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Abstract: The global energy markets of the last decade have been characterized by an ever-increasing
share of electric power, more than half of which is projected to come from renewable energy sources
by the year 2030. Such a remarkable rise in the quantity of renewable energy, of course, will induce
a series of related changes as, without the successful integration of all that unconventional type
of energy into the existing energy systems, the sustainability and security of the electricity supply
cannot be maintained. As a result, new legislation and energy policies are required all over the world
to accommodate not only the latest technological solutions but also a variety of previously unknown
market actors. In the institutions, businesses and households of Hungary, the notion of sustainability
has been gaining more and more importance lately, which is manifest in the efforts to reduce the
use of electricity from the public grid, which is generated by burning fossil fuel. This endeavor is
facilitated by the installation of photovoltaic (PV) household-sized power plant (HMKE) systems.
Currently, the Hungarian electric energy system does not possess sufficiently flexible capacities;
moreover, even this capacity is expected to decrease considerably in the future due to the phasing out
fossil fuel power plants. Furthermore, dynamically growing HMKE penetration means an increasing
frequency of technical problems in the macroenergy system (e.g., reverse energy flow in the local
grid). It is such challenges that energy storage technologies can provide a solution for. Presently,
there is insufficient information available on the recommended energy storage size necessary for the
efficient integration of Hungarian HMKE systems into the electric energy system and the related
investment needs. The innovative novelty of this study is that it examines the quantity and power
of Hungarian HMKEs in the districts of the various electric companies over time with a view of
exploring a possible way of their efficient integration into the electric energy system by determining
the nominal energy storage power and energy capacity of the proposed energy storage systems. In
addition, the paper also presents the expected investment needs associated with these energy storage
systems.

Keywords: solar energy; PV integration; energy storage; grid flexibility; Hungary

1. Introduction
1.1. The Significance of Photovoltaic Technology in the World, in the European Union and
Hungary

As human-induced climate change is currently one of the greatest threats to our planet
as we know it, it is no wonder that an increasing amount of research activity is devoted
to deepening our scientific knowledge on it globally, while on the one hand, there are still
ongoing debates about the nature and degree of its negative effects, and scientists—urged
on by growing public interest—are making enormous efforts to gain more insight into
these [1–3]. As an act of turning scientific theory into practical action and political will, the
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international community has set targets for itself to decrease greenhouse gas emissions
considerably in order to keep the rise in global average temperatures below 2 ◦C [4–6].

Contrary to the above efforts, humanity is also faced with an endless growth of energy
demand and consumption, induced by the perpetual development of technology and
standard of living [7]. It is this trend and the fact that the world’s supply of fossil fuels
is not inexhaustible, exacerbated by the detrimental impacts of burning fossil fuels, that
has triggered the transition from the traditional energy sources to new ones [8,9]. As a
consequence, a range of new, renewable energy sources, such as hydro, solar, wind and
biomass, whose use is considered to result in much less or zero environmental pollution, is
believed to be able to replace today’s common energy sources in the future [10].

Since solar energy is probably the clean energy that exists in the greatest—practically
infinite —amount, it attracts the most attention [11]. Compared to other sources of renew-
able energy, solar energy is practical to use due to the easy availability of technologies that
can turn the radiation from the sun into electric or thermal energy. Considering this, it is no
surprise that the global total of solar photovoltaic capacity amounted to about 760 GW in
2020 [7]. The year 2020 also saw around 20 countries installing new PV capacities with a
total of more than 1 GW each. What is more, 14 of these now have total installed capacities
above 10 GW each, and 5 of them even possess more than 40 GW each. After the European
Union’s (EU) dominance of the list of total installed PV capacities, which ended in 2015, a
considerable reordering took place among the nations with the world’s top PV capacities,
with China (253.4 GW) in first place, the EU (151.3 GW) in second, the USA (93.2 GW) in
third and Japan (71.4 GW) in fourth place in 2020. Considering projections, it can be said
that the nominal power of globally installed PV systems is expected to be in the range of
1043 GW–1610 GW by 2023 [12].

Concerning the future role of electricity production by deploying PV technologies in
the European Union, there seems to be a universal agreement that it will keep growing
and gain even more significance. This is also supported by the different projections that
the European Network of Transmission System Operators for Electricity (ENTSO-E) has
prepared. According to these, the Union’s capacity to generate power by PV power plants
will lie somewhere within a wide range from 378 to 875 GW by the end of the fourth
decade [13]. Interestingly, the EU Reference Scenario 2016 [14] provides a significantly
more conservative estimate of only 295 GW by the middle of the 21st century, while other
predictions seem to be less extreme, with their numbers between 295 and 603 GW [15].

Since, according to current forecasts, it is expected that PV energy will play a major part
in the energy mix of the EU by the middle of the century [16–18], it has become unavoidable
to determine how great that role should be when taking all the significant factors into
consideration. The decisive factors concerning the optimal proportion of variable renewable
energy (VRE) range from the geographically determined climatic conditions [19–21] and
the quality of the transmission system, in terms of the back-up capacity and the flexibility of
the grid [22–25], to typical load performance [26–28]. In order to keep the electricity system
balanced and thusly tackle the problem of uncertainty caused by the intrinsic intermittency
of PV technology, the electricity grid needs to be made more flexible by updating it, which
can be achieved by utilizing the back-up potentials of integrated storage facilities that can
smooth out the peaks and valleys of electricity production [19,20,29].

According to the Hungarian Transmission System Operator’s (MAVIR) forecast re-
garding fossil fuel power stations and the use of nuclear energy, it is expected that power
plants using fossil fuels will become less in important, while there will be an increase
in the use of the latter [30]. This predicts a decrease in the flexibility of the Hungarian
electric energy system. What is more, it is not only the thusly lost flexibility capacity that
needs replacing; the regulatory ability needed for the newly installed VRE generation
capacities has to be created as well. In other words, while a significant decrease is expected
in the regulatory capacities in Hungary in the near future as a result of the phasing out of
the fossil fuel power plants, the growing PV power plant capacity calls for an increasing
amount of regulation. Furthermore, among the variable renewable energy sources, it is PV
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technologies whose use is expected to grow dynamically by the market, and it is believed
that the total PV power plant capacity may reach 6 GW by 2030, a considerable growth
from the 1.3 GW in 2019 [30].

Individual governments have devised greatly differing systems to promote the de-
ployment of green energy in their respective countries. Moreover, these systems tend to
be modified year by year, so country-specific changes are difficult to follow. Information
on specific countries is often outdated, even several years old [31,32]. Nonetheless, this is
a dynamically developing area, which has a constantly increasing impact on the electric
energy system; thus, research on Hungarian PV power plants, including the PV HMKE
systems, has become unavoidable by now [33].

1.2. Challenges Associated with the Spread of Photovoltaic Technology

It is only natural that the present infrastructure needs to undergo substantial changes
if it is to accommodate a higher ratio of variable renewable energy sources (VRES), such as
wind and PV energy. The intermittent nature of these sources means that it is difficult to
provide reliable forecasts for them [34], making the provision of the appropriate amount
of energy that can meet demands at the right time a considerable challenge [35–37] and
thusly jeopardizing the balance of any energy system with a high proportion of VRES [38].
Under the new conditions, the solution to the problem of making sure that the operational
parameters of the power system remain between the required values involves making
changes in the grid and/or its use patterns. Today, the most widespread method of dealing
with the discrepancies in supply and demand is to use traditional, dispatchable sources of
energy to compensate for the power deficit at times of low energy generation from VRES
on the one hand and decreasing the production of power when there is an excess of VRES
energy on the other hand [39–41]. The increased pace of the spread of VRES in the world’s
energy systems, however, means that these issues will have to be solved in other ways to
support the energy transition [42].

The imperative of guaranteeing stable energy supplies in spite of the drastically
changing environment puts an enormous pressure on network managers [43]. The rising
proportion of VRES in the energy mix, together with new energy consumption patterns,
indicates a growing need for grid balancing. Not only is the electrification of numerous
sectors an ongoing trend today but, thanks to today’s prolific smart solutions, consumers
can also control their consumption to an unprecedented degree, with more and more of
them producing electricity themselves, thusly becoming so-called prosumers. As for grid
balancing solutions, despite the fact that there are quite a number of them, practically
only two can be described as common: electricity production by burning natural gas
and pumped hydro storage (PHS), both of which raise further issues. Natural gas is not
only mostly imported to the European Union; it is also a fossil fuel, the use of which
counters environmental efforts. Concerning PHS technology, it must be stated that, besides
its inherent environmental risks, it is not available in many locations, as it is extremely
limited by geographical conditions. In the Alps of Europe, for example, where most of the
continent’s PHS potential is found, a significant amount of the storage capacity is already
utilized for balancing energy generation from VRES [44,45]. In Hungary, the object of this
study, the development of PHS systems is not to be expected due to their significant area
requirements and the unique geographic conditions [46]. In the future, it is the need for
electrochemical and chemical storage technologies that will become crucial [33].

With regard to the above and the problems facing today’s networks, as well as power
plants caused by the combined use of VRES and conventional base load power plants
for electric energy production, it seems that more viable solutions are needed for the
future. One answer to the problem could be storing the superfluous amount of energy
produced during times of excess energy generation from VRES and using it when there is
an appropriate demand due to altered weather conditions. Integrating storage facilities in
distribution networks with VRES power plants is also necessary to prevent bidirectional
flows, which are a threat to the quality of the electricity supply, resulting in additional
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costs for system operation. Additional storage capacities are also required when electricity-
generating plants are linked to distribution systems rather than transmission networks.

Another characteristic of today’s energy system is the trend of decentralization, facil-
itating the emergence of microgrids of communities that produce electricity. On the one
hand, such communities have the potential to be independent from national electricity
networks, but, on the other hand, decentralized electric energy production from VRES
cannot be absolutely reliable unless it is complemented with some solution for balancing. It
is important to state here, however, that regardless of the challenges enumerated above, the
deployment of decentralized electricity generation and the utilization of the appropriate
storage capacities are generally considered to be conducive to enhancing energy indepen-
dence and the general sturdiness of the entire energy system [47–50]. Consequently, it is
not surprising that the integration of VRES, especially that of PV energy, is seen as crucial
for both the sustainability of the energy supply and its security in the European Union, so
the problems of balancing the networks are often the focus of research and development
nowadays.

1.3. EU Policy in the Making and Developments in the EU Energy Storage Market

According to the Energy Union strategy, the European Union’s vision for its energy
future can be best summarized by listing its five mutually reinforcing pillars, called di-
mensions by the strategy itself. The most fundamental one that the whole system is based
on is the pillar of trust, solidarity and energy security. The second item on the list is a
continent-wide, wholly integrated energy market. The third dimension names energy
efficiency as a factor that contributes to the decreasing energy demand. The decarboniza-
tion of the economy is the fourth one, while the final, fifth pillar is that of research and
innovation together with competitiveness [51]. As the achievement of the above goals is
difficult to imagine without increasing the weight of VRES in the European energy mix,
storage systems are bound to play a crucial part in the process, since it is envisaged that the
grids of the future will have to be more flexible than those of the present. If the European
Union is to retain its leading role in the field of storage technologies, it is obvious that
it needs to intensify the related scientific and technological development efforts—all the
more so because new advances in the industry may create new opportunities in general,
and more employment in particular. Notwithstanding the above, it must not be forgotten
that energy storage is not the only method of enhancing the electricity system’s flexibility.
Other solutions include interconnections, the use of flexible electricity production units and
demand side management. On the other hand, there is also a wide range of possibilities in
the field of flexibile storage, which also needs to be kept in mind and considered during
the process of developing the capacity markets of Europe. The advantage of using energy
storage technologies is that they can benefit the transmission and distribution networks
by ensuring higher degrees of reliability, stability and resilience of the power supply. As
a consequence, it can also prevent spending resources on transmission and distribution
infrastructure development by rendering it unnecessary. At present, energy storage so-
lutions are not commonly utilized by national network operators, and it is sometimes
proposed that other actors should be provided with access to storage technologies within
the frameworks of new business models, meaning that not only grid operators but also
industrial and even residential customers could invest in and make use of energy storage
services [51].

In terms of legal regulation, energy storage in the European Union in the future will
be greatly determined by Regulation (EU) 2019/943 on the internal market for electricity,
which is an an essential constituent of the EU’s Clean Energy Package. The document
redefines the role of consumers in the electricity market by assigning greater significance
to demand-side response as well as energy storage. The regulation also facilitates the
emergence of power systems that are not only more flexible but can successfully cope with
both a higher level of renewable energy penetration and an endlessly rising demand for
energy, simultaneously [52]. As the European Union has set itself a laudable goal to achieve
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carbon neutrality by the middle of the 21st century [53], it is obliged to support the speedy
spread of technologies involving renewable energy, which prompts further electrification
and the quest to meet the constantly growing demand for energy storage. Under this new
regulation, balancing the markets requires, on the one hand, an unprecedented openness of
the whole system towards various actors in the market and, on the other hand, towards new
and novel technical solutions in connection with the generation and storing of electricity,
demand-side response and the integration of different storage facilities into the systems. It
is interesting to note that the new regulation does not regard energy storage to be realizable
only by reconverting stored energy into electricity but also through other forms of energy.
As the distribution system operators (DSOs) are compelled by the new policy to integrate
elements of the electricity network, including VRES and decentralized power generation,
into an effective colloboration with new, higher-level, transmission system operators (TSOs),
these systems have also become indispensable [52,54].

Objectives and Measures in Hungary related to Flexible Energy Generation and Energy
Storage

In accordance with the energy strategy of the EU, the Hungarian Ministry of Innovation
and Technology produced a National Battery Industry Strategy 2030 [55], in which it set
down the objectives and measures related to flexible energy generation and energy storage
that can create a base for the creation and spread of Hungarian energy storage systems.
Concerning climate-friendly and flexible electric energy generation in Hungary, several
goals have been set:

• Promoting electrical energy production from renewable sources;
• Improving the cost-efficiency of renewable investments;
• Enhancing the security of supply and system control;
• Ensuring the cost-efficiency of transmission and distribution network flexibility de-

mand;
• Preparing the power grid for the cost-efficient integration of decentralized capacities;
• Replacing energy generation from fossil fuels with low-carbon-intensity electrical

energy production [56].

In order to meet transmission and distribution network flexibility demands in a cost-
efficient way, the following measures have been formulated concerning battery systems:

• Supporting the appearance of new types of flexibility services in the market by en-
couraging energy storage investments and the mobilization of the possibilities of
demand-side regulation;

• The simplification of the licensing process and regulatory market accreditation of
energy storage facilities;

• The creation of regulatory products that can utilize the technical capabilities of energy
storage facilities better;

• Supporting innovation in seasonal energy storage;
• Including the highly developed demand-side intervention possibilities in system-level

regulation;
• Introducing a separate product for flexible consumption in the market of system-level

services;
• Supporting virtual generation integration, local energy communities and microgrid

solutions;
• Facilitating the deployment of renewable energy sources and energy storage facilities

on the same premises by regulatory tools [56].

1.4. An Outline of the Hungarian Regulations Pertaining to PV Systems

The beginning of the 21st century has seen the use of renewable sources of energy
spreading at a speed higher than ever before all over the world, with nations developing
specific schemes to promote them [31]. These supporting systems, however, constantly vary
to a great degree depending on not only geographical location but also the current level
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of development prevalent in the particular countries and the state of the art of renewable
technologies [32].

Hungary is, of course, no exception and it has also created its own system of schemes.
An essential part of this is the mandatory off-take system, commonly referred to as the
Hungarian acronym KÁT [57], which is meant to encourage the production of electric
energy using renewable energy sources and waste. Under the KÁT system, electricity
is sold [58] at a legally regulated price, higher than that prevailing in the market. The
most essential characteristic of this scheme is that it only provides support to producers of
electricity during the payback period. This is achieved by clearly defining the period during
which they are eligible and the eligible amount of electric energy. Should the producer be
granted any other support, the eligible period is decreased proportionally. The KÁT scheme
was only available in Hungary for applications made prior to 1 January 2017 [59]. The
same date, 1 January 2017, saw the launching of the Renewable Energy Support Scheme
(METÁR) [60] in Hungary. One of the conditions for receiving support under this new
scheme is that the realization of the project must not begin before the date of submitting
the application [61]. A further characteristic of METÁR is that it only supports the use of
renewable energy, meaning that power stations that use waste and/or mixed materials
as fuel are only given support proportionate to the renewable sources of energy that they
utilize in their operation. It must be noted here that HMKE systems whose power does
not exceed 50 kW (fed into the grid) constitute a special category in the METÁR system, as
they are excluded from benefitting from it. Another prerequisite for being granted support
in this scheme is that applicants must receive green-premium-type eligibility in the course
of the application process. Beneficiaries of the support are obliged to sell the electricity
they produce themselves via MAVIR. In addition, they also have to pay for the expenses
associated with any deviation from the 15 min power generation schedule [62]. Although
the METÁR scheme was launched in 2017, it was not until the autumn of 2019 that the
first call for applications by the Hungarian Energy and Public Utility Regulatory Authority
(MEKH) appeared [63]. The overwhelming majority of the submitted applications were
related to PV projects [64]. The beneficiaries of the METÁR support are entitled to be paid
the selling price according to their proposal for 15 years, annually indexed to the inflation
rate minus one percentage point, after signing an agreement with MAVIR. The reason
for applying an indexing mechanism below the inflation rate is justified by the projected
advances in technology that are expected to keep the rise in operating costs below the
inflation rate [63].

Small power plants are characterized by the fact that they produce energy for their
own consumption, and their power is over 50 kW. They can be classified into two groups:

• The first one includes small power plants that generate electric energy solely for their
own use. These power plants are equipped with protection against backfeeding. This
protection ensures that no power is fed back into the grid from the PV system, i.e., the
PV system only feeds power into the consumer network up to the level of the current
consumption. This, however, leads to the problem that the amount of generated energy
exceeding their own consumption is not utilized if there is no energy storage installed
at the small power plant.

• The second category comprises those small power plants that also feed energy into
the grid as well as producing it for their own consumption. The latter solution is not
very common in Hungary because of the bureaucracy that is required in connection
with it and the lower electricity purchase price compared to other solutions [65,66].

An HMKE is a power plant whose power is below 50 kW, and it is owned either by
a private person, a business or an institution. Their characteristic feature is that, besides
their own consumption, they feed into the grid a voltage not higher than 1 kV (low-
voltage network) without having to keep a schedule, and they have an annual account
settlement obligation. The owners or operators have to settle the difference between the
consumption and the energy generation with the electric energy service company (in
the event of overconsumption, they have to pay for the difference between the energy
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consumption and production, while in the case of overproduction, the electricity service
company has to pay the purchase price of the balance). In Hungary, the size of an HMKE
system is mostly designed to cover their own consumption due to the fact that the electric
energy from the grid is more expensive than the selling price one can receive for the energy
produced. The present system can be regarded basically as a kind of free energy storage
thanks to the annual account settlement. Surplus power generated by the PV system
that is not needed at a precise moment can be fed into the grid free of charge and can be
‘retrieved’ according to consumption demand, also free of charge. However, with the rise
in the number of HMKEs, it is becoming increasingly difficult for the network to fulfill
this role of a free energy storage facility [65,67]. The increasing pace at which HMKEs are
spreading in Hungary is to a great extent thanks to the fact that since 2013, Hungarian
state institutions (e.g., hospitals, kindergartens, schools, places of accommodation) have
been granted 60–100% nonrefundable project funding [68], and since 2021, even residential
clients have been able to apply for 100% nonrefundable funding [69]. Due to the significant
spread of PV HMKE systems, it has become unavoidable to prepare studies regarding the
districts of the various Hungarian electric companies as well. Although internationally, one
can encounter a significant amount of research that presents country-specific information
(e.g., [46,70,71]), the topic of Hungarian HMKEs is still a less-investigated area at present;
however, its deeper examination is becoming more and more necessary for the efficient
integration of PV technologies into the electric energy system.

2. Materials and Methods

The goal of this study was to establish the quantity and power of Hungarian photo-
voltaic HMKEs in the districts of various electric companies while also exploring a possible
way to efficiently integrate them into the electric energy system by determining the nominal
energy storage power and energy capacity of the energy storage systems recommended
to be used with them. These figures were not determined only for the period between
2013 and the third quarter of 2021 but also for 2025. Furthermore, the paper also presents
the expected magnitude of the necessary investments associated with the energy storage
systems. In order to achieve these goals, the electric company districts, the databases used
and the methods relevant for the research are all described herein.

2.1. The Districts of the Hungarian Electric Companies and the HMKE Database

In 2021, six regional electric companies, whose names and locations are shown in
Figure 1, were responsible for the HMKE systems of Hungary [72].

In the third quarter of 2021, the Hungarian Energy and Public Utility Regulatory
Authority (MEKH) published a database that contains the figures of the Hungarian HMKE
systems broken down into electric companies. The document provides information on the
utilized energy sources at the level of the electric companies from 2008 to the third quarter
of 2021. The reason why this paper focuses on examining PV HMKEs is that this is the
dominant technology in this market segment [73]. Table 1 illustrates that the share of PV
technology in the total HMKE capacity in Hungary was 99.8% in the third quarter of 2021.

Although the database would have allowed an analysis starting from 2008, the research
project carried out deeper analyses only with data from after 2013. The spread of the use
of the technology was slow-paced at the beginning and it was not until 2013 that the
proliferation of HMKE systems gained more momentum. This was because that was
the time when the period was marked by an increased availability of support schemes
with more funds and 60–100% nonrefundable grants. The trend of capacity changes is
well-illustrated by Figure 2 [68,69].
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The information on integrating PV HMKEs into electric energy systems concerning
energy storage systems, which is elaborated on in the results section, is based on the
recommendations of MVM Partner Energiakereskedelmi Zrt. (MVM Partner Zrt.). MVM
Partner Zrt. is Hungary’s most significant Hungarian-owned electric power company
(MVM Group), the only electricity wholesaler and a decisive actor in the Hungarian energy
market as a result of its dynamic development [74].

The figures of the investment needs of the energy storage systems were determined for
2021 and 2025 based on the document Technology Pathways in Decarbonisation Scenarios
published by the European Commission [75]. The document [75] presents the future
investment and operational costs for several technologies. This paper based its calculations
on the category of large-scale batteries and considered the expected changes in investment
costs to be linear between 2015 and 2030.

2.2. The Database of the Examinations

The database of the examinations was made available by the Hungarian Energy and
Public Utility Regulatory Authority (MEKH) [73]. As mentioned earlier, time series data
are available from 2008 onwards. The analyses herein encompass the period of 2013–2021
and concern the quantity and capacity of household-sized PV power plants as well as the
energy storage power and energy capacity of the energy storage systems recommended for
the PV HMKE capacities derived from these.

2.3. Statistical Methods Used in the Study

The goal of the research was the application of a well-known statistical method in the
context of the examined problems so that it could present the recommended size of the
energy storage systems for the efficient integration of HMKEs in Hungary, in a way that is
comprehensible to a wider audience.

Time series show the development of social and economic phenomena as a function of
time. One of the components of a time series is the trend that represents the basic direction,
i.e., the direction and rate of the development, of the time series. In this paper, the sustained
trend of the time series was determined with the help of analytical trend calculation. The
analytical trend was determined by the method of least squares. The character of the
evolution of the time series determines which function type (linear, exponential, hyperbolic,
polynomial, logistic) is used [76]. The polynomial trend function is used when the data
fluctuate, in which case the trend is characterized by a curved line. (Equation (1)).

yt = β0 + β1 + β2
2 + · · ·+ β

p
p + εt, (1)

In the case of an analytical trend, time is the independent variable, while the dependent
variable is some stochastic process taking place in time. In the function, β0, β1 and βp are
parameters, and εt is the random factor. R2 is the coefficient of determination, which takes
a value from 0 to 1. It shows how far the values of the trend are from the values of the time
series. The closer the R2 value is to 1, the more closely the trendline fits the time series. Any
value in the trend can be calculated by substituting the t value in the estimated equation
(t = 1, 2, 3 . . . n). This was also used in the projection of the time series. The prediction
assumes that the past trend will also continue in the future; however, the prognosis must
not lack appropriate corroboration either. The verification of the projections of the time
series could be performed with the knowledge of the factual data [76]. The analysis began
with the selection of the trend function that fit the time series the best, which was the
polynomial-of-degree-five trend in every case, which was followed by the preparation of
the forecast for 2025. The use of the statistical method applied in the study was justified by
the fact that the official development forecasts published by the Hungarian TSO [77] had
significantly underestimated the pace of the spread of HMKEs. For example, in the case of
the total HMKE capacity of 718 MW reached in the year 2020 [73], they had only predicted
74% of the actual figure [77]. Therefore, it is an important task to realistically assess the
expected spread of HMKE systems. During the evaluation of the HMKE data forecasted
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by the applied statistical forecasting method, the practical feasibility was also taken into
account, just like the assumption that the trend witnessed in the past would continue in the
future as well. This is considered plausible for a number of reasons. On the one hand, the
population still has access to sources with significant amounts of funding [69], while on
the other hand, a new regulatory environment is going to emerge [78]. Being aware of this
information makes it possible to understand the magnitude of the challenges awaiting the
Hungarian electric energy system caused by PV HMKE solutions.

The projections regarding the total quantity and capacity of PV HMKEs in 2025 in this
study were based on a trend function. Nevertheless, for the prognoses for the individual
electric companies, it was necessary to calculate the averages of their shares for the period
between 2017 and Q3 2021, for which the forecast prepared for the national level was
multiplied to predict the quantity and capacity of PV HMKEs for the individual companies
as well.

3. Results
3.1. The Analysis of the Database of the PV HMKEs Belonging to the Districts of the Hungarian
Electric Companies

The results first demonstrate the changes in the quantity and capacity of PV HMKEs,
as shown in Figures 3 and 4 as well as in Tables 2 and 3. The number of PV HMKEs rose by
47.5% yearly on average nationwide between 2013 and 2021 (Figure 3). This figure shows
minor variations in the districts of the different electric companies. Overall, it can be stated
that significant quantitative increases were observed in the district of each service company,
as follows:

• E.ON, North Transdanubia 49.2%;
• E.ON, South Transdanubia 47.7%;
• TITÁSZ 44.5%;
• ELMŰ 46.3%;
• ÉMÁSZ 50.1%;
• Démász 48.4%.
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Table 2. The number of PV HMKE systems in the past and projections for the future (thousand
pieces).

Electric Company District 2013 2014 2015 2016 2017 2018 2019 2020 Q3
2021 2025

E.ON, North Transdanubia 1.0 1.7 3.0 4.0 6.2 8.5 12.6 19.2 27.5 50.6

E.ON, South Transdanubia 0.7 1.3 2.5 3.3 4.9 6.5 9.5 14.3 18.9 37.0
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Table 3. The capacity of PV HMKE systems in the past and projections for the future (MW).

Electric Company District 2013 2014 2015 2016 2017 2018 2019 2020 Q3
2021 2025

E.ON, North Transdanubia 6.3 11.8 22.4 28.2 45.9 63.3 93.6 146.0 212.5 353.7

E.ON, South Transdanubia 4.6 9.3 20.5 25.7 39.4 52.5 77.0 114.5 150.9 273.6

TITÁSZ 6.4 14.0 25.3 29.9 43.8 56.0 78.8 118.2 158.2 286.8

ELMŰ 5.8 13.5 22.5 31.5 46.5 70.3 99.2 140.0 212.5 358.3

ÉMÁSZ 2.6 6.5 13.9 18.3 24.5 34.1 49.6 79.3 112.8 189.3

Démász 5.4 13.0 23.0 30.5 39.8 55.8 81.1 120.7 175.6 298.0

Total 31.2 68.1 127.5 164.1 240.0 332.1 479.2 718.7 1022.5 1759.6

The capacity of PV HMKEs rose by 50.1% yearly on average nationwide between 2013
and 2021. This figure showed a significant growth in the district of every electric company,
as follows:

• E.ON, North Transdanubia 52.5%;
• E.ON, South Transdanubia 51.3%;
• TITÁSZ 44.6%;
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• ELMŰ 52.1%;
• ÉMÁSZ 51.3%;
• Démász 48.5%.

In Figures 3 and 4, a polynomial was placed on the time series of the quantity and
capacity of HMKEs from 2013 to 2021, which is indicated by the dotted lines. As can be seen,
the trend functions fit the time series very closely (R2 = 0.9999 and 0.9998, respectively).

As the trend functions gave close fits (R2 > 0.99), it was also possible to make projec-
tions for 2025, which are presented in Tables 2 and 3. Regarding the reliability of these
projections, the present and expected future energy policy measures, such as the significant
sources of funding that households can apply for, for their investments [69], as well as
for the new regulatory environment, which has already been announced but will only be
implemented in the future [78]. It was established that, if past trends continue, by 2025
the number and capacity of HMKEs in Hungary will reach a total of 234,352 pieces and
1759.6 MW, respectively. A significant growth is to be expected in terms of both quantity
and capacity in the district of each service company:

• E.ON, North Transdanubia 50,588 pcs, 353.7 MW;
• E.ON South Transdanubia 37,046 pcs, 273.6 MW;
• TITÁSZ 33,794 pcs, 286.8 MW;
• ELMŰ 53,877 pcs, 358.3 MW;
• ÉMÁSZ 24,055 pcs, 189.3 MW;
• Démász 34,992 pcs, 298.0 MW (Tables 2 and 3).

3.2. The Energy Storage Power, Energy Capacity and Investment Requirement Figures of the
Energy Storage Systems Recommended for the PV HMKE Systems Belonging to the Districts of the
Hungarian Electric Companies

Concerning the battery strategy approved by the Government of Hungary, the MVM
Group has formulated several necessary measures with technical aspects whose purpose
is to ensure adequate reserve capacities in the market of system-level services [74]. The
necessary measures concern the following areas in order of priority:

1. Installing large-scale (grid-size) energy storage systems in order to ensure balancing
regulation;

2. Nonresidential solar power plants;
3. Residential solar power plants (HMKE).

Based on the proposals of the MVM Group regarding the integration of PV HMKEs
into the electric energy system, it can be stated that:

• PV HMKE systems cannot be actively restricted, i.e., the inverters used in these systems
are not able to limit backfeeding into the grid. This is why a PV capacity of 1 MW
causes a reserve requirement of 0.6 MW in the system. This means that, proportionate
to the realization of PV HMKE systems, energy storage facilities are necessary at least
in a ratio of 60%, i.e., 6 kW of energy storage power for every 10 kW in a residential
PV system [74];

• The recommended discharge time for energy storage devices is approximately 3 h [74].
In the case of energy storage equipment with an energy storage power of 6 kW, this
means a nominal energy capacity of 18 kWh.

This study took the recommendations of the MVM Group, a dominant actor of the
Hungarian energy market, into consideration while analyzing the database of PV HMKE
systems and the forecasts. The discharge time of the energy storage systems was determined
as 3 h. Figures 5 and 6 and Table 4 display the nominal energy storage power and energy
capacity of the proposed energy storage systems, whose values for Q3 2021 were 613.5 MW
and 1840.5 MWh, respectively.
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Provided the trends of the past continue in the future as predicted by the prognosis
prepared for 2025, the nominal energy storage power requirement recommended for the
PV-based HMKE capacity will rise to 1055.8 MW, while the energy capacity necessary for
the energy storage facilities will increase to 3164.6 MWh.

A significant increase is expected both in the nominal energy storage power and the
energy capacity of the energy storage systems in the district of every service company:

• E.ON, North Transdanubia 212.2 MW, 636.1MWh;
• E.ON South Transdanubia 164.2 MW, 492.1 MWh;
• TITÁSZ 172.1 MW, 515.7 MWh;
• ELMŰ 215.0 MW, 644.3 MWh;
• ÉMÁSZ 113.6 MW, 340.4 MWh;
• Démász 178.8 MW, 536 MWh (Table 4).
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Table 4. The energy storage power and energy capacity of the energy storage systems recommended
on the basis of the past and projected capacities of the PV HMKE systems up to 2025.

Electric
Company
District

Parameter 2013 2014 2015 2016 2017 2018 2019 2020 Q3
2021 2025

E.ON,
North Transdanubia

energy storage power
(MW) 3.8 7.1 13.4 16.9 27.5 38.0 56.2 87.6 127.5 212.2

energy storage energy
capacity (MWh) 11.3 21.2 40.3 50.7 82.6 114.0 168.5 262.7 382.4 636.1

E.ON,
South Transdanubia

energy storage power
(MW) 2.8 5.6 12.3 15.4 23.6 31.5 46.2 68.7 90.5 164.2

energy storage energy
capacity (MWh) 8.3 16.7 36.9 46.2 70.9 94.4 138.5 206.0 271.6 492.1

TITÁSZ

energy storage power
(MW) 3.9 8.4 15.2 18.0 26.3 33.6 47.3 70.9 94.9 172.1

energy storage energy
capacity (MWh) 11.6 25.2 45.5 53.9 78.9 100.7 141.9 212.8 284.8 515.7

ELMŰ

energy storage power
(MW) 3.5 8.1 13.5 18.9 27.9 42.2 59.5 84.0 127.5 215.0

energy storage energy
capacity (MWh) 10.5 24.4 40.5 56.7 83.7 126.6 178.5 252.0 382.5 644.3

ÉMÁSZ

energy storage power
(MW) 1.6 3.9 8.3 11.0 14.7 20.5 29.8 47.6 67.7 113.6

energy storage energy
capacity (MWh) 4.7 11.7 25.0 33.0 44.1 61.4 89.3 142.7 203.1 340.4

Démász

energy storage power
(MW) 3.3 7.8 13.8 18.3 23.9 33.5 48.6 72.4 105.4 178.8

energy storage energy
capacity (MWh) 9.8 23.5 41.4 54.9 71.6 100.5 145.9 217.3 316.1 536.0

Total

energy storage power
(MW) 18.7 40.9 76.5 98.4 144.0 199.2 287.5 431.2 613.5 1055.8

energy storage energy
capacity (MWh) 56.2 122.6 229.6 295.3 431.9 597.7 862.6 1293.6 1840.5 3164.6

Nowadays, it is only on a case-by-case basis that investors choose to have energy
storage units installed in the macroenergy system because of PV-based HMKE systems [79].
Thanks to the annual account settlement system under the present legal regulations, the
current practice is that the clients use the public low-voltage network basically as a free
energy storage facility [65,67]. This part of the regulation, however, will change from 1
January 2024, and the balance settlement system will be replaced by gross settlement [78].
The market expects the gradual spread of energy storage units [80] thanks to the new
regulatory environment [78] and that the funding schemes available in 2021–2022 will
already have included the new mode of settlement as a mandatory obligation [69,81].
According to the estimates of the Technology Pathways in Decarbonisation Scenarios
document published by the European Commission [75], the investment cost of large-scale
battery systems was EUR 461 200/MWh in 2021, while by 2025, this figure will decrease
to EUR 368 667/MWh. Based on this information, it can be assumed that meeting the
reserve requirement recommended for the entire PV-based HMKE capacity, which can be
achieved by new energy storage systems, would necessitate investments in the range of
EUR 849–1167 million until 2025. These figures are shown in Table 5 for each power supply
district. Based on the assumed investment prices for 2021 and 2025 and the installed PV
HMKE power, the percentage distribution of costs among the electric company districts
would be as follows:

• E.ON, North Transdanubia 20.8% (2021), 20.1% (2025);
• E.ON, South Transdanubia 14.8% (2021), 15.5% (2025);
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• TITÁSZ 15.5% (2025), 16.3% (2025);
• ELMŰ 20.8% (2021), 20.4% (2025);
• ÉMÁSZ 11.0% (2021), 10.8% (2025);
• Démász 17.2% (2021) 16.9% (2025).

Table 5. The estimated investment requirement of the energy storage systems recommended for the
PV HMKE systems based on the European Commission’s forecast.

Electric Company
District Parameter Q3 2021 2025

E.ON,
North Transdanubia

energy storage energy capacity (MWh) 382.4 636.1

energy storage estimated investment cost
(million EUR) 176 235

E.ON,
South Transdanubia

energy storage energy capacity (MWh) 271.6 492.1

energy storage estimated investment cost
(million EUR) 125 181

TITÁSZ
energy storage energy capacity (MWh) 284.8 515.7

energy storage estimated investment cost
(million EUR) 131 190

ELMŰ
energy storage energy capacity (MWh) 382.5 644.3

energy storage estimated investment cost
(million EUR) 176 238

ÉMÁSZ
energy storage energy capacity (MWh) 203.1 340.4

energy storage estimated investment cost
(million EUR) 94 125

Démász
energy storage energy capacity (MWh) 316.1 536.0

energy storage estimated investment cost
(million EUR) 146 198

Total
energy storage energy capacity (MWh) 1840.5 3164.6

energy storage estimated investment cost
(million EUR) 849 1167

4. Discussion

The concept of sustainability plays an ever-increasing role in supplying energy for the
world, which brings the successful integration of VRES, i.e., solar and wind energy, into
the energy supply system more and more to the fore. The European Union (EU) has set a
target of a 55% reduction in greenhouse gases compared to 1990 by 2030, which requires the
member states to increase the share of solar and wind energy in their energy mix. However,
in order to achieve these imposed goals, very important conditions must be met:

• The electricity system needs to be able to flexibly adapt to intermittent energy genera-
tion and to the increases and decreases in market supply.

• Adequate spare capacities are also required for periods when, due to weather condi-
tions, energy production from VRES is insufficient.

• It is important to take into account that, even in the case of a smaller penetration,
as in the present circumstances, the overall network is expected to accommodate an
increasing amount of VRES in the future, which will lead to a growing number of
technical problems in the macroenergy system.

• The use of solar and wind energy is not geographically uniform, as they depend on
climatic conditions. This is why reverse energy flows may also occur in local electricity
networks, which should be resolved at the local level. This may even require the
optimization of the electrical parameters of an entire transformer area [82].
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These problems can be solved by energy storage technologies, the spread of which is
becoming more and more intensive both in the European Union and in Hungary [82]. In
addition, the proliferation of energy storage systems may allow PV-based HMKE systems
in Hungary to be actively controlled in order to increase the stability of the electric energy
system [80].

5. Conclusions

In conclusion, it can be said that the energy market is facing great challenges both in
the demand and the supply sides. The considerable spread of VRESs causes issues affecting
electric energy systems, energy arbitrage, frequency and voltage regulation that need to
be dealt with quickly. However, the technical and economic limitations of battery energy
storage and regulation do not facilitate the speedy spread of the technology beyond primary
regulation. The energy storage regulations currently in effect in the EU vary from country
to country, but the growth in VRE capacities will result in a new regulatory and economic
environment, which will assist the proliferation of energy storage technologies. According
to the authors’ opinion, although it is not possible to select ‘the best’ battery technology
available in the market, the most important aspect of selection is that the technology must
always be appropriate for performing the given task. Thus, different technologies will be
preferred in different projects.

This research was also supported by up-to-date official documents published in Hun-
gary, which are unknown internationally; therefore, presenting the information contained
in them in English is of great importance. Additionally, it was only in Q4 2021 that one
of the dominant actors of the Hungarian energy market released information related to
the necessary integration of PV HMKEs into the electric energy system, including the PV
HMKE reserve need, according to which a PV capacity of 1 MW results in a reserve require-
ment of 0.6 MW. This piece of information allowed us to determine, for the entire area of
Hungary, the total nominal energy storage power and energy capacity of the energy storage
systems recommended for the given PV HMKE capacity. Apart from this, it also became
possible to find out about the possible distribution of these aspects among the districts of
the different Hungarian electric companies. By 2025, it is expected that the nominal energy
storage power requirement recommended for the PV-based HMKE capacity in Hungary
will rise to 1055.8 MW, while the energy capacity necessary for the energy storage facilities
will increase to 3164.6 MWh. In the case of developments of this magnitude, the investment
requirement at the national level would exceed a total of EUR 1 billion.

Due to the significant spread of PV HMKE systems, it has become unavoidable to
prepare studies regarding the districts of the various Hungarian electric companies. The
further goal of the research is to analyze the data presented herein in the context of smaller
administrative units as well, at the so-called county and district levels. This could provide
even deeper and more area-specific insight in connection with the determination of the
energy storage requirements of PV-based HMKE systems.
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