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Abstract: Due to the prospect of climate change and the challenges posed by the European Union to
the modern power grid, a decentralized system based on distributed energy sources is being created
from a centralized system based on utility power. It also involves new ideas on the operation and
management of power grids, especially at the level of low-voltage distribution networks, where
prosumers play a special role. In addition to the transformation of sources to renewables, the aim
is to increase the flexibility of power grids by exploiting the regulatory potential of flexible grid
components. The issue of grid flexibility assumes particular importance in the case of microgrids
and local grids covered by the energy communities. Many posts describe the realization of the task
of flexibility through energy storage, e.g., storing storage resources in electric vehicles or the use of
energy transformation through conversion to heat, air compression air, or process cooling. However,
there seems to be a lack of exploration of the topic, where the photovoltaic inverter could provide
a flexible energy source while maintaining the rigor of power quality. This article presents current
developments in low-voltage grids and the prospect of using prosumer installations to provide grid
flexibility and stability.

Keywords: flexibility of microgrid; prosumer; photovoltaic inverter; energy community; energy
market

1. Introduction

Various legislative authorities’ actions, e.g., the NC RfG Network Codes on the re-
quirements for connecting generating units to the grid, introduced by a European Union
Commission Regulation, and the growing interest in renewable energy sources (RES),
manifested by a significant amount of installed capacity power, which, for example, in
Poland at the end of the second quarter of 2022, reached the installed capacity power of
micro-installations at the level of 7 GW (a fourteenfold increase in the last three years),
in the form of more than one million installations [1], has led to the strengthening of the
regulations for the operation and connection of photovoltaic installations, contained in the
EN 50549 standard [2]. The standard and national Distribution Grid Operation and Mainte-
nance Manuals developed on their basis regulate aspects such as voltage operating range,
voltage-related active power reduction, generation curtailment, and remote information
exchange.

Photovoltaic (PV) installations, as the main object of interest due to their availability
and efficiency of operation, are the most common among renewable energy sources con-
nected to the public low-voltage (LV) distribution grid. A prosumer, that is, an entity—an
individual or an industrialist—builds his prosumer installation on a generating unit and,
as is increasingly common, with a battery energy storage (BES). Despite the satisfactory
volume of energy produced from the photovoltaic installation, the grid operator faces many
problems in the low-voltage grids. These range from problems with maintaining levels of
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power quality parameters to excess energy not used on an ongoing basis in the microgrid
area and transmitted from the microgrid to the master system.

We distinguish between different types of prosumers depending on how they use
electricity. The individual prosumer (home prosumer) uses energy for their own use to
meet the needs of life. An industrial prosumer (including agricultural) uses energy mainly
for their business needs. This involves the manner and terms of the contract signed with the
grid distributor for the provision of energy supply services and, in the case of production
by the prosumer, the receipt of energy. The prosumer entrepreneur is characterized by
greater investment resources.

Various (renewable) energy sources comprise prosumer installations: photovoltaic
systems that produce electricity, ready to be converted into any other form of energy; solar
collectors, heating the heating medium, which is not directly a source of electricity but
allows one to reduce the energy demand in the balance of the building; wind and water
turbines, which convert the mechanical energy of wind or water into electricity; and finally,
hydrogen fuel cells.

This paper describes the areas of current research in the management of prosumer
installations and produced electricity to optimize operation, minimize costs, and balance
the energy generated and consumed. The given solutions in the area of the flexibility
of prosumer microgrids have different directions depending on the layer occupied in
the microgrid architecture—hardware layer, communication layer, control systems and
energy market management, and the area of knowledge explored—engineering, economics,
electronics, computer science or cyber security.

Renewable Energy Sources

The basis for the creation of microgrids is the source of energy, in particular, renewable
energy sources, which are key to the net-zero transition. Renewable energy sources listed
in the literature [3] are highlighted in Table 1, and the characteristics of each source are
compared in terms of suitability in electricity generation and the flexibility of microgrids.

Table 1. Comparison of renewable energy sources in the context of electricity generation.

Source Weather
Dependency

Power Adjustment
Range Connection Level Flexibility in Microgrids and

Controllability

photovoltaic
installation yes full power range individual prosumer

and group supply
available (power balance

control)
wind

turbine yes limited from above and
below

distribution network,
group supply none (can be turned on and off)

hydroelectricity some extent full power range distribution network available (quick adjuster)
hydrogen fuel cell no full power range data not available available (quick adjuster)
geothermal energy no full power range distribution network n/a

biomass,
biogas some extent from about 60% of

rated power

individual and
agricultural prosumer,
distribution network,

group supply

available, from the minimum
parameters of the alternator

It is worth noting that the sources mentioned can be divided by weather dependency.
Photovoltaic and wind power are highly weather-dependent and hard to forecast for
further than a day ahead. Photovoltaic installation is more predictable due to the fact that
the Sun operates at rigid hours and analogously during a given period of the year. For
wind turbines, determining the timing depends on whether it is an off-shore generator,
where winds are more constant than with on-shore generators. Production from windmills
intensifies at dawn and dusk but does not have such rigidly defined hours as solar power.
Water-based power generation is weather-dependent in some respects. Water levels that
depend on the season and region matter for river and pumped storage power plants. The
level of biomass and biogas obtained also depends in part on the weather, which affects the
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conditions for growing crops for biofuels and, thus, the quantity and quality. Independent
of the weather are hydrogen fuel cells and geothermal power plants.

The photovoltaic installation is characterized by operation in a wide range of power
and can be connected to individual and industrial prosumer installations and as farms
to power a group of consumers. The prosumer installation is a flexible source, and it is
possible to regulate the balance of active and reactive power.

The biggest disadvantage of a wind turbine is that it operates with a limitation from
below when the wind is too low and from above when the wind is too high. Although
the rated parameters are matched to the conditions in which the turbine operates, the
operation of the turbine is not constant but variable, and there is no possibility of adjusting
the power on the turbine. It is only possible to brake the turbine for safety reasons. In
practical applications, wind turbines are designed for larger capacities and connected to
the medium-voltage distribution grid. They are not applicable to prosumers [4].

Hydroelectric power plants have a wide range of capacities but are limited from the
bottom up to get the parameters for turbine acceleration. For pumped storage power plants,
a wide range of power output is possible, and in particular, the power plant can be put into
operation very quickly for either generation or reception of energy. Hydropower plants are
designed for larger capacities and are connected to the medium-voltage distribution grid.

Hydrogen fuel cells have a wide range of applications from small to large capacities
and for vehicles. There is no information on connecting such a source to the public
distribution network. Power regulation is extensive. The problem for the moment is
hydrogen storage [5].

Power plants operating through geothermal have a wide and fixed power range,
controllable within the range of a given generator. The only problem is that the variety
of conditions for a geothermal-based power plant depends on geography, which means
that geothermal is not the optimal solution for energy production for every region due to
accessibility to the inner layers of the Earth.

Biomass and biogas operate on the principle of a conventional generator, which needs
the combustion of biofuel to produce energy. The power range depends on the device used.
It can be connected to prosumer installations, supply a group of consumers, or supply the
medium-voltage distribution network. Power regulation is available, but the amount of
power depends on the quality of the fuel (crop).

It is natural that each of the sources listed in Table 1 can be expanded with energy
storage (battery or mobile), which will increase the availability of energy in these sources
by storing energy beyond the time of their target availability (this especially applies to
solar and wind power, which can not be activated at any time due to weather-dependence
and well-dependence). Therefore, these battery-based energy storage facilities and electric
vehicles can be treated as secondary sources with high availability because, once charged,
these devices operate in electricity production mode. They are also of great importance in
making microgrids more flexible, as described in Section 3.

2. Statistical Analysis of Recent Research on the Flexibility of Microgrids

In order to discuss the prospects for development and planned directions of research
on the flexibility of distribution networks with prosumers’ participation, an analysis of the
research conducted to date and the current state of knowledge concerning the field was
conducted (state of the art). The search was conducted on the basis of the methodology
presented in this section.

Methodology

The analysis of the current state of knowledge and previous research was conducted
with the help of the scientific database Scopus, published by Elsevier, which contains a
significant collection of peer-reviewed literature. The search was restricted to the following
collections: literature in published English, in the subject area of energy, and not older than
3 years (collection current as of 15 November 2022). The collection of literature limited to
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the stated conditions included three articles made available through early access for 2023.
The methodology for the analysis of literature resources is presented in Figure 1.
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Figure 1. Methodology of analysis of literature resources in terms of selected development directions
in the area of electricity grid flexibility, including the contribution of photovoltaic installations.

The main topics of the literature were the “flexibility of microgrid” and “prosumer”
keywords. The number of articles in this subject area in the last three years is 166 papers,
which are articles, reviews, conference papers, or short surveys. In addition, in order to
check the interest in the topic of the flexibility of microgrids over the years, the number
of articles published on the topic since the first mention in 2015 was checked. The total
number of articles from 2015 to 15 November 2022 (not including early access) is 206 papers.
The number of published articles in a given year is shown in Figure 2.
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Figure 2. The number of papers published in consecutive years in the areas of electricity grid
flexibility and prosumer participation.

An analysis of the number of articles on the topic by year since 2015 shows that the
popularity of the topic of electricity grid flexibility and prosumer engagement has been
increasing since 2018. Interest in the topic has continued in recent years.

The resulting database of papers over the past three years was analyzed for keywords
and leading themes. The main topics of the papers were highlighted and presented in
Table 2: energy community and peer-to-peer (P2P), flexibility services, trading policy,
blockchain/security, and the Internet of things (IoT). The table indicates the number of
articles assigned to a topic.

Table 2. Summary of the number of articles assigned to each keyword corresponding to research
directions on the topic of grid flexibility with references.

Main Direction of Research Number of Papers

energy community and peer-to-peer 99
flexibility services 96

• battery energy storage 68

• vehicle 55

• load shifting 15

• PV inverter 7

trading policy 70

• transactive energy 68

• energy management 27

• power quality 10

blockchain, security 25
Internet of things 24
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The most widely covered topics are energy community and peer-to-peer (99 papers)
and flexibility services (96 papers). This was followed by trading policy (70 papers),
blockchain, security (25 papers), and IoT (24 papers). Sub-topics can be distinguished
for flexibility services and trading policy. For flexibility services: battery energy storage
(68 papers), vehicle (55 papers), load shifting (15 papers), and PV inverter (7 papers). The
term trading policy is subsumed under the term transactive energy, including subtopics:
energy management (27 papers) and power quality (10 papers). For the listed main and
sub-keywords, the number of articles published in these areas since the first publications
appeared in 2015 is shown. In Figure 3, the number of published articles is shown cumula-
tively.
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Figure 3. The number of articles published in a given year cumulatively from 2015 for each keyword
corresponding to the research directions on the topic of grid flexibility.

For all published articles on these specific keywords, the trend is upward from 2018 to
2019. The largest increase in the number of articles is for the topics of energy community
+ peer-to-peer and flexibility services. Additionally, energy storage is gaining popularity
in particular. Trading policy and transactive energy are also frequently covered topics.
Mentioned, but not as popular, are the topics of load shifting, IoT or blockchain, and
security. The least popular of the flexibility services sub-topics is the area of PV inverters.

3. Results

On the basis of the literature base selected in the search and the filtering of the work
with the topics from Table 1, the architecture of the low-voltage distribution grid connected
to the National Power System (NPS) with the participation of distributed sources was
developed. The architecture makes it possible to establish the current structure forming the
microgrid and allows one to organize current and future research directions concerning the
area of grid flexibility.

Ongoing Research Topic on Field of Flexibility Service

Low-voltage distribution grids with a high concentration of distributed sources, in-
cluding prosumer installations, are described and studied in articles depending on the
criterion considered. In order to facilitate the discussion of current research directions, the
electricity grid from the prosumer’s point of view can be described as follows (based on
Figure 4). The basic unit in the grid is the prosumer, i.e., a participant in the NPS who is
both a consumer and a generator of energy. The installation of an individual prosumer or
industrial prosumer consists of generation units (PV, wind turbine, solar collectors), offtake,
and energy storage in the form of thermal storage, battery energy storage, or mobile energy
storage (electric vehicle). Prosumers, together with other market participants, can come
together in communities (energy clusters, energy communities, prosumer cooperatives) to
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form a local energy market, which is then connected to the public electricity grid joining
the global energy market.
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Figure 4. Modern architecture of distribution grids detailing users and the concept of participation in
the local and global energy market.

For the effective operation of individual users in the local and global energy market,
correlated operation on several layers of the network is essential. The entire system consists
of a physical (hardware) layer, a communications layer, an interoperability control and
security layer, an energy market management layer, and an energy exchange money market
(Figure 5).

The current research is going in the directions listed in Table 1. The most popular is
to operate according to the idea of an energy community and the equality of all entities
constituting such a community, i.e., a peer-to-peer (P2P) cooperation model [6]. The articles
describe models of cooperation between prosumers and consumers in energy communities
or energy clusters, forming a local energy market. The goal set for such a market is to
maximize the consumption of energy produced from renewable energy sources, minimize
costs and maximize profits when exchanging energy with the global energy market. The
capacities and parameters of the individual devices that make up prosumer installations
are selected [7]. PV and BME operation are optimized for the individual prosumer and
the housing cooperative [8]. Many works use game theory to predict the prosumer’s
actions [9,10]. The concept of virtual energy storage is emerging, as well as the exchange of
energy between participants in the local energy market using bidding and energy trading.
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Another popular topic of research is devices that are able to increase the flexibility of
the power grid [11]. Battery energy storage is an object that is rated as the most flexible
element of the microgrid, both in terms of storing as a collection or giving back energy
as a source [12,13]. Using algorithms, grid models with storage are optimized so that the
prosumer gains as much energy as possible or can store energy so that it can be sold at
higher prices through price arbitrage. A special case of prosumer energy storage is the
electric vehicle, which is mobile energy storage connected as vehicle-to-grid (V2G) [14]
or vehicle-to-home (V2H) [15]. Both energy storage facilities and the offtakes themselves
may be subject to an operating schedule, as discussed in subsequent works. A special case
here is the receivers, which are generally fixed (not flexible) in home installations. Their
contribution to flexibility is realized through forecasting [16], scheduling [17], and load
shifting [18]. The least developed topic is the use of photovoltaic inverters. The operation
of inverters appears in only seven papers over a three-year period, and only one indicates
the possibility of using a PV inverter as a source of regulation for frequency [19].

A topic related to the relationship between the local and global energy market is energy
trading and transactive energy [20]—that is, describing the prosumer as an active partici-
pant in the energy market [18]. Articles point to a number of solutions for energy trading
in the market and pricing policies related to energy flows [21]. The cashless settlement with
energy storage in virtual energy storage [14] and cash settlements on the basis of auctions,
dynamic tariffs, or monetary stimulus are considered [22]. Market mechanisms are used
in energy management so as to achieve the NPS goal of providing energy continuously
and uninterruptedly, and for this, it needs to encourage the prosumer to become its own
regulator. In addition, the NPS aims to maintain appropriate power quality parameters,
which is also considered in publications—what is the impact of distributed energy on the
distribution network and power quality [23,24]?

The last topic, related to the layer of structure, control, and protection, is blockchain, se-
curity [25], and the Internet of things [26]. Authors of related works solve problems related
to the protection of the personal data of prosumers providing in the energy market and the
collection, transmission, and processing of data to manage the electricity system [27].

Sporadically covered topics in works in the area of power grid flexibility are hy-
brid installations, which include wind turbines [4], pumped-storage power plants [28],
supercapacitors [29], kinetic energy storage [19], and fuel cells [5].
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The end goal of the existence and development of prosumer installations is zero carbon
and decarbonization. Intermediate goals that achieve the end goal or go hand in hand with
it can be for the prosumer and the NPS: minimizing and optimizing energy consumption
and minimizing costs. The future development of the topic of increasing the flexibility of
the electricity grid is heading in this direction.

For the local energy market, it is planned to develop and improve the control of
prosumer plant components through load forecasting, load shifting and virtual energy
storage in the local energy community. There is increasing interest in the use of electric
vehicles as energy storage [30] due to the reduction in the production of combustion cars.
At the same time, algorithms are being developed to optimize the use of secondary batteries
so as to preserve or increase their lifetime.

In the global energy market, energy trading solutions are being improved to suit the
nature of production while taking into account the flexibility of prosumer installations and
the possibility of prosumers’ participation as active members of the energy market.

Studies are planned to develop the concept of working an energy cluster/cooperative
into an island separated from the NPS [31], working in the face of a black-out due to an
outage or shortage of energy supply. In parallel, work is underway on a solution for the
provision of regulation services by prosumers with, for example, energy storage facilities so
that the prosumer is itself a regulator of the voltage in the grid [32] while maintaining the
rigor of power quality and encouraging skeptical consumers to become prosumers despite
the investment risk [33].

An important direction increasingly discussed is the sphere of cyber-security in an IoT-
based structure pursuing the tasks of the interoperability of the electric power system and
the concern for prosumers’ energy data transmitted in the system, which necessitates the
development of the previously discussed topics. This is the field of developing blockchain
and similar solutions [34,35].

The reason for the narrow interest in the possibility of using a photovoltaic installation
as a controllable source may be due to the fact of the number of restrictions introduced by
grid codes for this type of source, but most importantly, the high variability in the available
generated power dependent on weather conditions. The EN50549 standard introduces
recommendations for the use of regulation to support the maintenance of voltage levels,
which in extreme cases, with a high concentration of photovoltaic installations, results in
their cyclic activation for the purpose of limiting the increase in voltage. However, it seems
that the use of weather prediction in combination with flexible power factor regulation
could effectively contribute to the prevention of switching on photovoltaic installations
arising from the voltage rise limiting rule. Thus defined, the activities conducted in the
direction of power factor reduction involve a temporal limitation of the generated active
energy in favor of reactive energy regulation. This requires consideration of the rules for
the provision of grid flexibility services by photovoltaic installations, including issues of
formulation of the contract for the provision of flexibility services.

4. Discussion and Conclusions

In the face of the expansion of the distribution grid with more photovoltaic sources, it
will be necessary to use all possible regulatory resources, including the use of regulatory
resources of photovoltaic inverters themselves. The photovoltaic inverter, thanks to its
built-in control modes, is able to change the balance of active and reactive power for a
specific purpose depending on the selected mode and thus affect the parameters of voltage.

As a first step, weigh the possible control modes available when considering a photo-
voltaic installation as an active flexibility resource. In existing installations, inverters can
be set to operate with a power factor of cosϕ fixed at a preset level, most often cosϕ = 1.
Current regulations related to the introduction of the network code described by EU Reg-
ulation 2016/631 and subsequently included in the EN 50549-1:2019 standard introduce
two regulation modes of the reactive power: Q(U) and cosϕ(P). The mentioned current
method limits the flexibility potential of the photovoltaic installations to control voltage.
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The first method formulates the output of the reactive power of the PV inverter, in both
directions generated and absorbed, in dependence on the measured voltage at the point
of the common coupling. The realization follows the fixed characteristic, Q(U), defined
in the grid code. The second method does not use a measurement of voltage; however, it
constitutes the contribution of absorbed reactive power in the function of generated active
power. The method uses a fixed characteristic of variable cosϕ(P). Both mentioned current
methods use local parameters of voltage or generated power, do not consider distributed
control data collected within the microgrid, and finally, due to standard recommendation,
the method implements a narrow range of reactive power regulation up to cosϕ(P) = 0.9.
However, it seems that in the future, in order to achieve full utilization of the inverter’s
flexibility resources, strategies based on distributed regulation through the use of remote
access of the grid operator or aggregator of microgrid flexibility resources to the inverter
should be considered. In the case of active access to the inverter’s regulation resources, the
current volume of active and reactive power share would depend on the current flexibility
target formulated by the microgrid flexibility aggregator, which considers technical lim-
itations. Applied and prospective methods for managing inverter control resources are
shown in Figure 6.
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flexibility purposes.

In order to identify the technical limitations associated with the maximum regulation
capabilities of the share of active and reactive power, the authors of this paper analyzed
the technical capabilities of the power factor regulation range in a group of 11 selected
photovoltaic inverters. The identified maximum regulation capabilities based on the
technical documentation of the 11 analyzed inverters are shown in Figure 7. The analysis
presented shows that the range of regulation that the inverter is able to achieve based
on the built-in hardware of the device, given in the power factor cosϕ values, is at least
from 0.8cap to 0.8ind, verified for the TD of the 11 photovoltaic inverters with a power of
3–6 kW. This is a range higher than current DSO requirements, and for 2 of the 11 devices,
the producer declares a flexibility of 0.7cap to 0.7ind.
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It should be recognized that the scope of regulation of photovoltaic inverter power is
broader than the requirements of network codes, and the number of prosumer installations
means that the potential volume of energy available for flexibility purposes could be
significant. This creates a new research perspective, the purpose of which could be to define
rules for the use of control resources of a photovoltaic installation, especially one that does
not have energy storage in its infrastructure and the required investment does not allow the
use of BME. The use of an inverter operating in regulation modes alone does not require
additional financial outlays from the prosumer. Instead, the challenge is to develop a path
and a way to implement this solution in the local energy market, directed at profits and no
losses, and in the DSO billing area, assuming that the prosumer would provide a flexible
service. From this point of view, selected prospective works include:

• Developing the principles of a business model for the provision of photovoltaic regu-
latory resources for the provision of flexibility services to local power grids, including
the interaction of local user groups within a microgrid or energy communities.

• Developing a trusted communication technology to implement regulation and track
the path of energy resources used in the process of providing flexibility services.

• Development of an IT system to support the billing system for flexibility services
provided using prosumer installations.

• Use of computational intelligence methods to automate the management of flexible
energy resources inside a microgrid or energy community, including the introduction
of a peer-to-peer billing model and techniques for predicting available energy volume
for flexibility services.
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Abbreviations

BES Battery energy storage
cosϕ Power factor
DSO Distribution system operator
ESS Electricity supply system
GW Gigawatt (power unit)
IoT Internet of things
LV Low-voltage
P Electric power
P2P Peer-to-peer
NPS/PPS National/Polish Power System
PV Photovoltaic (installation)
Q Reactive power
RES Renewable energy source
NC RfG Network Codes Requirements for Generators
TD Technical documentation
U Supply voltage
V2G, V2H Vehicle-to-grid, vehicle-to-home
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