focusing on deformations in steel structures, it is taken into consideration that due to
the deformation mechanisms, the material is a part of the elastic–plastic group.

The deformation intensity, which is a measure of deformation, determines the changes
in the dimensions of the length and is given by the formula:

ε = liml→0
Δl
l

(1)

where:
ε—deformation (%);
l—distance between the assumed points before material deformation (mm);
Δl—the sum of the distance between the points created after the deformation of the

material (mm), and changes in the dimensions of the angle:

γ = limCE→0.DE→0CDE − C′D′E′ (2)

where:
γ—value of the deformation angle (◦);
CDE—points marked on the material before deformation;
C′D′E′—the difference in the position of the points marked on the material after

deformation.
The change in length is the result of a loosening of the body structure, and the change

in form is the result of a slip, i.e., shifting the layer of atoms one after another. The state of
deformation in the vicinity of the point, e.g., O, will be described by the quantities ε and γ

in all directions, with point O as the reference point [72–74]. In addition, the deformations
can be purely of the volumetric type while meeting the following conditions:

γxy = γyz = γxx = 0 (3)

where:
γxy,yz,xx—measures of component angles (◦).

εx = εy = εz = ε (4)

where:
εx,y,z—components of the deformations (%);
and purely figural under the following conditions:

cosγxy = cosγyz = cosγxx → 1 czyli ΔV = 0 (5)

where:
cosγxy,yz,xx—cos angles of deformation components;
ΔV—the sum of the displacement (mm).

εx = εy = εz = ε (6)

where:
εx,y,z—components of the deformations (%).
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The powered support section is constructed in such a way that the structural elements
balance the load force, affecting its operational elements. The rock mass, which in addition
is an anisotropic body, and the activities related to the functioning of the machine, have
an influence on the operation of the support. The force load is divided into permanent,
variable and resulting from the environment. It is obvious that during the analysis from
the set of possible load combinations, one should take into account the sets of load force
causing the most unfavorable systems of force and moments, both for the components and
the entire structure [72–74].

2.1. Calculation Model for the Limit of Elasticity

The calculation model for the limits of elasticity takes into account the stress of the
force impacting the powered support and shows the creation of elastic deformations in the
model. The position of elementary body particles exposed to external force has an influence
on the stress value. In addition, deformations are conditioned by the characteristics of the
material from which the structure is made. This leads to following arbitrary formulas:

σ = f(ε) (7)

where:
σ—stress values (MPa);
f(ε)—values of the deformation function (%).

Data on the functions f of the interdependencies of σ on ε are obtained by conducting
adequate strength tests, in accordance with the standards and regulations for the safe use
of machines and devices [74].

Elastic–plastic materials, in this case elements of the powered support section, are
subjected to the following tests:

• Static load tests:

- Under bending load capacity test;
- Under compressive and tensile load capacity test;
- Elements for mounting props and cylinders under compressive and pulling load

capacity test;
- Working load capacity;
- In the case of a mine crib support with a horizontal load;
- In the case of a shielding support with a horizontal load;
- With an asymmetric load.

• Cyclic endurance tests:

- Bending;
- Twisting [45].

From the tests of the dependence σ = f(ε), certain material properties, called the
material strength properties, can be observed if they relate to the entire test or the material
elasticity properties and if they refer to the area of elastic deformations.

2.2. Calculation Model for the Yield Point

The implementation of the computational model including the yield limits allows
one to obtain the values describing the average properties of the material at the design
stage and describes with a certain accuracy the phenomena that occur in the material in
reality. Exceeding the yield point leads to permanent deformations as a result of which the
machine is damaged and prevents its further functioning in the longwall excavation. The
yield point is one of the values of a material’s endurance [61].

The diagram of the limits of elasticity (Figure 2) presents the way in which a given
material behaves when impacted by load force. The values of the behavior of the tested
steel were superimposed on the basic values of the elasticity limits of a given material by
presenting a preview of the moment of exceeding the permissible values of elasticity and
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plasticity of structural elements of the powered support section. The operation was carried
out for the purpose of comparison.

Figure 2. Graph of the strength limits of the tested material, where A—proportionality limit, B—
elasticity limit, C—yield point, C’—yield point for steel, D—material hardening, D’—steel hardening,
E—temporary steel endurance, F—ad hoc endurance, G—breaking the material, H—Hook’s Law,
Blue Line—scope of Hook’s Law, Red Line—range of nonlinear unsteady and plastic deformations,
Yellow Line—Stress with consideration of the constriction, Black Line—The range of nonlinear
intractable and ductile deformations for steel.

The limit of proportionality determines the moment (A) in which there was no change
in the structure of material and that maintains the linearity between deformation and
stress. In contrast, the elasticity limit (B) shows the lack of linearity between stress and
deformation. The sample deforms but returns to its original shape. This means that the
elastic energy is completely returned. For the yield point (C) and for steel (C’), at the
moment of applying stress, the plastic deformation becomes visible, which after removing
the stress does not return to its original state. The area between points CD, and for the
value of steel C’-D’, is the material flow moment. Strengthening of the material (D) and
steel (D’) takes place at the moment of a certain inhibition of the creation of slips. During
this time, from point D and D’, it is necessary to increase the stress in order to increase
the deformation or destruction of the material. The phenomenon of temporary strength
for steel (E) and for reference material (F) is the point of state at which the stress is no
longer homogeneous.

Point (G) marks the point of rupture, the loss of physical properties of the material.
The range we are interested in for material strength is the one highlighted in blue (Blue
Line). This is the range of elastic deformation of a material, i.e., where the material will
return to its form after the external force disappears. The range (Red/Black Line) defines
the elastic limits. In this area, if the stresses exceed the permissible value, permanent
deformation will occur in the material. The range (Yellow Line) defines the absence of a
momentary increase in stress; we have the material transitions to a plastic state. When the
stress is further increased, it causes a nonlinear increase in strain until a noticeable local
constriction called a neck occurs.

In the tested samples, there is a concentration of slips in one place, visualized in the
form of a local narrowing [57,64]. Avoiding the phenomenon in point E, F requires the
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designer to take measures to prevent exceeding the permissible values in order to meet the
safety requirements of the support structure.

Taking into account the above calculation models for the limits of elasticity and plas-
ticity of the support, the support was subjected to numerical tests. The model determines
geometric and kinetostatic features. The model of the 3D section is made in dedicated
software [54]. It defines the design guidelines and material properties for the production of
individual elements of the support at the design stage. The simulation included applying
load force on individual elements, and it indicated strategic places where there was the
greatest probability of exceeding the permissible values. Withdrawal from the design
procedures may lead to permanent damage, the result of which is the inability to use the
support section for further operation.

3. Results

Based on the data regarding the powered support, which are presented in Table 1,
model tests of strength limits of its elements were performed with the use of dedicated
software [54]. The tested powered support is a two-rack chock shield support with a
lemniscate mechanism for guiding the canopy. The basic parameters of the support are
shown below.

Table 1. Parameters of the tested section of powered support.

Name Value Unit

Height range 1.0 ÷ 3.50 (m)

The support’s operation range—for non-bursting coal
seams 1.70 ÷ 3.40 (m)

The support’s operation range—for bursting coal
seams 1.80 ÷ 3.40 (m)

Set division 1.50 (m)

The support’s movement to 0.8 (m)

Longwall inclination to 35 (◦)

Lateral longwall inclination ±20 (◦)

Initial load capacity of the props for 25 MPa (30 MPa) 2 × 1 767 (2 × 2 120) (kN)

Nominal load capacity of the props for 43 MPa 2 × 3039 (kN)

Unit pressure on the floor 1.850 ÷ 2.083 (MPa)

Unit pressure on the roof 0.782 ÷ 1.060 (MPa)

Set displacement force for 30 MPa 603 (kN)

Conveyor travel force for 30 MPa 291 (kN)

Supply pressure 25 ÷ 30 (MPa)

Mass ~20◦500 (kg)

While conducting the project research, a modern prototyping system was used [53].
The assumed result of the design research is achieving the highest possible strength values
of the structure elements of the powered support tested section in the 3D model, which is
shown in Figure 3. For this purpose, a model of the support section was developed and due
to existing experience and knowledge, was enriched with elements and features allowing
achieving the appropriate level of safety according to the standards [67] of the prototype.
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Figure 3. The 3D model of the support section.

3.1. Development of a Model for Analysis

The first stage of the numerical analysis of the powered support section was to prepare
a flat model in order to determine its geometric and kinetostatic features. After determining
the dimensions of the structure, taking into account the operation range, the support’s
model was validated, and the geometry of the kinematic chain was calculated [56]. The
physical parameters of the support were determined: load carrying capacity, internal forces
affecting the support, the angle of the canopy, the angle of friction and the force affecting
the shield support, respectively. Taking into account the calculations of the flat model [53],
the 3D model was made in special software, shown in Figure 4, enabling a computer-based
solution of the problem [54].

 

Figure 4. The 3D model of the support section with a numerical grid.

This software made it possible to verify visually and kinematically the operation of
the support in its full height range [58,75]. It also helped to verify a possible collision of the
support’s components with other machines of the longwall complex. The analysis had to
meet the design guidelines. The data were subjected to numerical calculations in the form
of dimensioned elements of the powered support section. The geometry of the calculation
area was set, then a numerical grid covering the calculation area was generated (Figure 4)
and the type of boundary conditions was determined [54].

The 3D model prepared in this way made it possible to calculate the strength value of
the support section at any point in the calculation area.
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3.2. Research Analysis of the Research Model

The conducted analysis of the model of a powered support section assumed the
application of forces acting on its elements with the minimum to maximum value, in
accordance with the guidelines included in the standards [76]. The methods of applying
load force and the number of cycles, which must be performed by the support before
being allowed to operate, have been defined [47,53] according to the standard [76]. The
requirements set by the standard guidelines reflect the load requirements in real conditions.
The support was subjected to simulation (Figure 5) in dedicated software, which allowed for
the calculation of reduced stress at a selected point according to the Huber–Mises–Hencky
hypothesis. This hypothesis assumes that the measure of the stress of material subjected to
load force is the energy of the shear deformation associated with the change in the shape of
material [54,75].

 
Figure 5. Load force simulation of the support’s canopy.

The results obtained in the simulation of the canopy element did not meet the safety
requirements defined by the standards [76] and the manufacturer. In order to improve
the strength of the canopies, geometric adjustments were made, which allowed for more
effective use of the material and increased its strength. The effect of these operations is
presented in Figure 6.

 

Figure 6. Load force simulation of the support’s canopy—correction.
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Properly selected elements were fastened in place with beam nodes and a grid was
created (Figure 7). The force values were successively assigned at the appropriate angle.
The result of the strength analysis was the creation of a map drawn on a finite element grid.
These maps illustrated the number of cycles after which a crack will occur in a given area
(Figure 8).

 

Figure 7. Stress analysis on a finite element grid.

 

Figure 8. Stress analysis on a finite element grid—support’s canopy.

The results of the analysis showed places exposed to plasticization or material breaking
in the part of the canopy and floor [61,71]. These points are located in the places where
elements connect, such as welds and notches of individual elements of the support section
(Figures 9 and 10).
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Figure 9. Stress analysis on a finite element grid—floor.

 

Figure 10. Stress analysis on a finite element grid—floor.

The strength analysis is able to determine a possible change in terms of structure or
material [47]. The procedures related to the change of material or geometric and construc-
tion elements required repeating computational analysis to obtain a result that meets the
requirements. The purpose of the analysis is to define guidelines ensuring failure-free
operation of the powered support section, taking into account at the same time the costs of
production and operation. The performed tests are supposed to reflect the underground
operating conditions of the powered support section.

The result of the performed design activities is the creation of a prototype of the
housing section, which is subjected to laboratory tests. These tests are carried out in
accordance with the requirements of the Machinery Directive and other standards [45]. A
positive test result would be the basis for the implementation of the prototype and the
commencement of the bench tests.

4. Discussion

Initially, the research was based on giving the prepared flat model geometric and
kinetostatic features in order to create a spatial model of the powered support section. The
3D model was subjected to calculations specifying the limits of elasticity and plasticity. For
this purpose, the method of numerical calculations was used, taking into account the basic
formulas included in the article. The calculations were made with the use of dedicated
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software, which allowed us to model and simulate the effect of stress [54]. The elements of
the powered support section were subjected to load force that may occur in real conditions.

Before starting the model endurance tests, the working hypothesis was enriched with
specification of the type of material used and the location of additional structural elements.
The hypothesis resulted from the experience of designers and the knowledge acquired
while designing powered supports with similar parameters.

The canopy of the powered support section was subjected to simulation, as shown
in Figure 6. Higher strength values of this element were achieved. The type of material
the support would be made of has been changed, thus meeting safety standards. The
effect of this operation is shown in Figure 7. The section elements are connected in space
with nodes and a grid is created (Figure 8). This narrows the area of applying the force
affecting particular places in the model machine. The force values applied at an appropriate
angle were used to perform an endurance analysis of the given cycles after which possible
changes in the elasticity or plasticity limits of the material would occur. The tests were
performed until the model met the permissible number of cycles, which were required
by the safety standards. During the analysis, the places marked in red turned out to be
(Figures 9 and 10) most exposed to stress in real conditions. The resulting model, having
been subjected to numerical analysis while meeting the manufacturer’s guidelines and
regulations, is the result of making a prototype, which was previously subjected to bench
tests. The development of the study model and the analysis of the results during the
conducted research were divided into several stages, which are shown in Figure 11:
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Figure 11. Steps in the analysis conducted.
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5. Conclusions

The analyzed spatial model of the powered support presupposed additional structural
elements and given material properties in order to increase the strength. These factors were
specified by numerical calculations. The places most exposed to possible damage resulting
from exceeding the allowable stress values were designated. The data from the performed
support’s load force cycles showed that the machine meets the strength requirements.

The main disadvantage of the MES test performed is the need to control the numerical
error. This error can be due to grid density, changes in boundary conditions and material
properties, time step, and others. This drawback, however, is acceptable for all numerical
methods. The limitations were due to the ability to analyze the test model, with only one
program to determine the strength limits.

The keynote of the model endurance tests was to achieve safety and quality require-
ments while reducing production costs. The structural elements of the machine were
designed in such a way that they would be able to meet the requirements of safety stan-
dards. The reduction of production costs included the implementation of one prototype
subjected to bench tests in a research laboratory. It is possible only when the model is
properly designed.

The performance of model endurance tests already at the design stage showed us the
advantages and disadvantages of the structure. Eliminating defects and providing design
features made it possible to obtain the optimal model. On the basis of the numerical model,
a prototype was created, which was successfully subjected to bench tests.
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Abstract: This article presents the results of research on the possibilities of fragmentation of cultural,
and especially agricultural, landscapes in a selected locality in eastern Slovakia, which is currently
characterized by a high proportion of large-scale soil units used for growing cereals and crops
subsequently used as energy sources (maize and oilseed rape, among others). Slovakia, as the country
with the largest average field area in the European Union (EU), is facing a process of fragmentation
of these units to counter climate change and increase the resilience of the landscape to erosion, soil
fertility, and biodiversity loss. This paper presents a fragmentation method based on the restoration
of former dividing lines, mainly formed by dirt roads, based on the historical mapping. The results
show that in this way it is possible to achieve denser landscape fragmentation, to create dividing
green belts, to increase the resilience of the environment to water and wind erosion, and to create
an environment for pollinator resources and a background for plants and animals in the landscape,
while respecting the ergometric routing of the dividing lines and the ownership relations of the land.
Last but not least, benefits have been quantified in the form of carbon capture, as well as in the
construction of a network of recreational or hiking trails.

Keywords: field fragmentation; land use; biodiversity; climate change; renewable energy sources (RES)

1. Introduction

Anthropogenic climate changes have recently become a phenomenon that influences
current events and changes in society, human behavior, economics, politics, local and global
perceptions of the environment, and the position of humans and human society within
it [1], as very comprehensively elaborated in [2] and in earlier works such as [3,4]. The
possible impacts of climate change with a focus on the territory of Slovakia have been
elaborated in the study [5]. The area with the manifestation of these impacts is also the
rural landscape, which in the conditions of the EU, as well as Slovakia, is mostly in the
form of a cultural landscape with agricultural or forestry use. The importance of solving
these problems in the conditions of Slovakia is reinforced by the fact that Slovakia is the
country with the largest average area of monoculture fields in the whole EU [6]. This is
a parameter that worsens the resistance of the landscape formed in this way, on the one
hand, against water and wind erosion, and on the other hand, against the depletion of
the soil of organic matter and living organisms. According to [7], this also leads to the
overall loss of biodiversity of the landscape in general. As stated by [6], large fields not
covered by strips of vegetation, among other things, exacerbate the effects of drought and
contribute to overheating of the landscape. The need to reduce large-scale agricultural
areas in Slovakia (similarly in the Czech Republic) has recently been addressed by state
bodies and agencies such as the Ministry of Agriculture, the Ministry of Environment via
the Institute of Environmental Policy, e.g., in [6]; and the Slovak Environmental Agency,
e.g., in environmental organizations and associations, research, and academic bodies.
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For illustration, according to [6], the average field size in the Slovak Republic is
12 ha; the EU average is 3.9 ha (in neighboring countries it is: Czech Republic (CR): 9.5 ha;
Hungary(HU): 8.5 ha; Poland (PL): 3.7 ha; and Austria (AT): 2.8 ha). Last but not least, as an
EU member, the Slovak Republic must meet certain environmental criteria to which the EU
subscribes by adopting the Fit For 55 agenda (a package of directives). As stated in [8], the
Fit for 55 agenda talks about increasing the targets by 2030, with the main objectives being
to increase the share of RES to 40% (previously the target was 32%), and to reduce CO2
emissions (eq) compared to 1990 by 55% (with a view to carbon neutrality by 2050). Each
member country must respond to these targets by adopting a new or updated Integrated
National Energy and Climate Plan 2021–2030 [9]. The plan that is currently in force foresees
a target of 19.2% RES (calculated for the original EU target of 32%), while it already foresees
measures such as new RES capacities (at a level of about 1200 MW). Additionally, measures
related to the LULUCF (Land Use, Land Use Change and Forestry) sector are foreseeable,
which also includes the topic of agricultural land (building block of the cultural rural
landscape). This plan is currently being reworked under Fit For 55, and the final values of
the individual quotas have not yet been determined. According to MoE sources [9], 24% is
being considered for RES, while the European Commission (EC) would like to introduce a
quota of at least 30% for each country. The change regarding the reduction in CO2 emissions
(eq.) is not yet known. The current figure is 46% compared to 1990 [10,11], but here it
should be said that the most work has been contributed in the run up to 2009 when the
easiest available measures were implemented, but any further percentage will be a more
difficult task. The new plan for Slovakia should be submitted to the EC for approval by
June 2023.

The impacts of climate change on rural landscapes, mostly in terms of their agricultural
form and function, and consequently the impact on biomass production, have already been
addressed in earlier works from the EU perspective, e.g., in [12], in Slovakia in [13–15].
According to [16], the cultural landscape can be understood as a hybrid open natural–
anthropogenic system, which is the result of the action of humans and human society in
space and time. As stated by [17], land use = land cover + land utilization, which means
that land use results from the knowledge of the landscape cover, represented by natural as
well as man-made and man-modified objects.

The consequences of such management and the landscape configured in this way are
the increasing need for pesticides and artificial fertilizers [18], decreasing soil permeability,
decreasing humus content in the soil, decreasing number of soil organisms, deteriorating
conditions for insects, pollinators, and higher animals [19] and the associated reduction
in biodiversity in the landscape [20]; water and wind erosion [21]; and loss of water
resources [22]. According to [23], 47.7% of agricultural land in Slovakia is potentially
threatened by water erosion. As reported by [24], in Slovakia and the Czech Republic, 10 to
100 m3 of sediment are added to reservoirs annually from 1 km2 of the catchment area. The
result is a landscape with an overall simpler/poorer structure and a lower level of diversity,
to which other factors also contribute, such as the disappearance of features that increase
the diversity of the landscape such as, according to [25], dirt roads, tree avenues, solitary
trees, copses, and thickets, or historical objects such as technical, architectural, and cultural
works/monuments, etc. Such landscapes ultimately lose the protective mechanisms that
would enable them to resist the pressure caused by climate change and may ultimately be
further degraded to the point of losing their original ecosystem and economic production
functions, which, according to [26,27], will ultimately be reflected in economic indicators
as well.

Within the Slovak Republic, the issue under study is regulated by the Slovak Environ-
mental Agency (SEA) Green Infrastructure agenda within the Territorial Ecological Stability
System (TES) package, according to [28], to address the overall provision of ecological sta-
bility of the landscape in Slovakia, the interconnection of natural areas, and the protection
of habitats and representative species in their natural environment. The issue and status of
the SUE are regulated by several laws, as mentioned in [28].
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Currently, the issue is to be addressed in the Slovak Republic in the framework
of the preparation of the Strategic Plan of the Common Agricultural Policy 2021–2027,
based on which the Slovak Republic will set its priorities according to its conditions.
According to [29], the European Commission in its legislative proposal for the future
Common Agricultural Policy has listed nine common strategic objectives, three economic,
three environmental, and three social objectives, namely:

• Contribute to climate change mitigation and adaptation, as well as to the promotion
of sustainable energy;

• Promote sustainable development and efficient management of natural resources such
as water, soil, and air;

• Contribute to the protection of biodiversity, improve ecosystem services, and conserve
habitats and landscapes.

The object of the research—the proposal of the method of fragmentation of the cultural
landscape formed mainly by large-scale fields of monoculture crops—is directly related
to these environmental objectives, due to the fact that it returns to the landscape natural
elements diversifying the landscape and creates conditions supporting the development of
positive phenomena such as water retention in the landscape or the creation of conditions
for the increase in biodiversity in the territory.

In the context of the above, there is a growing need to find mechanisms to meet the
commitments and targets in question, one of the important tasks being the objective to
divide large-scale fields into smaller ones, whereby each field should not exceed 30 ha [6],
which is so far the consensually established limit for the area of a field with one monocul-
ture [6], while fields with an area greater than 30 ha represent more than half of the total
area of agricultural land in Slovakia.

The paper presents a proposal for a method of dividing fields, which is based on
the fact that, in the past, fields were fragmented, separated by landscape features—roads
drawn depicted according to [30] in the old military and orthographic maps. For the
solution, a site in eastern Slovakia was selected, which represents a sample of a normal
rural landscape with undulating relief, without any major peculiarities. Map documents
were used which record the appearance of the area in the 18th century (first military
mapping) and the middle of the 20th century (orthophoto maps). Linear features (roads
and property boundaries) were designed and identified and transferred to the map base
reflecting the current form of the area. The fragmentation of the fields took into account
aspects such as soil protection from water and wind erosion, the implementation of trees
and green belts in the area, and the overall increase in carbon sequestration potential.
Aspects of potential tourist and recreational use of the fragmented landscape were also
taken into account. Fragmentation was proposed at several levels. Parameters such as the
overall reduction in the average area of fields, the length of new road-dividing elements,
the area of green belts, the length of newly created tree avenues, the number of trees, the
amount of biomass produced, etc., were quantified. The aim was to find an effective way
of fragmenting the cultural landscape while achieving the desired reduction in the area of
individual fields, implementation of landscape elements (trees, thickets/shrubs, avenues,
and green belts), increase in the amount of biomass in the landscape, increase in the amount
of grazing for bees, and implementation of carbon-capturing elements, while respecting
the cultural and historical aspects and the possibility of using the landscape for recreation
and tourism.

2. Territory of Interest

The area of interest was selected; the criterion for selection was the coverage of the
landscape representing the cultural landscape of the central part of eastern Slovakia,
where the East Slovak lowland meets as a horizontally low-lying landscape with pre-
dominantly agricultural land with the Vihorlat Mountains—a vertically indented relief
with forestation. The landscape in the selected area has an undulating morphology and
contains human settlements in the form of five villages. The morphology of the area is
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also a prerequisite for the existence of phenomena related to possible wind and water
erosion. There are large-scale agricultural fields in the area of interest and the area has
a history of pre-collectivization agricultural use and subsequent processing activities
(milling, etc.) and the presence of old mining and metallurgical activities/production
(old tunnels and smelters).

The area of interest is located in the north-eastern part of the Košice Region (The
Nomenclature of Territorial Units for Statistics—NUTS 3), on the northern edge of the East
Slovak Lowland, in the area bounded by the villages of Oreské, Staré, Zbudza, Trnava
pri Laborci, and Vínne, and the Vihorlat Mountains (Figure 1). The area is made up of a
cultural landscape with predominantly agricultural use, in which human settlements are
concentrated in villages and, according to the One Soil portal [31], is one of the regions
with an average area of monoculture fields of 10–15 ha, and this territory includes 32 fields
of more than 30 ha, with a total area of 1865 ha. The area is partly covered by continuous
forest cover and contains elements that can be the subject of leisure use or have a tourist and
recreational function (medieval castles, cottages, or lakes). According to [32], the cadastral
area of the municipalities is 8◦394.81 ha.

Figure 1. Map of the Košice Region (48.346260–49.012527 north latitude, 20.190700–22.380257 east
longitude) showing the location of the area of interest (marked in red) (pink colour represents towns,
blue—water areas).

In terms of the historical development of the landscape, the current form of the
agriculturally used rural landscape in most of Slovakia is a remnant of the consolidation of
individual peasants’ land within the process of collectivization and association, as shown,
for example, by [33]. Figure 2 shows an example of a selected section (8.58 ha) of the current
field (37.78 ha) in the area of interest, which consisted of 15 plots in the pre-aggregation
(1950 state), the largest of which measured 232 m × 54 m (1.02 ha).
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Figure 2. Example of a selected section of the current field in the area of interest, which consisted of
15 plots in the pre-aggregation (1950 state). (Own elaboration according to [34]).

According to [35], the first steps towards the creation of joint management within
associations/societies in Slovakia occurred in the middle of the 19th century. After the onset
of the totalitarian regime in 1948, a massive acclimatization took place, with the process
itself being based on Act No. 69/1949 Coll. on UPC (Unified Peasant Cooperatives) [36].
As stated in [37], the establishment of the UPC led to the liquidation of private ownership.
After the collapse of the totalitarian regime in 1989, the agricultural cooperatives were
transformed [38], but the large-scale nature of the fields remained intrinsically unchanged.

It is clear from previous research that the current form of the cultural, human-used
rural landscape in Slovakia is related to the predominance of intensive farming, pre-
dominantly on an industrial scale, on large-scale fields, where monocultures of cereals,
energy, and technical crops are grown. The orthophotos in Figure 3 show examples of
border areas, on the left SR (SK) and Austria (AT), area near the border crossing Bratislava-
Jarovce/Kittsee (48.070883, 17.072833), on the right SR (East Slovakian Lowland) and
Hungary (HU), near the village Malý Horeš (48.395207, 21.950210), where the difference in
the structure or mosaic of the cultural landscape is obvious. While the picture on the left in
Slovakia is dominated by a triangular field 1 km long with an area of 106 ha, in Austria
it is a mosaic consisting of narrow fields up to 50 metres wide, which at the same length
have an area of up to 5 ha. Similarly, the picture on the right shows fields on the Slovak
side with an area of about 15 ha to 103 ha, just over the border in Hungary there are fields
of about 1–10 ha, many bordered by small draws.

From the climatic point of view, eastern Slovakia is situated at the transition between
the maritime and inland climate of Europe, with the continental influence prevailing. The
intensity of solar radiation of the locality falling within the geological formation of the
East Slovak Lowland exceeds the national average, as does the number of clear days
per year or the highest annual temperatures. The vegetation in the monitored area is
more thermophilic, the forest cover is oak and period-hornbeam, gradually changing into
hornbeam-hornbeam in the foothills of the Vihorlat Mountains. Cultivated agricultural
crops include wheat, oilseed rape, and maize.
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Figure 3. Examples of border areas. On the left (a) Slovakia (SK) and Austria (AT), on the right
(b) Slovakia (East Slovakian Lowland) and Hungary (HU). The border between the countries is
highlighted in red.

3. Materials and Methods

Fragmentation proceeded in three stages/levels of division. Map bases were used:

1. Historical map 1764—First military mapping [38].
2. A 1950 orthophoto map from a mapping application [34].
3. A 2017–2019 orthophoto mosaic [34].
4. Tourist maps of the region from mapy.cz portal [31].
5. Google Earth map platform.
6. Map application One Soil [39].
7. GSAA (Geospatial support request) [40].
8. ZB-GIS—a spatial, object-oriented database that is the reference basis of the national

spatial information infrastructure [41].

In order to clarify the issues presented and the methods used in the context of broader
interdisciplinary contexts, it is necessary to cite some related relevant sources that cover
each aspect in more detail. The creation of maps based on modelling the spatial distribution
of linear landscape features across Europe was elaborated in [42]. Comprehensively worked
out problems of image material analysis and overall photosciences are presented in [43–46].
From the point of view of biological corridors, this problem has been addressed in [47]. The
effects of the presence of selected linear features in the landscape on the presence of insects
and their possibilities of the free movement were addressed in [48]. Aspects of tourism in
relation to landscape features were addressed in [49] and in the context of insolation and
heat load in [50].

The issue of using military maps for the analysis of landscape features in the neighbour-
ing Czech Republic with conditions analogous to the Slovak Republic has been described
in [51]. Possibilities of identification of these elements on the territory of the Slovak Re-
public were described in [52], while in [53] attention was focused on agricultural cultural
landscapes. From the point of view of cultural landscape diversity and its varied composi-
tion, the issue was presented in [54,55]. The issue of water erosion and anti-erosion tillage
in Slovakia was treated in [56]. Areas of the condition of some selected localities of eastern
Slovakia (Medzibodrožie) were dealt with in [57].

As reported in [58], information on the size of agricultural parcels in Slovakia is
available from the LPIS (Land-parcel identification system), GSAA, and IACS (Integrated
administration and control system) information systems, which keep records at the level of
land parcels broken down by crops (LPIS) and also at the level of parcels (user hectares) with
a specific crop grown, which have been declared by applicants for payments (GSAA, IACS).
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As reported by [59], according to GSAA and IACS, when considering the number
of parcels below and above 30 ha in 2019, single-cropped parcels below 30 ha dominated
(91% of the total number of parcels registered as arable land). However, the total area
of single-crop parcels under 30 ha accounted for only 47% of the total area of declared
arable land. Thus, up to 53% (706,600 ha) of the area of declared arable land in Slovakia is
cultivated in units larger than 30 ha. Approximately 516,700 ha of arable land is cultivated
in units of 50 ha or more.

The situation in the Czech Republic is mapped in sources [60,61]. According to the
data published in [62], from 2020 the condition of limiting monoculture cultivation to a
maximum of 30 ha of continuous area (set by the Good Agricultural and Environmental
Condition standard GAEC ((Good Agricultural and Environmental Condition), 7d) has
been introduced. As reported by [6,63], the GAEC 7d standard requires that no more than
30 ha of arable land should be under continuous single cropping on an arable land block.
A continuous area of a single crop within a section of a land block is defined as areas sown
or planted with that crop that are not visibly separated from each other by a buffer zone
sown with forage or crops approved for the buffer zone under Government Regulation
No. As stated in [6], in the German province of Rhineland-Palatinate, the local government
also financially supports ‘non-productive’ green elements on arable land. Payments are
linked to biodiversity indicators such as species diversity on the land. Fragmentation of
agricultural land is also recommended by the FAO (Food and Agriculture Organization of
the United Nations).

The area of interest was documented based on current satellite maps, topographic
maps, and physical field reconnaissance. Parameters such as the size of individual mono-
culture fields (here based on GSAA and One Soil data), number of fields, crops grown, slope
gradient (based on topographic maps), exposure to prevailing airflow (based on wind di-
rectional rosette data valid for the site and the presence of orographic effects), the presence
of roads, watercourses, linear energy structures, and the presence of landscape features
(trees, avenues of trees, trees, draws, uncultivated green belts, and permanent grassland).

The methods of retrospective analysis according to [64] and the method of visual
interpretation according to [65] were used in the study of the historical map documents.

When delineating individual fields in the GSAA application, each delineated unit
is associated with LPIS information, consisting of a field code, field area in hectares, site
name, and classification by use. These data were used in the recording and processing of
individual fields as well as the determination of their area.

The first step was based on map base 1 (Historical map from 1764), the origin and
background of which are described in [66]. Roads were identified—roads of different
differentiated levels (carriage roads (historical name), roads in the floodplain, roads in the
embankment, bridges (wooden/stone), and other landscape features/objects).

The polygon areas of the subdivided portions of the original fields, as well as the
lengths of the subdivided sections, were surveyed using ZB-GIS [67].

All identified roads were entered into the resulting map built on the map base from
the google earth environment (satellite imagery). The part of the roads that led outside
the currently existing roads (through the fields) represents the proposed dividing lines of
the fields.

In the second step, the map base was used as a basis for map 2 (Orthophotomap from
1950). The roads—roads of different levels—were identified. Some of the identified roads
were identical to the roads identified in the first step (intersection of the set of roads of
Step I and Step II)), while some represented the set of new/additional dividing lines. The
identified paths/dividing lines were entered into the map from Step I.

The maps that formed the basis for Steps I and II come from different historical periods.
Some roads are found in both maps at the same time, others only in one or the other, or
some roads may have partially changed their position, so two separate steps were followed.

The third step was based on the same map base 2, identifying the field boundaries
from the pre-collectivization period, which also represented the access roads to each group
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of land/fields (dedicated or access roads). At this stage, only fields with an area of more
than 30 ha were taken into account in the selection of the dividing lines (in some cases,
re-division was necessary). In the selection of specific field boundaries, aspects related to
soil erosion protection (especially slope gradient) were taken into account according to the
mapping documents presenting the areas affected and threatened by water erosion [68,69].
Meanwhile, the area of interest generally falls within the area of medium risk of torrential
rainfall and according to the exposure to wind flow. The average wind speed at the site at
10 m above the ground surface, according to [65] is 3.8 ms−1. The area of interest is located
in the area of medium risk of torrential rainfall with a predominant southeast and north
flow direction. According to [70], the area of interest falls within an area of medium wind
erosion hazard. When selecting possible dividing lines, those were chosen which led to the
shortening of declining and open sections of fields in the sense of eliminating the LS factor
(the influence of relief) according to the methodology for determining the real threat to the
soil from water erosion processes, taking into account the current vegetation cover and the
method of farming presented in [71]. The selected identified roads were entered into the
next map layer from step II.

The steps described result in three layers of maps capturing the cumulative fragmen-
tation within each step.

Subsequently, parameters were evaluated for each level:

- the size of each field after fragmentation, frequency of fields, average field size,
number of fragmented/number of newly created fields, and length of fragmentation
lines (proposed).

- the degree of correspondence of roads from different historical periods, respectively.

For the proposed dividing lines, the alternatives of tree avenues (different tree species)
and green belts were proposed. The design was based on the methodology of technical
conditions of vegetation treatments for roads, according to [72].

According to the different design proposals, the outputs were determined:

• Biomass production (hay);
• The amount of fixed carbon;
• Shortening of declining water-erosion-prone sections of fields;
• Shortening of open, exposed, wind-eroded sections of fields;
• The number of bee colonies that can be fed;
• The length of potentially usable routes for soft tourism, as defined in [68,69].

4. Results and Discussion

Based on the analysis of the map documents [70] and the inspection, the detailed
delimitation of the area of interest was proceeded by its delimitation by natural boundaries
(the Laborec River, the Šírava Canal, and the bank of the Zemplínska Šírava water reservoir)
and boundary lines leading along with dirt or forest roads so that the boundaries of the
area of interest do not intersect the whole fields (Figure 4). The area of interest thus defined
has a total area of 4011 hectares, of which the area of agricultural land is 2769.41 hectares,
with a total of 137 fields. In the figure, the boundaries of individual fields (single crop plots
cultivated as a single unit) are plotted in red.

There are five villages in the area of interest, in whose intravilane there are 40 fields
with an area ranging from 0.17 to 5.94 ha. These fields have not been subject to fragmenta-
tion and have not been taken into account in the subsequent solution. The fields in question
do not constitute agricultural land used for industrial purposes.

If we do not take into account the fields located in the intramural area (allotments),
the size of the area under analysis is 2731.71 hectares. There are 97 fields in this area, of
which 32 have an area greater than 30 ha. The individual parameters relating to the part of
the area of interest subject to the analysis are given in Table 1.
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Figure 4. Boundaries of the area of interest (yellow line) with boundary lines formed by natural bound-
aries and leading along with dirt and forest roads, marking the intravital of the villages and high-
lighting the boundaries of individual fields (48.789516–48.868967 north latitude, 21.856570–21.986668
east latitude).

Table 1. Parameters of the fields in the area of interest were analysed.

Indicator Value Unit

Number of fields 97 -

Area of the area of interest 4011 ha

The perimeter of the territory 39,887 km

Largest field 122.37 ha

Smallest field 0.52 ha

Average field 28.16 ha

Number of fields over 30 ha 34 -

The recording of individual fields was based on the LPIS designation. In this way,
it is possible to identify each field individually on the map as well as assign additional
attributes as required.

In a first step, 15 roads with a total length of 35,354 km were identified in the map
documents from the first military mapping of 1764–1787.

Figure 5 shows the routes/dividing lines of all three levels of subdivision. The mark-
ings are as follows: first level—red, second level—blue, and third level—yellow; the
sections marked XY=AB are the intersection of the first and second levels of division, i.e.,
these road sections/dividing lines can be found in both map documents. In the first level
of division, 17 fields have been divided.
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Figure 5. Routes/dividing lines of all three levels of division (first level—red, second level—blue,
and third level—yellow; sections marked XY = AB are the intersection of the first and second levels
of division).

In the second step, 13 roads with a total length of 5904 km were identified in the
1950 orthophoto map.

In a third step, 28 field access roads/field block boundaries with a total length of
15,079 km were identified in the 1950 orthophoto maps.

Figure 6 shows a graphical representation of the average field size at the beginning
and after each fragmentation step.

Figure 6. Average field size at the beginning and after each fragmentation step.
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In the first step, 17 fields with a total area of 1083.56 ha were divided, in the second
step were 2 fields with a total area of 77.39 ha, and the third step had 13 fields with a total
area of 631.34 ha. The number of newly created fields was 44, 4, and 49, respectively. The
number of fields above 30 ha was 15 after the first step, 13 after the second step, and 0 after
the third step (Figure 7).

Figure 7. Representation of fields below and above 30 ha in the individual stages of the solution.

The share of the divided fields for the individual division levels and the share of the
resulting fields for the individual division levels expressed as a percentage are shown in
the graphs in Figure 8.

Figure 8. The proportion of divided fields to individual division levels and the share of generated
fields to individual division levels are expressed as a percentage.

As some sections of the roads identified within each subdivision step were identical
to the field boundaries, they did not represent new subdivision lines in those locations;
therefore, the total lengths of the subdivision lines are less than the lengths of the individual
roads carried over from the original mapping documents.

The total length of the dividing lines was 16,109 km after the first subdivision step,
1868 km after the second subdivision step, and 15,079 km after the third subdivision step.
The number of dividing lines per division step is shown graphically in Figure 9.
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Figure 9. The number of dividing lines per division step.

The proportion of roads that match in the maps from both periods, i.e., from the first
and second steps, represents 45.9% of the total length of the identified roads. In the third
step, only the division lines based on field boundaries and off-road access roads from steps
one and two were considered.

Based on the results in the form of the length of the dividing lines, it was considered
to use them in the form of green belts with a width of 22 m according to [71]. The areas of
green belts that can be sown with meadow vegetation according to [72] in the individual
steps are as follows: for step I, 23.3 ha; for step II, 3.2 ha; and for step III, 33 ha. If meadow
vegetation is considered, the biomass obtained can be used energetically as an input to
a biogas plant or non-energetically as livestock feed. In terms of botanical composition,
regional grass–herb mixtures are suitable. As reported by [68], their high species richness
and higher representation of herbs at the expense of grasses are advantageous for overall
biodiversity enhancement. The biological value of sown grassland supports the diversity
of animals that are tied to the presence of herbs, especially insects. According to [68],
it is possible to obtain 3.5 to 6 tons of hay per hectare, depending on the crop (with or
without fertilization). For a total area of 59.67 ha, it is then possible to obtain from 179.01
to 358.02 tons of hay (268 t on average). The share attributable to the individual stages of
division is shown graphically in Figure 10.

If the planting of woody plants, i.e., shrubs and trees, is considered, taking into account
the climatic conditions and species composition in the locality, it is possible to consider
shrubs mainly with hawthorn, and trees mainly with deciduous trees—summer oak, apple
tree (wild species), and horse chestnut [65]. Single or multi-row strips of trees and shrubs
could be used as windbreaks, with multiple layers of shrubs and trees from the ground to
the tops of the trees. When using vegetation as windbreaks, care should be taken to situate
them perpendicular to the direction of the prevailing winds.

The total number of shrubs up to 3 m in height at a stub of 3 m is 54,333. For shrubs up
to 1.5 m tall at 1.5 m height and 1.5 m clamp, the figure is 108,669, and 163,002 at 1 m clamp.
For a single line planting of trees in the 8−6 m buffer, the number is 6792 to 9056. For a
double line—double-sided avenue around the road—this amounts to between 13,584 and
18,112 pcs at the same spacing. For a triple line, which can be placed in a 22 m wide strip,
the number of trees will be from 20,376 to 27,168. According to [65], such planting in a 22 m
wide green belt (a planting of shrubs and trees) can act as a protection for agricultural land
against wind and soil erosion, depending on the conditions.
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Figure 10. The proportion of biomass in the form of hay belonging to individual stages of division,
for individual yields per hectare.

From the point of view of obtaining grazing for pollinators, especially bees, one colony
per 10 ha can be considered according to local conditions [69], which represents a total of
six bee colonies.

From the point of view of carbon sequestration in the wood mass on the area obtained
in the defragmentation process, according to [70], it is possible to consider carbon seques-
tration of 0.41 t of carbon per tree, which represents a total of 2784.7 to 11,138.8 tons of
carbon sequestered gradually and in the long term in the wood mass. In terms of carbon
sequestration, the further design will also need to take into account the benefits in terms
of carbon sequestered in the soil, not only in the green belts but also in the adjacent field
margins, which will be affected by factors increasing the proportion of humus in the soil.
This corresponds well with the data published in [71], which states that there are about
75 billion tons of soil organic carbon stored in the EU, with EU CO2 production in 2017 of
4.5 billion tons.

When planting or implementing greenery in green belts of dividing lines, care must
be taken to eliminate invasive species, such as Solidago sp. (goldenrod) and Reynoutria sp.
(syn. Fallopia sp.—wingwort), among others, which could lead to silting up of surrounding
fields and make it more difficult to replant desirable native/natural species.

When protecting against water erosion, priority was given to running the dividing lines
perpendicular to the recession line to shorten long recession sections of fields, especially
in the north-eastern part of the area of interest, on the foothills of the Vihorlat Mountains.
A significant part of the protection against topsoil runoff or protection against leaching
of the humus component from the soil is due to the fact that, according to [72], the old
(historical) roads were deliberately routed in the landscape usually along straight, often
elevated routes that drain well, avoid muddy sections, etc. At the same time, these roads
were routed to minimize the effort and exertion involved in traversing the elevation (both
upwards and downwards), from the perspective of man and beasts of burden.

The dividing lines in the western, open part of the area of interest were designed to
eliminate mainly north and south-easterly wind flow in this part of the area by dividing
the sections in the NE–SW direction.
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The implementation and further design of the specific form of the dividing strips
will have to take into account the demands of the existing farming equipment (the use
of the so-called wide-harvesting equipment is questionable), the working and transport
requirements, and the connectivity and transport accessibility of all the fields. From the
farmer’s or operator’s point of view, such a fragmented landscape may incur additional
fuel costs as well as an increase in the time required for the work (number of passes and
downtime). These aspects will also have to be taken into account and adequately analysed
and reflected in the forthcoming legislation.

The design of the dividing lines in relation to the correct addition of woody vegetation,
such as trees and shrubs, protects these features, which are also areas of ecological interest,
from being ploughed back by agricultural machinery.

From a contemporary point of view, with the decline of large-scale tourism and the
desire to move towards local soft forms, an important part of the proposal is the creation of
a network of hiking trails—routes that can serve both to improve accessibility to landmarks
in the countryside (e.g., cairns, noble graves, and Lake Vinné), but also as a rich network of
variously routed interconnected paths for recreation/recreation in the countryside itself.
Table 2 shows the lengths of the different hiking trails that were created in the first and
second steps of the fragmentation process.

Table 2. Proposed hiking trails.

Route Number Unit

Number of hiking trails 34 pcs

Number of connected municipalities 5 pcs

Length of hiking trails 117.1 km

The analogically conceived problem of fragmentation of the cultural landscape, i.e.,
agricultural land in Slopensko, was also presented in the case study “Land Use in the
Dropie Protected Area” published by the Institute of Environmental Policy of the Ministry
of the Environment of the Slovak Republic as part of a broader study [6]. The average area
of the fields in the locality was 40.5 ha.

A method of dividing a selected area in the south of Western Slovakia on the border
with Austria was proposed, whereby the creation of sections of grass or woody greenery
in unproductive strips or the creation of dirt roads was considered. The primary tool for
fragmentation was not the routing of roads and their use in the design of dividing lines, but
the division of large units into smaller ones and their subsequent structuring with green
elements. The area under consideration was a relatively small unit with no villages and no
major through roads (border area), and it was also a bird area, so the objectives pursued
were different. Last but not least, the differences between the two approaches were also
related to the fact that, in the case of the Dropie Protected Area, it was a specific area—a
protected bird area—and the following aspects, according to [6], were prioritized to reduce
the value of the acreage of the fields and to increase the diversity of the crops grown, where
70% of the area of agricultural land in 2017 consisted of the two crops maize and wheat.

5. Conclusions

The proposed method of fragmentation of the cultural landscape mainly made up
of large-scale fields of agricultural land is based primarily on two steps of restoration of
historical roads and subsequent thickening of the network of dividing lines by restoring
the boundaries of field blocks/access roads to these fields from the past. This method
demonstrated the possibility of using the former infrastructure in the landscape and
thus the possibility of respecting the historical and natural factors in solving the current
environmental problems associated with the impacts of climate change and decades of
intensive industrial farming in the cultural landscape of the Slovak countryside. At the same
time, the proposed method of fragmentation leads to a homogeneously distributed network
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of dividing lines that are interconnected and can create a transport infrastructure useful
both for access to agricultural land and for promoting local soft tourism in the place of
residence of the inhabitants. In principle, such soft tourism is not oriented towards creating
an alternative use of the landscape from agricultural production towards recreational or
leisure use, but creates another more fully fledged parallel use of the landscape. The
relevance of the above is linked to the trend in recent years to strengthen local tourism,
which does not require travelling, thus putting a strain on the transport infrastructure. Such
tourism serves the local (national) population or the population of the surrounding area,
which is mostly accessible without the use of motorised means of transport, i.e., by bicycle
and on foot. Its basic premise is a positive perception of the immediate surroundings and
at the same time the creation of the necessary network of communications, without the
need to implement additional elements, burdening the environment and creating the need
for additional services. Last but not least, the recreational function implemented in the
landscape reinforces the relationship between man and the environment and its protection.
The productive function of such a fragmented rural landscape can remain paramount and
can thus take on a more sustainable and climate-resilient form.

An important element of the proposal is the combination of dividing lines based
on native roads and green belts with meadows, small woods, or woody vegetation with
cumulative functions in terms of biomass production (e.g., hay), grazing for pollinators,
erosion control, and overall improvement of ecosystem diversity. Important potential
benefits, taking into account how green areas are created in the sense of [6], are protection
against solar radiation; protection against wind; psychological and aesthetic effects; creation
of variability in the landscape; and an insulating role (background for animals). Hygienic
benefits are noise mitigation; dust reduction; and reduction in exposure to emissions.
The results of the solution may provide a basis for the preparation of a future legislative
framework, and it will be necessary to extend the research to include aspects falling within
the field of landscape biology, taking into account its prospective development. This is
particularly the case for respecting the components of nature and landscape protection,
national park protection zones, landscape conservation zones, hygiene, aesthetics, and
climatic conditions of the landscape. Property and legal issues, which go beyond the
scope of the authors’ coverage of the presented problem, will also be an integral part of
the solution.

In favour of the above is the fact that the method of fragmentation, based on the
restoration of historically justified dividing lines, largely respects the distribution of the
ownership structure of the land, which has evolved in an analogous way, respecting a
similar mechanism to the creation of parcel boundaries. From this point of view, it is
possible to expect a coincidence between, on the one hand, the process of fragmentation
of fields and, on the other hand, the consolidation of fragmented plots in terms of their
ownership, which is a problem that needs to be solved in order to be able to apply the
forthcoming legislative changes effectively in practice.

The presented work showed that many substantial parts of the main dividing lines
have their basis in ancient history, represented in this case by a historical map from
1764 (First Military Mapping). These remained preserved until the period of collectiviza-
tion in the mid-20th century, documented by an orthophoto map from 1950. This was
reflected in the predominance of the first step of division over the second, where there were
only a small number of “new paths”. An important factor here is the connection to the
municipality and other infrastructure, which has been preserved in the form of historical
and technical monuments. The possibility of multiple fragmentations of large-scale fields
was brought about by the third step of division, based on the original “pre-collectivization”
structure of the country. What is important is the interconnectedness between all the steps
of division, which gives them spatial and temporal continuity. The presented results can
be, among other things, an important basis for further processing of layers in the GIS
environment, as another part of existing services and applications.
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8. Jenčová, I. Klimatické Reformy: Čo Prináša Legislatívny Balík Fit for 55. EURACTIV. Available online: https://euractiv.sk/
section/klima/special_report/klimaticke-reformy-co-prinasa-legislativny-balik-fit-for-55/ (accessed on 22 February 2022).

9. MHSR. Integrovaný Národný Energetický a Klimatický Plán na Roky 2021–2030 Spracovaný Podl’a Nariadenia EP a Rady (EÚ) č.
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