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Abstract: The stability of electricity service mainly depends on two main factors. One of them is the
country’s power plant capacity and electricity imports. Another factor is the network that delivers
electricity to consumers. Recently, consumer electricity production has appeared as a third factor
due to the spread of renewable energies. The article focuses on the transformation of the structure
of Hungary’s electricity sources between 2010 and 2020. We used the concentration indicator to
examine the structure of export-import deliveries with neighboring countries. We also analyzed
the centralization of Hungary’s electricity-generating units and the composition of their fuels. In
this article, we examined the increasingly widespread renewable energies, which are replacing the
traditional—mainly fossil fuel—energy carriers. The relationship between coal, natural gas, nuclear,
solar, wind, water, and bioenergy, as well as net imports, were analyzed using a Pearson correlation
matrix. This article concludes that renewable energies will cause further transformation in the future,
both in the structure of export-import and power plants. In electricity imports, green power is
increasingly preferred. Electricity from renewable sources will account for an increasing share of
electricity production. In the future, electricity production based on non-renewables will move
toward power plants with low carbon dioxide emissions. On the other hand, it is also moving in the
direction of fast-reacting power plants due to weather-dependent renewables. Annual system load
peaks will continue to increase year after year in the future, thereby posing additional challenges to
electricity generation and the electricity grid.

Keywords: electricity; efficiency; renewable energy sources; fossils; energy consumption; concentration;
Hungary

1. Introduction

The world’s population has grown significantly in recent decades. It took the global
population 12 years to grow from 7 to 8 billion (2010-2022), and it will take approximately
15 years (2022-2037) to reach 9 billion. Due to the growing population, energy demand has
also been increasing. Energy consumption has played a vital role in economic growth, other
sectors of industry, and improving social conditions. GDP growth, population, labor force,
and greenhouse gas emissions have a positive relationship with energy consumption [1].
The energy produced can be used in heating—cooling, transport, and electricity sectors.
However, increasing energy consumption and rapid economic growth are also the main
sources of carbon dioxide emissions [2]. Global energy demand and energy-related carbon
dioxide emissions will continue in the future, but most energy sources are limited. As a
result of the decreasing amount of fossil energy sources, there is an increasing interest in
other energy sources, especially renewable energy sources [3-5].

The term “renewable energy” (RES) refers to the energy available in unlimited quanti-
ties, which are naturally replenished without being depleted in the Earth. These include
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bioenergy, hydropower, geothermal, solar, wind, and ocean (tidal and wave) energy [6-8].
The potential for renewable energy resources is enormous because they can exponentially
exceed the world’s energy demand; therefore, these types of resources will have a signifi-
cant share in the future global energy portfolio [9]. In the future, biomass can be considered
the best option, and it has the most considerable potential, which meets the requirements
and could ensure the fuel supply [10,11]. Several renewable energy technologies are avail-
able at different stages of the development cycle. Hydropower and bioenergy are the
main sources of energy worldwide. Other options are technically proven and available
on commercial terms but still occupy only a fraction of their potential markets [12,13].
Hydropower, wind, solar, and biomass energy are even more expensive than fossil-based
power generation. However, due to steadily declining reserves of fossils and rising energy
prices, it is increasingly worthwhile to switch to renewable energy sources [14].

Renewable energy growth around the world continued to be driven by a combination
of targeted public policy and advances in energy technologies. The policy support for
renewable energy is focused primarily on power generation, with support for renewable
technologies lagging in the heating and cooling, as well as transport sectors [15]. Improving
energy efficiency reduces the increasing energy demand, but, at the same time, renewable
energy has become a key issue in the partial replacement of fossil energy [16,17]. The role of
renewable energy is significant even if renewables are often available in smaller quantities;
production cannot be regulated, and some of them depend on the weather. Renewable
energies prevent the Earth’s temperature from rising and will be key to a low-carbon
future. The use of RES does not burden the environment as significantly as fossil fuels. The
production of renewable energy is also becoming cheaper every year due to technological
advances [18]. In addition, renewable sources will never run out. However, there are
several reasons why the transition from fossil fuels to renewable energy is not easy. These
include specific energy capacity, intermittency, geographic location, transport bottlenecks,
environmental impacts, and land availability [19]. The spread of renewables may also
be impeded by the availability of fossil resources within a country [20]. The factors that
provide the framework for countries follow different international obligations, differences
in planning/licensing cultures, differences in public awareness concerning renewables,
and/or technical differences [21].

Energy exists in heat, mechanical, light, electrical, or other forms in our everyday
life. Electricity is essential for all activities; it is used in transport, services, agriculture,
and industry. Electricity is the most convenient, essential, and versatile form of energy. In
this article, we focus on the investigation of the source and flow of electricity. In energy
statistics, the ability to separate primary and secondary energy is very important. To avoid
double counting, it is essential to be able to separate new energy entering the system
(primary) and the energy that is transformed within the system (secondary). Primary
energy can be defined as the energy that is extracted directly from natural resources, such
as crude oil, hard coal, and natural gas, or is produced from primary commodities. Primary
energy sources are very important for all sectors of the economy, and global production
and population have been rapidly growing. Secondary energy is energy produced from
the transformation of primary energy sources, such as electricity, refined automotive fuel,
or hydrogen [22,23].

This article presents the development of Hungary’s energy sources and the production
and consumption of electricity in relation to the European Union in the 2010s. The analysis
was carried out by using time series and economic and statistical indicators. The main em-
phasis is on the composition of sources, the size of production units, and the development
of export-import flows over time. An important role is also given to the examination of
sources that replace each other.
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2. Outlook on Electricity Production and Consumption

Electricity is traditionally produced by burning fossil fuels such as coal, lignite, oil,
and natural gas. It also comes from nuclear power plants and renewable sources such as
biofuels, wind, solar power, water, and geothermal heat [24]. The importance of electricity
has been steadily increasing since the second industrial revolution. We depended mainly
on coal, oil, and gas, which totaled 61.9%, of the generated electricity in the world in 2021.
The share of nuclear energy was 9.8% of the total world electricity production in 2021 [25].
At the same time, electricity is increasingly generated from renewable sources. Globally,
around a quarter of electricity comes from renewable sources [26,27]. Environmental prob-
lems drive the entire energy system towards efficiency, economy, and renewable sources
of electricity [28]. The problem is that, the more traditional energy sources contribute to
electricity production, the slower the pace of renewable energy development. This correla-
tion can be explained by lobbying for fossil fuel technologies, which inhibits renewable
energy development [29-31]. The development of the world’s electricity sector is influ-
enced by governmental and local policy, applied technologies, investments, renewables,
and consumer needs [28,32].

The share of electricity in the world’s total final consumption increased notably, from
0.1% in 1900 to 4% in 1950, and now reaching 19% in 2022 [33]. The world’s electricity
production amounted to 27,783 TWh in 2021 [25]. Global electricity demand continues to
grow and is projected by the International Renewable Energy Agency (IRENA) to increase
from 20,020 TWh/year to 41,500 TWh/year between 2015 and 2050 [34]. The share of
renewable energy in electricity production should reach 85% by 2050 [35]. If we want to
reach the set goal, the pace of the transition must be increased. Therefore, investing in
renewable energy sources is indispensable [36].

The share of electricity from low-carbon-dioxide-emitting sources is very low, and it is
almost unchanged today compared to the mid-1980s. In 1985, fossil fuels accounted for 64%
of sources, nuclear for 15%, and renewables for 21% of the world’s electricity production.
The ratio of fossil fuels has not changed in more than 35 years; only the ratio of nuclear
and renewables has changed in favor of the latter [37]. While the share of low-carbon
energy sources in the world’s electricity production amounted to 38.1%, it was 16.3% in
the world’s total energy mix in 2021 [38,39]. This is because heating and transport rely
much more on fossil fuels than electricity generation. Transportation and heating are more
difficult to decarbonize, but efforts should be made to electrify them with low carbon
dioxide emissions. An example is the transition to electric vehicles [40]. Between 2022-2024,
we expect an average 2.7% annual increase in electricity demand, while an increase in the
growth of renewable energy sources is also expected at that time [41].

2.1. Electricity Production and Consumption in the European Union

The European Union has different energy sources that include solid fossil fuels, natural
gas, oil and petroleum, nuclear energy, and renewable energy (such as hydro, wind, and
solar energy). The energy available in the European Union comes from energy produced
in the EU countries and from energy imported from other countries. The EU’s energy
consumption continuously decreased after 2010, and it only started to grow again after the
COVID-19 epidemic.

As a result of the decrease in fossil fuels, interest in alternative energy sources is
increasing. The European Union is one of the world’s largest renewable energy producers.
The utilization of renewable energy sources has had an increasing role in the EU’s climate
and energy policy. Increasing the use of renewable energy sources is essential to reduce
carbon emissions [42]. By using more renewables to meet its energy needs, the Euro-
pean Union lowers its dependence on imported fossil fuels and makes energy production
more sustainable. Due to regulations of the European Union’s energy sector, traditional
energy sources have become economically unattractive. Renewables, considering deprecia-
tion costs, remain as the most advantageous electricity supply option for both firms and
individual customers [43].
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Between 2011 and 2020, most EU countries saw a positive change in the use of renew-
able energy. Sweden, Finland, and Denmark showed high levels of renewable energy use.
In contrast, Poland, Hungary, and Slovakia had the lowest use of renewable energy [18]. In
the European Union, renewable energy sources mostly replaced nuclear energy, while in
Central and Eastern Europe, renewable energy sources replaced coal [44]. For more than
two decades, the EU has been a pioneer in the spread of renewable energies in the world.
The EU member states increased their share of RES in the last two decades. Sweden (74.5%),
Portugal (58%), and Croatia (53.8%) achieved the highest shares of energy from renewable
energy sources in gross electricity consumption in 2020. These shares mostly resulted from
the increase in wind and solar energy generation [42].

Thanks to the results of long-term plans and policy measures, the share of renewables
in gross energy consumption reached 17.7% by 2020, compared to 9% in 2005. In the future,
the EU wants to double this value and reach a share of 34% by 2030. All EU countries
have some cost-effective renewable energy transition programs. These contribute to the
long-term decarbonization of the EU’s energy system [45].

As a result of COVID-19, energy consumption declined in all economic sectors, which
took place to the greatest extent in the transport and service sectors and to a lesser extent
in industry. In addition, household energy consumption increased [46]. The restrictive
measures introduced during the COVID-19 epidemic also led to a reduction in energy
consumption, regardless of its source [47]. The goal of the EU countries to increase the share
of renewables in the final energy consumption was facilitated by the COVID-19 pandemic,
which resulted in a decrease in the use of fossil fuels [48]. During the pandemic period,
electricity production fell as an effect of lower energy demand. This caused big problems
with power installation and energy markets, which suffered from continuous changes [49].

Influenced by economic and environmental interests, the European Union committed
itself to increasing the utilization of renewable energy sources at the end of the 1990s. The
energy policy of the European Union is based on three pillars: competition, security of
supply, and sustainability [50]. The Directive 2009/28/EC established an overall policy
for the production and promotion of energy from renewable sources in the transport,
electricity, heating, and cooling sectors. Therefore, all EU member states were obliged
to develop national action plans [18]. The European Union set binding targets by 2020.
Each EU member state was required to fulfil at least 20% of its total energy demand with
renewable energy resources by 2020. Table 1 shows the European Union’s and Hungary’s
development of the share of renewable energy in the final energy consumption and the
2020 targets [51].

Table 1. The development of the share of renewable energy in the final energy consumption and the
2020 targets.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 200 202,
arget %
EU-27 144 145 16.0 16.7 17.4 17.8 18.0 184 19.1 19.9 21 20.0
P . . . . : : . . . . . .
Hungary 12.7 14.0 155 16.2 14.6 145 144 13.6 125 12,6 13.9 13.0

Source: Eurostat database (2021) [51].

Hungary fulfilled its commitments to renewable energy until 2020, but this falls short
of the European Union average. The reason for this is manifold. The country is poor in
hydropower. Since 2016, legislation has prohibited the installation of new wind power
plants in Hungary, and it is the only country in the world to do so. The expansion in
the field of solar energy started late compared to other EU member states. The European
Council set even more ambitious goals by increasing commitments for 2030. The aim was
to promote the EU to achieve a more competitive, secure, and sustainable energy system.
In 2018, Renewable Energy Directive (RED II) was approved, which requires at least 32% of
the gross final energy consumption within the European Union to be renewable by 2030 [52].
In December 2019, the Commission set out a European Green Deal for the European Union



Energies 2023, 16, 3826

50f23

aimed at carbon neutrality by 2050. The EU aimed to become the world’s first climate
neutral continent by supplying clean, affordable, and secure energy. In July 2021, the
European Commission proposed to increase the binding renewable energy target in the
EU energy mix to 40% by 2030. Moreover, the use of renewable fuels such as hydrogen in
industry and transport is being promoted [53].

The Russian-Ukrainian war that broke out in 2022 created a new energy situation. The
European Commission published the REPowerEU plan to reduce the EU’s dependence
on Russian gas and oil before 2030. Part of the plan is to raise the energy efficiency target
from 9% to 14% by 2030 and to increase the share of renewable energy sources in the EU’s
energy structure. The REPowerEU plan also supports the European Commission’s request
to increase the directive to 45% by 2030. In addition, the REPowerEU plan would increase
total renewable energy capacity to 1236 GW by 2030, compared to the “Towards 55%!” with
1067 GW planned for 2030 [54].

EU’s electricity consumption decreased from 2979.66 TWh to 2781.33 TWh between
2010 and 2020, while total energy consumption decreased from 18,675.88 TWh to 16,039.48
TWh [55,56]. During the examined 10-year period, the EU’s electricity consumption de-
creased by 6.7%, while its total energy consumption decreased by 14.1%. The share of
electricity consumption in total energy consumption increased from 15.95% (2010) to 17.34%
(2020) [57,58]. As can be seen from Table 2, the share of renewable energies has increased
significantly, and that of coal has radically decreased, which is favorable from the point of
view of the green transition and contributes to the achievement of climate goals. In the case
of gas and oil, this favorable change in terms of proportions has not been observed. This is
primarily due to their field of usage. Gas is needed for the chemical industry, for heating,
or for fast-starting electric power plants. Oil is an important source of energy for transport
and the chemical industry.

Table 2. The change in the European Union’s gross available energy and gross electricity production
between 2010 and 2020 in GWh.

2010 Share 2020 Share 2010-2020
Coal 2,850,293.42 15.4% 1,631,844.95 10.3% —42.7%
GROSS Gas 4,219,855.55 22.9% 3,804,493.36 24.1% —9.8%
AVAILABLE Oil 6,810,519.76 36.9% 5,532,945.99 35.0% —18.8%
ENERGY Renewables 2,016,822.10 10.9% 2,790,738.67 17.7% 38.4%
Nuclear 2,554,188.94 13.8% 2,037,286.13 12.9% —20.2%
Coal 701,230.14 24.1% 351,394.19 12.9% —49.9%
GROSS Gas 588,794.12 20.2% 560,051.87 20.5% —4.9%
ELECTRICITY Oil 82,089.60 2.8% 48,052.91 1.8% —41.5%
PRODUCTION Renewables 682,003.24 23.4% 1,086,087.10 39.8% 59.2%
Nuclear 854,470.00 29.4% 683,512.15 25.0% —20.0%

Source: Own editing based on [55,56].

The share of fossil fuels in electricity generation indicates that the electricity mix is the
main factor decelerating the deployment of renewable energy sources. A higher proportion
of gas and nuclear energy can reduce the deployment of renewable energy sources more
than a coal-based energy systems. Generating electricity from nuclear power is cheap and
does not involve GHG emissions. The operation of gas power plants will continue for a
long time due to their low operating costs and precise controllability [59].

The share of renewable electricity production has increased to varying degrees in the
EU member states in the past decade because of the decarbonization policy of the European
Union [60]. Non-renewable energy resources still play an important role in some Central
and Eastern European countries, such as Poland, Slovakia, the Czech Republic, Bulgaria,
and Hungary. However, these EU member states are also transitioning to green energy [61].

At the same time, there are some support mechanisms to produce electricity from
renewable energy sources in the EU. Some of them are investment subsidies, fixed price
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mechanisms in the form of feed-in schemes or feed-in premiums, and quota systems based
on auctions or tradable green certificates [62].

In the European Union’s gross electricity production, wind and solar energy showed
spectacular growth among renewable energies between 2010 and 2020. The share of
wind energy within renewables increased from 20.5% to 36.6%, which, in terms of value,
represented an increase of 184% during the examined period. In the case of solar heat
and solar panels, there was an extreme increase. The share of solar heat increased from
0.1% to 0.5%, while the solar cell increased from 3.3% to 12.8% within renewable energies
between 2010 and 2020. In addition to market instruments, government policy has also
been decisive in terms of the expansion of wind and solar energy production [63]. The
share of hydropower decreased significantly (from 58.9% to 34.5%) during the decade.
The consumption of geothermal energy shows slow growth, but its share was below 1%
throughout the decade. This is mainly because the consumption of geothermal energy
for electricity production has not been widespread; it is mostly used in the form of direct
thermal energy. Although the share of bioenergy decreased (from 16.4% to 15.1%), it
increased in terms of value by 47% in gross electricity production between 2010 and 2020
(Table 3).

Table 3. Share of renewable energies in the European Union’s gross electricity production (GWh).

Change

Energy Source 2010 Share 2020 Share between

2010-2020
Water 401,279.58 58.9% 374,534.74 34.5% —7%
Geo 5602.41 0.8% 6717.26 0.6% 20%
Wind 139,842.16 20.5% 397,418.09 36.6% 184%
Solar 761.2 0.1% 4992 0.5% 556%
Photovoltaic 22,462.86 3.3% 139,240.38 12.8% 520%
Bioenergy 111,636.90 16.4% 163,690.56 15.1% 47%

Source: Own editing based on [64].

Today, more than 50% of the EU’s electricity production is free of greenhouse gas
emissions. By 2050, it is hoped that more than 80% of electricity will come from renewable
energy sources [65].

2.2. The Situation of Hungarian Electricity Production and Consumption

In Hungary, the industrial electricity service was established in the 1930s. The first
power plants supplied only small districts with electricity, and, later, these districts grew
larger and larger thanks to the use of alternating current and transformers. This made
it possible to economically transmit more significant outputs and thereby serve an ever-
increasing number of consumers. Among the first power plants, the Kelenftldi Power
Plant was at the forefront with its 30 kV system, and operation and electricity distribution
required serious coordination even then. The first electricity law was created in 1934, and a
year later, Hungary’s first electricity control center, Elektromos Miivek, was established.
Power plants with increasingly high performance appeared one after another, such as the
Matravidéki Erém{i in Lorinci (not to be confused with the Matra Power Plant). In Hungary,
the eastern and western electricity systems were connected through Budapest in 1949, and
the National Electricity Load Distributor was established, whose main tasks included the
assessment of needs and calculating power losses due to malfunctions, the preparation
of timetables, and so on. The cross-border electricity connection in the 1950s started from
Hungary, first towards Czechoslovakia, and, soon, the 400 kV voltage level appeared. At
this time, the Central Dispatch Office (CDU) coordinating the Eastern Bloc was established
in Prague. Electricity imports from the Soviet Union were processed through this system.
The direct high transmission power connection with the Soviet Union was established in
1978 between Albertirsa—Zapad (today Ukraine) via a 750 kV transmission line. Unit No.
1 of the Paks Nuclear Power Plant was connected to the Hungarian grid in 1982. After
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the change of regime, there was a need to establish Western—European relations. This
was conditional on the Hungarian network being able to maintain frequencies, which was
important from a system dynamics point of view. Hungary finally became a full member
of the international electricity system in 2001.

At present, MAVIR—Hungarian Electricity Industry Regulatory Authority—coordinates
the domestic work of international organizations. MAVIR cooperates with European
system management and network operation and represents domestic interests in technical,
economic, and legal matters. MAVIR is present in the following international organizations:
ENTSO-E (the Association of European Electricity System Operators), EURELECTRIC (the
Cooperation Organization of European Electricity Companies), CIGRE (the International
Scientific Organization of High-Voltage Electricity Networks), and IEC (the International
and European Standardization organization) [66,67].

In Hungary, three sources of electricity consumption can be distinguished. The most
significant part of electricity is produced by domestic electricity generating plants. The
other part of the electricity is produced by the consumers, preferably from renewable
sources, partly for their consumption and partly for the grid. The third source of electricity
consumption is imported, which comes to Hungary from the European electricity system.
The change of regime had a great impact on the change in the structure of energy consump-
tion by sector in Eastern Europe. The importance of industry and agriculture decreased,
but the transport and service sectors benefited [68].

A national energy strategy was developed by the Hungarian government in 2012,
which contained detailed proposals for actors and decision makers in the Hungarian energy
sector until 2030 and set up a road map until 2050 into a more comprehensive and longer-
term perspective [69]. However, the COVID-19 pandemic and the Russian-Ukrainian war
have created a completely new situation, which requires a redesign of the strategy. Hungary
has been in the middle in terms of energy imports and is one of the economically developing
countries with a high demand for imported energy. Renewable energy imports started to
increase after the 2008 financial crisis and showed a high rate [70]. Hungary is characterized
by a high degree of diversification of the energy mix, a significant dependence on imported
energy, low transformation and distribution losses, and a low average greenhouse gas
intensity [71].

Hungary’s gross energy consumption was 309,270 GWh in 2010, which later decreased
slightly and amounted to 304,003 GWh in 2020. It is a welcome fact that coal consumption
decreased by 37.7% between 2010 and 2020, from 31,439.55 GWh to 19,573.34 GWh, which
significantly contributes to Hungary’s international commitment to carbon dioxide reduc-
tion. Among the Central and Eastern European countries, Slovakia and Hungary belong
to the group of countries that are moving away from coal as an energy source. Moreover,
Hungary has announced that it will close its high-emission coal-fired power plants by
2030 [72].

Table 4 shows that Hungary’s gas consumption also decreased by 10.7% (from 114,154 GWh
to 101,930 GWh), while oil consumption increased by 9.9% (from 79,067 GWh to 86,904 GWh)
between 2010 and 2020. The share of nuclear and renewable energy sources in gross energy
production did not change significantly in the period under review; nuclear energy repre-
sented 15-16% (46—47,000 GWh), while RES represented 11-12% (32-34,000 GWh) in the
period under review.

Table 4. Hungary’s gross available energy between 2010-2020 in GWh.

2010 Share 2020 Share 2010-2020
Coal 31,439.55 10.4% 19,573.34 6.7% —37.7%
Gas 114,154.25 37.7% 101,929.75 35.1% —10.7%
Oil 79,067.09 26.1% 86,904.48 30% 9.9%
Renewables 32,302.58 10.7% 34,483.19 11.9% 6.8%
Nuclear 46,089.69 15.2% 47,136.39 16.3% 2.3%

Source: Own editing based on [73].
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Hungary’s gross electricity production was 37,371 GWh in 2010, which decreased to
34,930 GWh by 2020, which represents a 6.53% drop. Another source of electricity is im-
ported, which increased significantly from 9897 GWh to 19,176 GWh between 2010 and 2020.
One of the reasons for growing imports is that Hungary can buy electricity cheaply from
neighboring states. Including imports, total electricity sources increased from 47,268 GWh
to 54,106 GWh during the term. Hungarian gross electricity consumption—including
network losses and self-consumption—was 42,566 GWh in 2010, which increased to
46,607 GWh by 2020, which means an increase of 9.49%. In addition to domestic elec-
tricity consumption, exports increased from 4702 GWh to 7499 GWh (Figure 1). Despite
the decreasing production, the increasing electricity consumption can be explained by the
significant increase in net imports. In 2010, the country’s net import of electricity compared
to its gross consumption was 12.2% (5195 GWh), and by 2020 it reached 25.5% (11,677 GWh),
but it was more than 30% in 2014 and 2015 [74].

Figure 1. Electricity balance of Hungary.

It also should be noted that electricity prices steadily increased in the European Union
after the financial crisis. However, in Hungary, the electricity prices decreased, and there
was also a small fraction of taxes and tariffs on the price of electricity intended for private
households [24].

2.3. The Hungarian Electricity Mix

Hungary will face major challenges in the coming decades to ensure its own electricity
needs in a safe, economical, and environmentally friendly way. Since virtually all large
installed 50 MW (megawatt)) power plants are coming to the end of their operational life,
significant changes will inevitably occur in the country’s system [75]. Hungarian electricity
production is based on three pillars: fossil, nuclear, and renewable energies. In 2020, coal
represented 10.8%, natural gas represented 26.4%, oil and other sources represented 1.5% of
fossil energy sources in Hungarian gross electricity production. In Hungary, the use of coal
in the production of electrical energy decreased by more than 40% between 2010 (6234 GWh)
and 2020 (3711 GWh). The share of coal consumption in total electricity production was
10.8% in 2020. One of the main reasons for this is that reducing carbon dioxide emissions is
an important factor in the fight against climate change. Several international environmental
and climate protection agreements include the complete elimination of coal-based energy
production as soon as possible. Another main reason for the radical reduction of coal
consumption is the increase in drastically increasing carbon dioxide quota prices, which is
naturally included in the costs. In the future, this process will increasingly be a determining
factor for economic energy production [76]. Thirdly, Hungarian coal consumption is
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decreasing, because the large electricity-generating generators, and in some cases, the
entire power plant, are reaching the end of their planned or already extended service life.
One of these is the Matra Power Plant, which will either be shut down or completely
renovated around 2025. In the former case, nearly 1000 MW of output will be missing
from Hungarian electricity production. Part of this can be replaced with gas power plants
and solar production, and the construction of biomass power plants using gasification or
pyrolysis methods is also on the agenda [77]. Natural gas in Hungarian gross electricity
production fell from 11,598 GWh to 9091 GWh between 2010 and 2020, which represents
a 21.6% drop. Natural gas still accounts for 26.4% of the Hungarian electricity mix. One
of the main areas of application of natural-gas-based electricity production worldwide,
including in Hungary, is the supply of power plants based on renewable energy during
peak periods and weather-dependent renewable energy with balancing energy. In addition,
natural-gas-based electricity is produced in CHP (combined heat and power) power plants,
which are power plants that produce combined heat and electricity. The main application
of these power plants is residential community systems, where greater efficiency can be
achieved with the combined production of heat and electricity [78]. Of course, this will
change in Hungary with the shutdown of the Matra Power Plant or, in another scenario,
with the transition from lignite to natural gas. In Hungary, nuclear energy production
represents a much larger proportion of electricity production than other energy production
categories. With 16,055 GWh produced (in 2020), nuclear energy represents a stable 46% of
the electricity mix, which is provided by the four blocks of the Paks power plant. Significant
changes in nuclear-based electricity production are expected in the early 2030s when Paks I
and Paks II are expected to operate simultaneously for several years [79]. Renewables
are playing an increasingly important role in the production of Hungarian electricity, and,
in 2020, they already accounted for 16.1% of production. In Hungary, in 2010, electricity
production from renewable sources was still 3019 GWh, but in 2020, it already reached
5529 GWh, which represents an increase of 83.1% (Table 5).

Table 5. Development of Hungary’s gross electricity production between 2010 and 2020 in GWh.

2010 Share 2020 Share 2010-2020
Coal 6234 16.8% 3711 10.8% —40.5%
Gas 11,598 31.3% 9091 26.4% —21.6%
Oil 490 1.3% 45 0.1% —90.8%
Renewable 3019 8.1% 5529 16.1% 83.1%
Nuclear 15,761 42.5% 16,055 46.6% 1.9%

Other 269 0.7% 499 1.4% 85.5%
Total 37,371 100% 34,930 100% —6.5%

Source: Own editing based on [80].

In Hungary, there is no alternative to increasing renewable capacities; the question
is the amount and mix of resources [81]. Among the renewable energy sources, water,
wind, solar, and bioenergy are used in Hungary. The share of electricity produced from
renewable energy sources increased slightly between 2006 and 2010 and then decreased
in Hungary. This rate stagnated in the period between 2014 and 2016 (7.3%) and then
increased significantly since 2017 [82]. Despite this, the renewable energy sector has a small
share in electricity generation in Hungary [83].

Compared to other EU countries, Hungary’s electricity market is in the middle in
terms of economic, environmental, and energy security, ranking 16th out of 28 countries
(before Brexit) [84]. The use of electricity from water showed a 29.5% increase by 2020
compared to 2010 and amounted to 244 GWh, which represents a 4.4% share of the total. In
Hungary, the potential of using hydropower is limited, and its great advantage is that it
can produce electricity cleanly, without harmful emissions, and the electricity produced
is relatively cheap. The electricity produced by wind accounted for 11.9% in 2020, which
means 655 GWh in terms of value. This represents a 22.7% increase compared to the
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situation in 2010, as Hungary has had a ban on expanding capacity since 2016 [85]. Among
renewable energy sources, a significant increase can be seen in the case of solar panels.
Hungary stands out in terms of the power generated from solar energy [61]. While in 2010,
the electricity produced by solar panels was hardly detectable (less than 1%), by 2020, their
share approached 45% of the gross electricity production based on renewable energies. The
energy produced by the solar panels thus amounted to 2459 GWh. One of the main reasons
for the spectacular growth was that, since 2015, in addition to small-household-sized solar
power plants, medium- and large-scale solar power plants appeared, which were not for
self-consumption, but for grid generation. In the case of bioenergy, there was no change in
quantity, but only in terms of its share. In 2020, the electricity produced from bioenergy
amounted to 2159.9 GWh, but its share fell from 76.1% to 39.1%, which can be attributed to
the breakthrough in the usage of solar panels (Table 6).

Table 6. Development of Hungarian gross electricity production from renewable energy sources
between 2010 and 2020 in GWh.

2010 Share 2020 Share 2010-2020
Hydro 188.4 6.2% 244 4.4% 29.5%
Wind 533.8 17.7% 655 11.9% 22.7%
Photovoltaic 0.9 0.0% 2459 44.6% -
Bioenergy 2296.5 76.1% 2159.9 39.1% —5.9%
Total 3019.5 100.0% 5517.9 100.0% 82.7%

Source: Own editing based on [86].

Unfortunately, the intensive growth of solar electricity production was not followed by
the growth of wind energy production, even though it would have been possible to involve
new production units. In addition to 330 megawatts of wind power capacity in Hungary,
there is a realistic 500 megawatts of potential that does not yet destroy the environment in
terms of landscape [87].

3. Materials and Methods

The data used for the analysis come from the international databases of the European
Commission Eurostat, the International Renewable Energy Agency (IRENA), as well as the
databases of the Hungarian Central Statistical Office, the Hungarian Energy and Ultilities
Regulatory Office, the Hungarian Electricity Control System, and MAVIR. The data series
were processed from 2010 to 2021 [88-91]. The reason for the different starting or ending
time of the time interval of each table is that the goal for each test was to have uniform
data covering all products. The main aspect was the same source and interval of the data.
The processing of the data and the analysis of the correlations of the variables, the visual
display of the time series, and the results of the linear regression were prepared using the
statistical program packages Minitab 20.2 and SPSS 25.0.

The degree of security of a country’s electricity supply depends significantly on
imports and on the composition of domestic production. In Hungary, the lack of multi-
stage electricity production threatens the security of supply. Hungary also trades electricity
with several neighboring countries. The incoming and outgoing electricity varies in time
and volume. Cross-border electricity imports—exports can be understood as the producer—
consumer unit of a neighboring country, whose production-consumption varies over time.

The production data of the sources are gross indicators aggregated according to their
nature at the level of the European Union. Thanks to the common electricity system, sources
were distinguished only by accounting for costs.

The electricity reaching the consumer or the national border consists of three main
components: net power plant production, self-consumption, and network loss (including
power theft).

In Hungary, power plant self-consumption accounts for 5-6%, and network losses
account for 8-9%; this means that 85-87% of net electricity production goes to consumers.



Energies 2023, 16, 3826

11 0f 23

In this article, we examined the concentration of Hungarian electricity production,
which included, on the one hand, power plants with an installed capacity of over 50 MW
and, on the other hand, the composition of primary energy carriers. Then, we carried out a
correlation study of the Hungarian gross electricity production by looking for the answer
to how the individual energy carriers correlated with each other in pairs during the period
between 2010 and 2020. The subjects of the investigation were energy sources (coal, natural
gas, nuclear, bioenergy, solar, wind, water) and the net electricity import. Finally, the
exposure of Hungarian electricity was evaluated, and the development of annual system
load peaks was presented [92].

Regarding the methods, the Herfindahl-Hirschman Index (HHI) was used to measure
market concentration. The HII is one of the indicators that is particularly sensitive to the fact
that one of the actors in the market (producer, consumer, intermediary) has a predominance
compared to the others. The study was based on the assumption that producer-consumer
units (imports—exports, power plant production, and power plant types) can be considered
market players in the same way as individual companies on the market [93]. The HHI is
calculated by squaring the shares of companies (Tn) competing in a given market and then
adding the resulting numbers. Tn is the share of the nth product from the total, n =1 ... i.

The formula of HHI is as follows:

HHI = ) " T? 1)

The value of HHI is between 1/n and 1. The value 1/n is taken by the index if the
participants have an equal market share. If there are many producers with low output, the
HHI tends to be zero. If production is concentrated among one participant (monopoly), the
HHI value is one.

We used a time series analysis to present the composition of incoming and outgoing
electricity. During the development of the gross electricity peak, the time series analysis
also included the regression analysis of electricity consumption. Correlation analysis was
used to examine the magnitude and direction of the pairwise linear association between
the individual energy carriers for the period between 2010 and 2020. In the correlation
analysis, we estimated the correlation coefficient of two samples using Pearson’s correlation
coefficient. The r is the correlation value between the two investigated variables. The n = 12
value is the number of years taken into account (2010-2021). The correlation coefficient “r”
of the samples ranges from —1 to 1. The “r” value quantifies the direction and strength of
the linear association between samples.

To calculate the significance, we used the t-distribution statistic. The formula is:

n—2

t:
1—7r2

2

Using the statistical table of the result of the equation and the distribution of the
t-distributed variable, we can determine whether our result is significant and, if so, to
what extent.

If the correlation between two variables is positive, increasing values of one variable
will be associated with increasing values of the other variable. In the other case, when
the correlation between the two variables is negative, increasing values of one variable
will be associated with decreasing values of the other variable. The sign of the correlation
coefficient indicates the direction of the association. The magnitude of the correlation
coefficient indicates the strength of the association. A correlation close to zero indicates
that there is no linear relationship between two continuous variables [94].

A linear regression method was used to determine the evolution of load peaks over
time. During linear regression, we examined the effect of one or more independent variables
on a dependent variable. During the method, we searched for the best-fitting straight line
for the plotted data. That is, we determined the equation of a straight line to which the
measurement points were located at the smallest distance.
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4. Results

In the Hungarian electricity system, three power plant categories can be distinguished
based on the performance capacity of the power plants:

- large power plants with an installed capacity of over 50 MW;
- small power plants with an installed capacity of less than 50 MW;
- household-sized small power plants whose output does not exceed 50 kW.

The Hungarian electricity system (VER) is centralized, and most of the electricity
produced is produced in large, public power plants. Large power plants (with an installed
capacity of over 50 MW) provide approximately 70% of the installed capacity of the VER
and more than 80% of the annual electricity production. However, the importance of
small power plants (with an installed capacity of less than 50 MW) cannot be neglected,
because they play an important role in the production of heat produced in conjunction with
electricity, in covering industrial energy needs, in renewable-based production, and in the
system-level reserves market [95,96].

4.1. Concentration of Hungarian Electricity Production

In Hungary, 16 power plants have an installed electricity generation capacity of over
50 MW, and their total output is 6106 MW. (Table 7) The installed electricity capacity of
1-50 MW is provided by 24 power plants; their total output is 447 MW.

Table 7. Electric power plants in Hungary with an installed capacity exceeding 50 MW.

Power Plant Performance

Paks Nuclear Power Plant 2000 MW
Matra Power Plant (Gagarin) (Visonta) 950 MW
Dunamenti Gas Turbine Combined Power Plant 755 MW
Gonytii Combined Cycle Power Plant 433 MW
Csepel Gas Turbine Power Plant 390 MW
Quick Start Gas Turbine Power Plants (Litér, Sajészoged) 240 MW
Pécs Thermal Power Plant 215 MW
Oroszlanyi Thermal Power Plant 200 MW
Lorinci Gas Turbine Power Plant 150 MW
Kelenfold Gas Turbine Power Plant 136 MW
Matravidék Power Plant (L6rinci) 128 MW
Ajkai Gas Turbine Peak Power Plant 116 MW
Kispest Power Plant 110 MW
Ajkai Thermal Power Plant 100 MW
Debrecen Combined Cycle Power Plant 99 MW
Danube Ironworks Power Plant (Dunadjvaros) 84 MW

HHI 16.7 Y%

Source: Own editing based on [91,97].

The five largest power plants account for three-quarters of Hungary’s installed elec-
tricity capacity. This includes the Paks Nuclear Power Plant, the Matra Power Plant, the
Dunamenti Power Plant, the Gony{ii Power Plant, and the Csepel Power Plant; their total
output is 4528 MW. The concentration of Hungarian electricity production in power plants
above 50 MW is low (HHI = 16.7%).

I — (2000% + 9502 + ... + 992 4 84%) 0167 3
(2000 + 950 + ... . + 99 + 84)* '

The concentration of Hungarian electricity production has increased further due to
the outage of the units of the Matrai Power Plant, which have recently been struggling with
major malfunctions, which means that the HHI value rises to ~17% in the case of a 50%
shutdown and to ~19.5% in the case of a complete shutdown.
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In Hungary, nuclear energy accounts for 44% of gross electricity production and is
worth 15,990 GWh (2021). Between 2010 and 2021, the rate of coal consumption decreased
significantly (by 54%), and its share in gross electricity production fell from 18% to 8%.
There was a 10% decrease in the use of natural gas, and its share fell from 30% to 27%.
Electricity produced by renewable energies increased by 155% during the examined period,
and their share increased from 8% to 19%. This is mainly because solar energy produced a
27-fold increase between 2015 and 2021, which alone represented an 11% share of gross
electricity production in 2021 (Table 8).

Table 8. Composition and concentration of Hungarian electricity production according to primary
energy carriers between 2010 and 2021.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 *
nuclear 15761 15685 15793 15370 15649 15834 16054 16098 15733 16288 16055 15990
coal 6350 6609 6492 6384 6114 5908 5758 5098 4834 4184 3841 3014
gas 11,598 10,738 9401 5541 4240 5108 6479 7838 7255 8566 9077 9653
oil 490 144 185 78 76 77 63 85 90 70 42 59
biomass 2034 1527 1333 1429 1702 1660 1493 1646 1799 1769 1666 1779
biogas 118 213 211 267 287 293 333 348 336 318 320 295
waste 145 119 111 136 137 208 245 160 162 137 167 149
hydro 188 222 213 213 301 234 259 220 222 219 244 212
wind 534 626 770 718 657 693 684 758 607 729 655 664
solar 1 1 8 25 67 141 244 349 629 1497 2450 3796
geothermal 0 0 0 0 0 0 0 0 12 18 16 12
other 152 135 118 133 173 204 290 284 360 359 391 352
total 37731 36019 34635 30294 29403 30360 31902 32885 32039 34154 34924 35975
HHI 30.7% 31.4% 31.9% 33.8% 35.1% 34.2% 33.0% 32.4% 31.9% 31.1% 29.9% 29.1%
* Forecast annual data for 2021, [98] Source: Own editing based on [98,99].

According to primary energy carriers (HHI), the concentration of electricity production
increased from 30.7% in 2010 to 35.1% in 2014. The reason for the increase in concentration
was the increase in the share of nuclear energy and biomass, and the decrease in the
use of natural gas. After 2015, the value of the HH index decreased continuously and
reached 29.1 by 2021. The main reason for this can be attributed to the increasing use of
renewable energies.

4.2. Examination of the Correlation of Hungary’s Gross Electricity Production Based on
Energy Sources

Table 9 was the basis of the correlation analysis of Hungarian gross electricity pro-
duction, where we can see the development of each energy source and net import in gross
electricity production between 2010 and 2021.

Table 9. Time series of Hungarian gross electricity production according to sources from 2010-2021.
Coal Gas Nuclear Bioenergy  Photovoltaic Wind Hydro Net Import

2010 6234 11,598 15,761 2296 1 534 188 5195

2011 6483 10,738 15,685 1859 1 626 222 6643

2012 6344 9401 15,793 1655 8 770 213 7967

2013 6300 5541 15,370 1832 25 718 213 11,877
2014 5995 4240 15,649 2126 67 657 301 13,390
2015 5790 5108 15,834 2161 141 693 234 13,686
2016 5632 6479 16,054 2071 244 684 259 12,711
2017 4932 7869 16,098 2156 349 758 220 12,878
2018 4669 7282 15,733 2300 629 607 222 14,348
2019 4036 8700 16,288 2232 1497 729 219 12,584
2020 3711 9091 16,055 2160 2459 655 244 11,677
2021 * 3084 9447 15,990 2058 3793 651 208 12,755

* Hungarian Central Statistical Office (KSH) forecast.

We determined the magnitude and direction of the pairwise linear association between
energy carriers based on a correlation matrix. The SPSS 25.0 program calculated the Pearson
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correlation values between the time series of the primary energy carriers, and the results
are displayed in Table 10. The matrix cells contain the regression and significance values
of the variables taken in pairs. For the regression value, one or two stars indicate that the
regression value is within the two-tailed significance level of 0.05 and 0.01. The results
only contain values below the main diagonal, since the matrix is symmetric about the
main diagonal.

Table 10. Correlation matrix of Hungarian gross electricity production.

Coal Gas Nuclear Bioenergy Photovoltaic Wind Hydro
gas —0.147
sign. 0.649
nuclear —0.664 * 0.257
sign. 0.019 0.419
bioenergy —0.445 —0.043 0.410
sign. 0.147 0.894 0.185
photovoltaic —0.918 ** 0.263 0.495 0.208
sign. 0.000 0.409 0.102 0.516
wind —0.023 —0.353 0.244 —0.493 —0.061
sign. 0.943 0.261 0.444 0.104 0.851
hydro 0.071 —0.679 * —0.008 0.076 —0.127 0.111
sign. 0.827 0.015 0.980 0.814 0.694 0.732
net import —0.499 —0.754 ** 0.237 0.345 0.290 0.348 0.481
sign. 0.099 0.005 0.459 0.271 0.361 0.267 0.113

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

Table 10 shows that there were significantly correlated pairs in the columns for coal
and natural gas. We can also look at it from the opposite direction, i.e., the nuclear,
solar, water, and net import lines contained significantly correlated pairs. For the sake of
decarbonization and uniformity, it is worth approaching the closeness and linear correlation
test from the side of fossils.

4.2.1. The Carbon-Solar Correlation

The coal-solar cell correlation shows a very high negative value (—0.918), which can
also be seen on the graph of the time series of the two. Figure 2 shows that decreasing
carbon values are accompanied by increasing solar values. This also follows from the
r-value. The negative sign refers to the opposite displacement of the variables, while the
proximity to absolute 1 indicates the closeness between the two.
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Figure 2. Time series of coal and solar panels 2010-2021, GWh.
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4.2.2. The Carbon-Nuclear Correlation

The coal and nuclear energy matrix values showed a correlation with each other.
However, this is only because the production of electricity from nuclear energy is almost
constant. Compared to this, the production of electricity from coal is decreasing. In reality,
there is no connection between them (Figure 3).
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Figure 3. Time series of coal and nuclear production 2010-2021, GWh.

In Hungary, nuclear energy is provided by four units with a capacity of 500 MW each;
these cannot be regulated, and their operating performance per block is 100%. In nuclear-
based electricity production, the change was caused by breakdowns and maintenance
shutdowns [100].

4.2.3. Natural Gas and Net Import Correlation

The correlation matrix between natural gas and net imports showed a middle-strong
negative relationship (—0.754). It can also be seen in the time series of Figure 4 that this was
not as strong as between coal and solar cells. In terms of monotony, it was not as uniform
as the coal-solar time series graph.
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Figure 4. Time series of natural gas and net imports 2010-2021, GWh.
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Water was also moderately negatively correlated with natural gas (—0.679). In this
case, in examining the carbon—nuclear connection, we do not assume a real connection.
Figure 5 shows, on the one hand, the low level of electricity production from hydropower.
On the other hand, the water yield in Hungary is very dependent on the weather, and,
therefore, the yield is hectic. Electricity production from hydropower can only be regulated
within a narrow, specific framework [101].
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Figure 5. Time series of natural gas and water 2010-2021, GWh.

4.3. Electricity Exposure in Hungary

Hungary imports electricity from all neighboring countries except Slovenia. As can
be seen from Table 11, Hungarian electricity imports increased by nearly 30% (4512 GWh)
between 2011 and 2020 and reached 19,176 GWh by 2020. Most electricity was imported
from Slovakia, totaling 9254 GWh (2020), which was 48% of total imports. The second
most important import partner was Austria, from which electricity imports increased
significantly (by 292%) and reached 6386 GWh by 2020. At the same time, there was a
significant decrease in electricity imports from Ukraine (34%), but the Ukrainian import of
2484 GWh can still be considered significant. Hungary’s imports of electricity from Croatia,
Romania, and Serbia were not significant.

Table 11. Hungary’s electricity imports between 2011-2020, GWh.

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Croatia 11 4 415 60 46 292 31 725 154 376
Austria 1631 2428 1378 2567 2644 3090 5085 3753 6224 6386
Romania 866 215 758 1269 1359 929 359 1042 227 171
Slovakia 8118 10231 8298 9357 9817 8330 9459 6813 8738 9251
Serbia 267 78 950 212 519 898 306 1226 496 508
Ukraine 3771 4014 4836 5614 5550 4412 4563 5054 4014 2484
Total 14,664 16,970 16,635 19,079 19,935 17,951 19,803 18,613 19,853 19,176
HHI 38.9% 36.2%

Source: Own editing based on [102].

The concentration of Hungarian electricity imports by country showed no significant
changes. The HH index decreased from 39% to 36% during the examined period.
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Hungary—except for Slovenia—exports electricity to all neighboring countries. Table 12
shows that the Hungarian electricity export decreased by 7% (522 GWh) between 2011 and
2020, while it showed hectic movements. Hungary exported the most electricity (3204 GWh)
to Croatia in 2020, which was only 52% of the 2010 value. The second most important target
market is Romania, where Hungarian electricity exports increased significantly between
2011 and 2020 (from 340 GWh to 2185 GWh). Hungarian electricity exports to Serbia
(959 GWh) and Ukraine (992 GWh) can also be considered significant, while the value of
exports to Austria (102 GWh) and Slovakia (97 GWh) is of marginal importance (2020).

Table 12. Hungary’s electricity exports between 2011-2020, GWh.

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Croatia 6171 6296 2912 3737 4866 3737 4883 2750 4236 3204
Austria 698 335 1014 547 525 432 134 591 39 102
Romania 340 965 525 154 249 560 908 588 1970 2185
Slovakia 5 2 8 0 1 11 6 60 44 57
Serbia 697 1295 278 1239 594 417 971 271 766 959
Ukraine 110 110 21 12 14 83 23 5 214 992
Total 8021 9003 4758 5689 6249 5240 6925 4265 7269 7499

HHI 60.9% 30.2%

Source: Own editing based on [103].

The concentration of Hungarian electricity exports by country decreased significantly
between 2011 and 2020, and the index value of the HH index changed from 61% to 30%.
The difference between electricity imports and exports is the net electricity import. Net
imports and produced electricity accounted for the amount of electricity used domestically.
Electricity exposure means the ratio of the difference between imported and exported
electricity and the electricity used.

Figure 6 shows, Hungary’s net electricity import increased from 6643 TWh to 12,754 TWh
between 2011 and 2020, which represents an increase of 92%. Such a significant change
in the balance can be attributed to a 36% (5303 GWh) increase in electricity imports and a
10% (808 GWh) decrease in electricity exports. During the examined period, Hungarian
electricity production did not show any significant changes and rose by a minimum of
0.3% (101 GWh) from 36,019 GWh (2011) to 36,120 GWh (2020). Based on these, Hungarian
electricity exposure increased from 15.6% (2011) to 26.1% by 2021.

Figure 6. Hungary’s electricity import, export, and production, 2011-2021, Source: [104].

4.4. Evolution of Annual System Load Peaks

Based on the data of the Magyar Electricity Industry Atviteli System Control Zrt., the
gross yearly peak system loads are shown in Table 13 for the period between 2011 and 2021.
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Table 13. Annual load peaks of the Hungarian electricity system.
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
summer 6212 6288 6193 6050 6457 6366 6357 6358 6633 6063
winter 6492 6463 6307 6461 6447 6749 6780 6869 7105 7095
yearly 6492 6463 6307 6461 6457 6749 6780 6869 7105 7095

Source: Own editing based on [104].

The linear regression equation for summer peaks is as follows:
y =41.6x + 6106.5; R-squared: 0.2886

The linear regression equation of the winter peaks—which was the same as the values
projected for the whole year—only showed a difference in one year, in 2015:

y = 94.691x + 6170.9; R-square: 0.8557

where x is the year, and y is the peak system load of the given year in GW.

The peaks for the entire year between 2011 and 2021 showed an average annual
increase of 1.7% [105]. To maintain the consumption—production balance during system
load peaks, fast-starting, responsive power plant capacities are needed. This type of
availability is costly whether there is production or not. Therefore, it is a cost-effective
solution to soften the peaks by, for example, shifting peak consumption towards the valley
period. In the future, smart systems will make it possible to control the consumption of
schedulable consumers according to a schedule, even at the household level.

5. Discussion

In the 2010s, both European and Hungarian electricity production and consumption
underwent a significant structural transformation. Hungary’s electricity consumption
increased and was following European Union trends. Unfortunately, a significant propor-
tion of the growing electricity demand came from imports, while Hungarian electricity
production increased to an insignificant extent. At the end of the examined period, in
2021, Hungary's electricity import exposure was 26.1%. However, it is a favorable fact that,
between 2010 and 2020 during the reorganization of import sources, electricity imports
from Austria increased, and a significant proportion came from green energy sources.
Meanwhile, the electricity imports from Ukraine decreased, which, although it came from
a nuclear energy source with low carbon dioxide emissions, cannot be classified as green
energy. Croatian exports fell by half, while Romanian and Ukrainian exports increased
during the period under review.

Based on their installed capacity, the Hungarian electricity-generating power plants
have a low concentration, which is worsened by the occasional loss of power plant perfor-
mance. The main reason for this is the aging power plant blocks. Increasing concentration
has a negative effect on the achievement of diversification goals. The Paks II nuclear power
plant, which is expected to be put into operation in 2032, will further worsen the situation,
which will expand the Hungarian power plant network with 2 x 1200 MW of electricity
generation capacity. The expansion of the number of small and medium-sized power plants
producing renewable energy is very important in the movement towards decentralization.

The growing renewable energy production and renewable energy transits will require
additional system flexibility from the Hungarian electricity network in the future. It should
be taken into account that a significant proportion of renewables is weather-dependent,
so their production cannot be precisely planned. In addition, it is necessary to take into
account the ever-increasing electricity load peaks that occur every year, both in the winter
and summer months. These consumption peaks show an average annual increase of 1.7%
from 2011. A high degree of flexibility can be the answer to mitigating daily peak loads,
and there are several solutions for this. An example of this includes peak shedding, i.e., a
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reduction of network capacity costs and the time shifting of loads, i.e., the scheduling of
consumers and intraday trading. Flexibility can also be implemented at the distribution
network level. All of these are integral parts of the Energy 4.0 technology, which is named
after Industry 4.0.

The structural and correlation analysis points to the structural transformation of the
use of primary energy carriers. The primary energy carriers were coal, gas, and nuclear
from non-renewable sources, as well as the sun, wind, water and bioenergy from renewable
sources. In addition to these, net imports were also included in the correlation studies.
During the analysis, we used the time series data of the energy carriers from 2010-2021.

6. Conclusions

1.  In Hungary, electricity production from nuclear energy, biomass, biogas, waste, water,
and wind did not show any significant changes in the recent period. In the case of
nuclear energy, stagnation stems from technological specificity, while in the case of
wind, it stems from government regulation. The use of oil and geothermal energy in
electricity production was negligible. After a decrease until the middle of the 2010
decade, the use of natural gas in the electricity industry returned to the amount of
2010 by the end of the decade. A significant change could be seen in coal consumption,
which fell by half during the period under review, and the use of solar energy exceeded
the amount of electricity produced from coal by 2021.

2. Using the correlation matrix, we determined the magnitude and direction of the
pairwise linear association between the use of energy carriers. The correlation matrix
showed a close correlation in the case of two pairs of energy carriers. One significantly
correlated pair was coal and solar. This is because the removal of carbon is one of the
most important measures to reduce greenhouse gas emissions. Among all primary
energy carriers, coal has the highest GHG emissions. In Hungary, parallel to the
consumption of coal, the growth of solar energy production started extraordinarily,
both in the household and in the industrial sector. The relationship between the two
processes is shown by the high negative correlation value (—0.918).

3. The correlation between the use of natural gas and the amount of imported electricity
was also high (—0.754), although it was not as high as between the use of coal and
the production of solar energy. The decrease in the price of imported electricity led to
an increase in the demand for imported electricity, and, at the same time, the use of
natural gas for electricity production decreased. This is in line with the Hungarian
government’s aspiration for Hungary to participate as widely as possible in the
international electricity trade. This is what the new transmission line in Slovenia
serves, as well as the green power line that will be connected to Azerbaijan via
Romania and Georgia in the future.

4. The peculiarity of the price formation of electricity in Hungary, especially for house-
holds, is that the state significantly intervenes in the prices. The state’s—especially
Russian—energy procurement contracts are largely secret. Because of this, the impact
of both COVID and the Russian-Ukrainian war on electricity consumption in Hungary
is very complex and beyond the scope of this article. If a longer-term data series is
available, it will only be possible to draw some conclusions in the future.
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