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Abstract: With the spread of the use of renewable sources of energy, weather-dependent solar
energy is also coming more and more to the fore. The quantity of generated electric power changes
proportionally to the intensity of solar radiation. Thus, a cloudy day, for example, greatly reduces
the amount of electricity produced from this energy source. In the countries of the European Union
solar power plants are obligated to prepare power generation forecasts broken down to 15- or 60-min
intervals. The interest of the regionally responsible transmission system operators is to be provided
with forecasts with the least possible deviation from the actual figures. This paper examines the
Visegrad countries’ intraday photovoltaic forecasts and their deviations from real power generation
based on the photovoltaic power capacity monitored by the transmission system operators in each
country. The novelty of this study lies in the fact that, in the context of monitored PV capacities
in the Visegrad countries, it examines the regulation capacities needed for keeping the forecasts.
After comparing the needs for positive and negative regulation, the author made deductions regarding
storage possibilities complementing electrochemical regulation, based on the balance. The paper
sought answers concerning the technologies required for the balancing of PV power plants in the
examined countries. It was established that, as a result of photovoltaic power capacity regulation,
among the four Visegrad countries, only the Hungarian transmission system operator has negative
required power regulation, which could be utilized in power-to-gas plants. This power could be used
to produce approximately 2.1 million Nm? biomethane with a 98% methane content, which could
be used to improve approximately 4 million Nm? biogas of poor quality by enriching it (minimum
60% methane content), so that it can be utilized. The above process could enhance the viability of
4-6 low-methane agricultural biogas plants in Hungary.
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1. Introduction

1.1. The Use of Renewable Energy Worldwide

As the world’s hunger for energy does not cease to grow, the exploitation of renewable sources
of energy is becoming more and more important. For the sustainability of the electric power system
(EPS), the efficient integration of variable renewable energy (VRE) is an urgent matter. In the year 2018,
VRE-based technologies accounted for 33% of the global electric power generation capacity and more
than 26% of total electric power generation [1,2].

The European Union (EU), which is a leading figure in climate policy as well as in the use of
renewable energy and the efforts for a new energy economy, has set the target to significantly reduce
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the emission of greenhouse gases in the next few decades. According to some forecasts, by 2040 about
40-60% of the electric power generated in the EU will come from photovoltaic (PV) and wind power
systems. Such a great proportion of VRE requires the electric power system to be flexible enough to
cope with weather-dependent energy production. Consequently, it is necessary to possess enough
reserve capacity for the periods when the weather conditions do not allow stable VRE generation.
It is also predicted that the dynamic spread of these technologies will cause technical problems in
the macro-energy systems (e.g., loop flows in the local grid) more and more frequently. For example,
this may also mean the optimization of the electric parameters of an entire area served by a transformer
station [3-12].

These issues could be solved by the intensive development of energy storage technologies in the
European Union. This is especially important, since the establishment of flexible local energy storage
capacities has already become a key factor of energy security for the EU member countries due to the
spread of VRE [4,11,13-20].

At the beginning of the year 2017, the global capacity of permanent energy storage systems
amounted to 159 GW, 153 GW of which belonged to pumped hydro storage (PHS). The rest of the
energy storage technologies represented a total of 5.9 GW, of which the share of battery-based devices
was 2.3 GW [21-24]. The European PHS capacity reached 50.5 GW in 2017 (approx. 1.9 TWh energy
capacity according to [25-29], with more than 59% of this capacity belonging to 5 countries (Italy, France,
Germany, Austria, and Spain) [25-27,30,31].

Based on the current trends, it is expected that the European Union’s estimated nominal storage
power capacity will grow to 72-95 GW, while its energy storage capacity will reach 3.6-4.1 TWh
by 2040 [24,26,32,33]. Although, at present, the regulations of energy storage are not unified in the
nations of the European Union, the increase in VRE capacities will call for a new regulatory and
economic environment for the security of the electricity supply and the spread of energy storage
technologies [9,32,34].

As the utilization of variable renewable energy (VRE) had gained more significance in transforming
the energy systems of the world, solar energy and solar energy schemes started to play an increasingly
prominent role in supporting sustainable development and the protection of the environment. The most
apparent reason for turning to solar energy is that—besides the fact that the energy of the Sun is the basis
of most processes in nature—it is a readily available, clean, plentiful and sustainable resource [35-44].
To illustrate how abundant this energy source is, it suffices to mention that the potential of the
energy from the Sun reaching the Earth annually exceeds humankind’s current need for energy
several thousand times. Regarding the different ways of making use of this energy, photovoltaic
(PV) technology is a common solution, in which PV cells convert the radiation of the Sun into DC
energy [45-47]. Nevertheless, it must also be stated here that the diverse solar energy sources that
could be available to humanity have not been fully explored and utilized yet [48].

The PV technologies that are most used around the world at present are the amorphous silicon
(a-Si), the monocrystalline (m-Si) and the polycrystalline (p-Si) technologies. Probably because of
their outstanding reliability, crystalline solar modules are the most common ones, boasting a market
share of approximately 90%. The best efficiency that can be reached with p-Si modules is about 26.7%,
while m-Si PV ones are capable of approximately 22.3% [49-58]. Nevertheless, the efficiency of the m-Si
and p-Si modules that are mostly used today lags behind to a great degree, and remain between 10-18%
in the area of the EU [59]. Concerning the a-Si photovoltaic technology, which is a thin-film-based PV
technology, the highest value of efficiency to be reached currently is only 10.5%, which is still about
twice as high as the 4 to 6% of the a-Si modules mainly used today. As there is no data currently
available about the market share of a-Si technology, one can only make assumptions on the basis of the
fact that the total share of all thin-film solar modules constitutes about 10% [49,52,53,57-61].

In the past ten years, the PV sector has been witness to an unprecedented growth, which can be
explained, on the one hand, by great technological advancements and developments and a plethora of
different measures, for example novel financial support schemes, the Feed-in-Tariff and the decreasing
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expenses related to the investments, on the other hand [39,49,62]. Moreover, hybrid renewable energy
microgrids (HREM), one of the central elements of which are PV systems, represent an affordable,
reliable and sustainable alternative for providing households with a modern energy supply [63].

Thanks to the dynamic development, three years ago, in 2017, 26.5% of the total amount of electric
power produced in the world was generated from renewable sources. The proportion of electricity
from PV technologies was 1.9%, which was generated by a worldwide photovoltaic capacity of 402 GW.
The first four top PV power producers were China (131.1 GW) in the first place, followed by the
European Union (108 GW), the United States of America (51 GW) and Japan (49 GW). In connection
with China, it deserves to be noted that as a result of the changes in the roles of the various technologies,
PV technology became its most significant new power capacity [39,64].

The amount of energy that can be generated by PV technology depends on many factors, the
most important of which is solar radiation followed by the given technology used, the natural
conditions of the environment, the temperature, the composition of the particular module and the joint
effects of the configuration of the system itself and its efficiency. The map presenting the PV power
potentials of Europe clearly shows that the yearly quantity of PV energy that can be generated ranges
between 700-1900 kWh/kWp on average, depending on the actual location (Figure 1). Among the four
countries of the Visegrad Group, Hungary has the highest figures: 1050-1300 kWh/kWp, followed by
Slovakia with 1050-1250 kWh/kWp, while the lowest values belong to Poland and the Czech Republic:
950-1200 kWh/kWp (Figure 1) [58,65-68].
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Figure 1. The photovoltaic power potentials of the V4 countries [67].
1.2. Utilizing Biogas and the Potentials of Power-to-Gas Technology

The utilization of biogas dates back to ancient times. It is produced in agriculture as a byproduct,
and the last two decades have seen a great rise in its production as well as use in numerous countries,
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increasing its significance as a renewable source of energy. In the European Union biogas production
grew by nearly 100 TWh between 2008 and 2016, when the production reached 187 TWh [69].

Kampman et al. [70] predicted a substantial increase till 2030. The realization of this potential,
however, will necessitate joint efforts by a great number of various actors, including those involved in
policymaking. They will be the ones who are responsible for creating incentives and initiatives, on the
one hand, and eliminating the obstacles in the way of increasing the production and more widespread
use of biogas, on the other hand. The institutional conditions for biogas solutions are very complex.
Regarding agricultural biogas plants, it has to be mentioned here that they mainly serve an ancillary
function rather than being the actual purpose of farming [71]. The wrong composition of raw materials
can have an adverse effect on the efficiency of the production of the biogas plant, i.e., the methane
content of the gas produced may be too low [72]. Power-to-gas technology may be able to provide a
solution to this problem.

In the power-to-gas process, the power-to-hydrogen phase is followed by the power-to-methane
stage, which utilizes the hydrogen produced in the first phase with the help of methanation.
The biomethane formed by the methanation process can be fed into the natural gas grid in unlimited
quantities since its characteristics are the same as those of natural gas.

The two key elements of the power-to-gas process are electrolysis and methanation:

1.  Technology uses alkaline, PEME (proton exchange membrane electrolysis) and solid oxide
electrolysis methods. Of the three techniques, the alkaline one has been in use for the longest time.
The PEME method is more favorable to be used with weather-dependent sources of renewable
energy, such as solar energy, because it can support a more flexible system, for example by
starting up more quickly. In addition, it is capable of an approximately 5% higher operational
efficiency [11,73]. Solid oxide electrolysis requires even less electric power compared to PEME,
but its system stability is lower, while its heat requirement is higher [73].

2.  Biological and catalytic methanation are typically used in power-to-gas technology. The catalytic
(also known as chemical or Sabatier) method has been used since as early as the 1970s. Nevertheless,
biological methanation is more preferable because it allows an approximately 20% higher carbon
dioxide conversion rate than in the case of the catalytic procedure [74]. The biological method
is more flexible (i.e., it can be started more quickly, for example), and its pressure and heat
requirements are also lower than those of the catalytic process. For use with VRE sources,
biological methanation is recommended due to its greater operational flexibility [75,76].

Both industrial and scientific actors agree that power-to-gas technology has a significant potential
for the future [73,74]. Currently, however, there are only a few industrial-size power-to-gas plants
around the world, so this technology is still in a phase of initial growth [77,78].

An earlier study of mine was based on five years’ data of the Belgian Elia Group, and it monitored
the balancing capacities necessary for the regulation of photovoltaic power plants at quarter hourly
intervals. The goal of the examination was to establish what the effects of the day-ahead and intraday
schedules were on the required regulation [78]. The present study takes a step further from the previous
results and only concentrates on the required regulation needed for keeping the intraday schedules in
the Visegrad countries, pointing out the possibilities of balancing solar power plants with the help of
power-to-gas technology.

2. Methods and Details of the Study

2.1. The Scope of the Investigation

This study deals with the Visegrad countries (Poland, the Czech Republic, the Slovak Republic
and Hungary), all of which are members of the European Network of Transmission System
Operators for Electricity (ENTSO-E). In order to be as up-to-date as possible, a very recent period,
1 September 2019-31 August 2020, was selected for the purposes of the investigation, which involved
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the comparison of the real electricity production data with the intraday forecasts of the PV power
generation in each Visegrad country. The database used was that of the ENTSO-E, which includes
35 European countries. It was the European Union’s Third Legislative Package for the Internal Energy
Market that created the ENTSO-E and gave it legal mandates in 2009 with a view to further liberalizing
the electricity and gas markets in the Union. As a result of the Third Energy Package, the transmission
system operators’ roles changed remarkably. Because of the unbundling and liberalization measures
in the energy market, TSOs became something like a location in the market for the different players
to meet and interact. It is the common goal of the members of the ENTSO-E to establish an internal
energy market and guarantee its best possible operation as well as to further the energy and climate
goals of the Union. A truly significant challenge the TSOs are faced with currently is the integration of
an increased proportion of renewable energy sources in the energy systems of the EU, which involves
the enhancement of flexibility as well as a lot more customer-focused approach than ever before.

The first goal in the investigation was to determine the balancing requirements for each country by
comparing the positive and negative regulation needs considering the time series. The corresponding
positive and negative regulation requirements were analyzed in each forecasting interval. The deviation
of real data was calculated relative to the forecasts related to a 100 MWp PV system for the Visegrad
countries. The characteristics of the energy consumption of the individual countries were not taken
into account; the PV power generation forecasts were compared to the actual PV generation figures.

For the implementation of any PV integration, it is necessary to make country-specific surveys of
the amounts of regulation resulting from the deviations from the power plants’ forecasts, using the
available data. In turn, these data can help with the selection of the suitable energy storage technology
and strategy for the electric energy system of a given country.

In the present study, only the intraday forecast data were examined, since it was assumed that these
provided more accurate predictions about the expected production compared to the day-ahead forecasts.
By mapping the discrepancies between the intraday forecasts and the actual production, the goal was
to spot the niches for various energy storage devices, especially power-to-gas ones, to complement the
PV capacities of the examined countries for a better compliance with the generation forecasts.

As among the studied countries, only Hungary was found to have negative required power
regulation, and since—similarly to Holland—this country also possesses a natural gas infrastructure,
which is considered highly developed for European standards [79], it is an obvious solution to utilize
the existing network. Conversely, the hydrogen market is still very underdeveloped with hardly
any infrastructure. Hungary’s National Energy Strategy 2030 [80] supports the same view, as it
primarily considers technologies based on the use of the existing natural gas infrastructure besides
electrochemical energy storage till 2030.

2.2. The Data Used in the Calculations

The calculations were primarily based on data from the databases of the ENTSO-E and the
Hungarian Independent Transmission Operator Company Ltd. (MAVIR ZRT., Budapest, Hungary).
The PV power data (most recent forecast and measured data) in the ENTSO-E database are given at
intervals of either 15 or 60 min, according to the provision of data in the particular countries [81-83].
Correspondingly, 15-min data were used where available (Hungary and Poland), while in the cases
where only hourly data were obtainable, those had to be applied (Slovakia and the Czech Republic)
(Table 1). The longer intervals (60-min) give the individual actors in the market more freedom in
creating and managing their forecasts than the 15-min ones, since the latter can only be planned on the
basis of much more precise meteorological forecasts. Throughout the calculations, the countries with
the 15-min and the 60-min intervals were treated separately.

The monitored capacities of the Visegrad countries are shown in Table 2. As it can be seen,
the highest figure belongs to the Czech Republic, while the lowest one to Slovakia. For Poland
no data were available on 1 September 2019 yet, only starting from May 2020. For the sake of
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comparability, the data were homogenized, so they were recalculated for 100 MWp PV systems for the
individual countries.

Table 1. Intraday photovoltaic (PV) forecast data in the Visegrad countries [83,84].

Country Availability of PV Forecast Data Resolution (min)
Czech Republic 60
Hungary Intraday PV forecast data are available 15
Poland 15
Slovakia 60

Table 2. The monitored PV capacities of the Visegrad countries [83,84].

Size of the Monitored PV Capacity (MWp)

Country
1 September 2019 31 August 2020
Czech Republic 2054 2061
Hungary 1013 1129
Poland NDA 1928
Slovakia 409 450

It is worthy of note that according to Article 5 (Balance responsibility) of Regulation (EU) 2019/943
of the European Parliament and of the Council of 5 June 2019 on the internal market for electricity:
“All market participants shall be responsible for the imbalances they cause in the system (“balance
responsibility”)” [85], i.e., the creation of accurate forecasts and consequently the minimization of
deviation from it affects every PV power producer in the European Union. Thus, the complete balancing
in both a negative and a positive direction needs to be dealt with for every country specifically because
of the obligation to comply with PV generation forecasts.

2.3. The Calculations

Obviously, adherence to the PV forecasts is of paramount importance at all times. However,
if the actual power generated by a particular PV system during a 15-min or 60-min time period is less
than the corresponding value in the intraday forecast, the TSO is obligated to regulate the situation
in a positive direction [86]. Thus, from the point of view of the operator of the given PV system,
positive TSO regulation means a negative deviation from the forecast. Based on this, the totals of the
negative and positive divergences compared to the actual power generation were calculated from the
60-min or 15-min data for one year for each country. The need for positive regulation by the TSO
was marked with a negative sign, since it means a power deficit in the given system, while negative
regulation by the TSO was marked with a positive sign, because it refers to an energy surplus in the
system. The method of calculation as well as the deviation between the forecast and the actual power
generation were illustrated with a Hungarian example (Figure 2). Here the actual production and
intraday forecast of a 1196 MWp PV system can be seen.

In the course of the research, the particular 15-min and 60-min data series (intraday forecast, actual
production, positive regulation requirement and negative regulation requirement) were analyzed,
and within each forecast interval (for Hungary and Poland 15-min, for Slovakia and the Czech Republic
60-min) the difference between the intraday forecast and the actual power generation determined the
regulation requirement and the direction of the deviation signaled the direction of regulation. If the
difference of the actual electricity production and forecast was a positive one, a negative regulatory
requirement emerged, while in the case of a negative difference, a need for positive regulation occurred.
Positive and negative regulatory requirements of equaling quantities within a given interval could
be balanced by the use of battery-based energy storage systems [87]. Thus, the investigation was
searching for solutions for meeting the remaining required power regulation. Its value was obtained
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after comparing the positive and negative regulatory needs, and summarizing these produced the
aggregate regulation requirement.
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Figure 2. A Hungarian example to illustrate the deviation of real PV power generation and intraday
forecast data in the case of a monitored 1196 MWp PV system, 8 September 2020 [81].

The summarized remaining amounts of the needs for negative and positive regulation by the TSO
relative to the intraday forecasts were established for all four examined countries. The results show
whether the monitored PV systems cause negative or positive required power regulation for the given
country. As this paper investigated the application potentials of the power-to-gas technology, the focus
was on the countries where the examined PV systems caused negative required power regulation for
the TSO.

Since in the case of Poland no data were available in the database of the ENTSO-E prior to
May 2020, daily averages were first calculated from the actual production and forecast data of the four
available months; then, the annual values were obtained by proportioning these.

3. Results

3.1. Necessary Regulation in the Monitored PV Capacities in the Visegrad Countries

First, those countries were examined where only 60-min data were available, i.e., the Czech Republic
and Slovakia. Figure 3 clearly shows that Slovakia has a considerably larger need for regulation per PV
unit than the Czech Republic. In the case of the Slovak Republic, this means +4.9 GWh and —6.6 GWh
for a PV capacity of 100 MWp, while these figures for the Czech Republic are +0.9 GWh and —1.7 GWh
(Figure 3). It needs to be mentioned here, based on Table 2 above, that the PV capacity monitored by
the TSO is significantly smaller in Slovakia than in the Czech Republic.

After the countries with the 60-min forecasts, those with the 15-min ones, i.e., Hungary and
Poland, were examined. In the case of Hungary, the TSO requires +11 GWh and —-7.4 GWh for the
regulation of a PV capacity of 100 MWp, while in Poland the amounts needed are only +1.8 GWh and
—4.4 GWh (Figure 3). It can be concluded that Hungary needs a lot more regulation for a PV capacity
of 100 MWp. It is also to be noted that, according to the figures in Table 2, Poland has a much greater
PV capacity monitored by the TSO.
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Figure 3. The total regulation amounts in the Visegrad countries necessary for 100 MWp PV systems in
the period of 1 September 2019 to 31 August 2020.

Having considered the regulation balances of the countries with the 60-min forecasts, on the basis
of the capacity monitored in the examined period, it was concluded that, concerning PV power, both the
Czech Republic and Slovakia require positive regulation, i.e., their TSOs need extra energy to keep the
forecasts. The necessary extra power for such positive regulation is typically provided by natural gas
power plants. It is assumed that the rest of the positive and negative regulation needs that are equal in
their absolute values is satisfied by using electrochemical storage in the two countries (disregarding
any storage losses). The positive required energy regulation for a PV capacity of 100 MWp in the
Czech Republic is altogether 0.8 MWh, while in the case of the Slovak Republic it is 1.6 MWh (Figure 4).

Folend 27 I

Hungary I .
slovaiis 1.6 I
Czech Republic o3 N
-3 2 -1 0 1 2 3 4
GWh
M Positive rest regulation amount B Negative rest regulation amount

Figure 4. The balance of the negative and positive required energy regulation in the Visegrad countries
in the period of 1 September 2019 to 31 August 2020.

While examining the countries that prepare 15-min forecasts, it was found that, concerning their
required energy regulation, Hungary requires negative and Poland positive regulation. For a PV
capacity of 100 MWp Hungary had 3.6 GWh negative required energy regulation, while Poland had
2.7 GWh positive required energy regulation (Figure 4). It follows from all this that, in the case of the
monitored Polish PV capacities, keeping the forecasts requires, apart from electrochemical storage
(which is capable of feeding the stored energy into the grid with minor losses, if needed), also natural
gas power plants. Conversely, what is needed in Hungary is temporary consumers capable of negative
regulation, such as power-to-gas plants.
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In the case when a country’s positive regulation need equals its negative regulation need, it could
manage its regulation by using electrochemical storage. If it wishes to use the stored energy within six
hours, the application of Li-ion batteries is recommended, but if the time frame is 6-12 h, NaS or flow
batteries (e.g., vanadium redox flow battery) can be the right solution.

As a conclusion, it was found that among the four researched countries, it was only Hungary
where negative required energy regulation occurred, i.e., regarding the monitored PV systems only
this country had surplus power compared to the forecasts. It is, of course, reasonable to utilize this
negative required energy regulation, and power-to-gas technology offers a great solution for this, as it
converts surplus electricity into gas. Hungary possesses a well-developed natural gas network, so the
transportation of the gas thusly produced could be easily done too.

3.2. A Power-to-Gas Case Study of Hungary

According to the findings above, in Hungary approximately 3.6 GWh negative required energy
regulation remains as a result of the regulation of a PV capacity of 100 MWp, if the negative and positive
regulation is done by electrochemical technologies where possible. The quantity of the biomethane
that could be produced with the help of 3.6 GWh negative required energy regulation in Hungary is
shown in Table 3, in the case of PEME and biological methanation, assuming the use of the technology
of the Power to Gas Hungary Ltd (Budapest, Hungary).

Table 3. Characteristics of the gas produced by the power-to-gas procedure.

Characteristics Dimension Value
Monitored PV in Hungary MWp 1129
Surplus energy (rest from the regulation) MWHh/100 MWp 3600
Total surplus energy in Hungary for 1129 MWp monitored PV system MWh 40,644
Produced biomethane M] 79,256
Produced biomethane Nm? 2,085,679

As it is seen in Table 3, 2,085,679 Nm? of biomethane could be produced with the help of 40.6 GWh
negative required energy regulation in Hungary. (The calculations were based on the performance
data of Hungary’s only existing power-to-gas plant, which can produce 97.5 GJ biomethane using
0.1 MW of electrical power by biological methanation and PEME [88]). Based on the Hungarian PV
capacities monitored in the ENTSO-E, the above amount of electric energy would have been necessary
for the monitored PV systems to follow the forecasts efficiently already in 2020.

Under the Hungarian regulations, there is no such thing as biomethane that is transported by
pipeline. Thus, in the calculations the net 0.34 EUR/Nm? retail price of natural gas was used, which is
paid by a metered customer with consumption below 20 m®/h at an exchange rate of 350 HUF/EUR.
As a result, it was found that natural gas used for keeping the forecasts in Hungary in a value of EUR
709,131 could be replaced regarding the monitored PV capacities.

However, Hungarian agriculture also produces a considerable amount of byproduct, which is
not utilized entirely. Some of this is used for making biogas but not with the necessary efficiency,
so the methane content of the gas is low, typically only around 40%. For combustion in a gas engine,
a methane content of approximately 60% is normally needed. Because of its high methane concentration
(approx. 98%), the biomethane produced using the power-to-gas technology is suitable for improving
(and thusly preparing for use) the biogas from agriculture, which is usually of poor quality, i.e., with a
low methane content.

The approximately 2.1 million Nm? biomethane (Table 3) that could be produced potentially
in Hungary could be used to enrich about 4 million Nm? biomethane that only has a 40% methane
content to a 60% methane content. Thus, the 4 million Nm? agricultural or landfill gas, so far unused or
commonly flared, could be converted from waste into a byproduct, since the utilization of this amount
of biogas would be also possible in the future. This means the enrichment and improvement of the
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end product of approximately 4-6 average-size biogas plants producing low-quality gas to a useful or
marketable quality.

4. Conclusions

This paper examined the actual PV power generation and the corresponding intraday forecasts
in the four Visegrad countries recorded in the ENTSO-E database and monitored by the regionally
responsible TSOs. In the case of the Czech Republic and Slovakia, 60-min, while in the case of Hungary
and Poland, 15-min forecast data were available. For better comparability, the need for regulation was
calculated for a PV system of a capacity of 100 MWp. After examining the PV capacities monitored
by the individual countries” TSOs, it was found that besides the positive and negative regulations of
equal absolute values (which are best balanced by the use of electrochemical energy storage), there is
negative required energy regulation for the PV systems only in the case of Hungary with an energy
amount of 3.6 GWh. In the case of the other three nations (Poland, Slovakia and the Czech Republic)
keeping the forecasts of the monitored PV capacities required positive power regulation, which can be
done by using natural gas power plants primarily. All this means that, in Hungary, the inclusion of
a flexible consumer in the required power regulation process is necessary for keeping the forecasts.
In the authors’ opinion, this consumer could be a power-to-gas plant in an optimal case, and it could
even produce up to 2.1 million Nm? biomethane by using the negative required energy regulation.

Considering that Hungary is rich in low-efficiency (typically around 40%) biogas plants,
this 2.1 million Nm® biomethane could improve and make fit for utilization the end product of
4-6 average-size biogas plants by enriching it to nearly 60%.

The investigation clearly pointed out that, among the countries of the Visegrad Four, it is
Hungary where it is worthwhile and necessary to link the existing PV capacities to power-to-gas plants.
The results, of course, do not mean that in the other three Visegrad countries (Slovakia, Poland and
the Czech Republic) it is impossible to establish power-to-gas plants; they simply indicate that for the
Hungarian PV capacities recorded in the ENTSO-E system and monitored by the local TSOs there is
more need for power-to-gas plants than in the other countries.
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Abbreviations

The following abbreviations are used in this manuscript:

a-Si Amorphous silicon

EU European Union

ENTSO-E  European Network of Transmission System Operators for Electricity
EPS Electric Power System

HREM Hybrid Renewable Energy Microgrid

m-5i Monocrystalline silicon

NaS Natrium-Sulfur

PV Photovoltaic

PEME Polymer Electrolyte Membrane Electrolysis

p-Si Polycrystalline silicon

PVGIS JRC Photovoltaic Geographical Information System
TSO Transmission System Operator

VRE Variable renewable energy
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