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Abstract. Photovoltaic systems are currently being installed at an increasing number of consumption points
connected to low-voltage distribution networks. In order to connect the maximum number of photovoltaic
systems to the network without compromising the operational reliability of the distribution system, various
measures can be adopted to limit the negative impact of photovoltaic system operation on the power quality
in the network. The objective of this study is to investigate how the application of these measures affects
system losses. The presented study builds on previous research that analyzed the impact of single-phase and
three-phase photovoltaic systems on qualitative indicators of power quality in low-voltage distribution
networks, as well as the proposal of technical measures that can maintain the monitored power quality
parameters within the limits set by the international standard EN 50160. The loss calculation is performed
using the simulation software EA-PSM, which incorporates a radial distribution network model composed
of elements characteristic of distribution networks in Slovakia. Due to the presence of both single-phase and
three-phase photovoltaic systems in the network model, calculations are carried out for an asymmetrical
network, where the impact of individual measures on system losses is examined separately for all three
phases and the PEN conductor. The study thus offers a comprehensive view of the suitability of applying

various measures in terms of system losses.

1 Introduction

In response to the emergency situation of climate change
currently facing the world, the European Union (EU)
presented the European Green Deal [1]in 2019, building
on the Paris Agreement [2] of 2015, with the aim of
making Europe climate-neutral by 2050 [3]. This goal
became legally binding for all EU Member States
through the adoption of the European Climate Law [4].
One of the key elements for achieving this objective is
the development of renewable energy sources (RES)
utilization [5]. RES are experiencing the greatest growth
in electricity production, where their share in electricity
generation has more than doubled since 2004 [6].
According to the latest data, more than 46.9% of
electricity in the EU was produced using RES in 2024
[7]. Among the fastest-growing RES in the EU is solar
energy. This energy is widely available, cheap, clean,
flexible, and the most accessible renewable energy for
many consumers in the EU [8]. Following Russia's
invasion of Ukraine, the FEuropean Commission
presented the REPowerEU plan in 2022, whose main
goal is to end imports of fossil fuels from Russia and
accelerate the transition to clean energy [9,10]. A key
element of this plan is the utilization of RES,
particularly solar energy [11]. The intention of this plan
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is to have at least 600 GW of photovoltaic (PV) systems
connected to electricity grids across the EU by 2030 (in
2024, 338 GW were connected to the grids) [8]. A
massive increase is expected primarily in the area of
rooftop PV systems, where there is enormous untapped
potential. According to some estimates, rooftop PV
systems could cover up to 25% of -electricity
consumption in the EU [11]. A key advantage of PV
systems is the possibility of their immediate installation,
enabling them to immediately deliver benefits both for
the climate and for consumers in the form of protection
against high electricity prices and financial savings [12].
Following the REPowerEU plan, in 2023 the EU
adopted the Fit for 55 [13] legislative package, which
introduces the obligation to install solar energy devices
on buildings in the EU (the year the obligation comes
into effect depends on the type of building) [14].
However, for the rapid and massive connection of PV
systems to distribution networks, suitable energy
infrastructure is necessary [11]. It is estimated that more
than 40% of distribution networks in the EU are over 40
years old [15], so they will need to undergo significant
changes to enable efficient integration of distributed
generation [16]. Sources operated in parallel with the
distribution network can negatively affect it. A number
of studies have been conducted in the past to assess the
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impact of PV systems on low-voltage (LV) distribution
networks, for example [17-20]. The impact of single
phase and three-phase PV systems on a three-phase LV
distribution network was also addressed by the authors
in study [23]. In it, they analyzed the impact of PV
systems operation on a distribution network that
replicates the structure of real distribution systems in
Slovakia. The study also includes a proposal for possible
measures, both on the side of the distribution system
operator and on the side of PV system operators, which
limit the negative impact of PV systems operation on
power quality parameters in the system and other
operational quantities, enabling increased penetration of

The individual lines are constructed with cables of
different types and cross-sections. The line parameters
are given in Table 1. Each node contains 2 consumption
points with a three-phase symmetric load of 3.464 kW
and power factor (PF) of 1. Additionally, depending on
the modelled state, single-phase or three-phase PV
systems are connected at individual consumption points.
The model scenarios considered 100% penetration of
PV systems in the distribution network, where each
consumption point contained a PV system. The
overview table of individual modelled scenarios is
designated as Table 2.

Table 1. Parameters of lines.

PV systems in the distribution system without
jeopardizing its reliability and safety. The measures are Li T R X In
designed specifically for both single-phase and three- mne ype [Q/km] [Q/Kkm] | [A]
phase PV systems. , | NFA2X4x95 | 032 | 0083 | 240
In this paper, the authors build upon the research [23]
detailed in Chapter 2 and Chapter 3, conducted by some 12 NFA2X 4x120 0.25 0.082 280
of the authors of this paper. The aim is to complement 3 NAYY-J 0.206 0.08 254
the previous research by examining the impact of 4x150
individual measures on system losses in the distribution 14 NAYY-J 0.129 008 | 332
network. Since resistance R is the dominant component 4x240
of line impedance in LV distribution networks, this paper Table 2. Modeled scenarios.
will focus only on the impact of individual measures on
active power losses (referred to as system losses). As Modeled Descrinti
. . . . escription
active power losses represent the conversion of electrical scenario
energy into heat released into the atmosphere, ie., A only loads are connected in the consumption
inefficient use of generatqd energy, it is desirable for points (reference state)
them to be as small as possible. a single-phase PV system (P = 3.68 kW,
B1 cos ¢ =—0.97) connected to phase A in each
2 Overview of conducted study consumption point is installed
a three-phase PV system (P =11 kW, cos ¢ =
Study [23] investigated the impact of single-phase and B2 —0.97) in each consumption point is
three-phase PV systems on a three-phase LV connected
distribution network using a distribution network model at each node of the distribution system, in one
implemented in the EA-PSM software. The modeled consumption point a three-phase PV system
network is shown in Figure 1. This network consists of B3 (P =11kW, cos ¢ =—0.97) is connected, and
four lines originating from a single node fed by an mﬁhe S;‘i;’nd Consug’gtgog 81)12{173; a Smglf‘
MV/LV distribution transformer. Each line has 12 nodes phase PV system (P =3.68 kW, cos ¢ =
. . . —0.97) connected to phase A is installed
evenly distributed along its entire length of 600 meters.
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Fig. 1. General scheme of the modeled low-voltage distribution network
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For the assessment of the impact of the operation of
single-phase and three-phase PV systems in the
individual modelled scenarios, the following quantities
were monitored:

« the magnitude of phase voltage, which according
to standard EN 50160 [24] should be within the range of
230 V £ 10%.

 the negative voltage unbalance calculated using
the IEC method [25], which according to standard
EN 50160 [24] should not exceed 2%.

« the relative voltage change after connecting the
PV system to the network. The voltage at the connection
point after connecting the source should not change by
more than 3% compared to the voltage before
connection (this requirement is set by the distribution
system operators in Slovakia).

In addition to these quantities, the currents flowing
through the sections of individual lines were also
monitored, with their values not allowed to exceed the
rated current of the line specified in Table 1.

2.1 Simulation results

Figure 2, Figure 3, and Figure 4 represent a summary
visualization of the monitored parameters at the nodes
of the distribution network in the individual modeled
scenarios, with marked limits within which the given
parameters should range.
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Fig. 2. Summary representation of phase voltages at all
network nodes.
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Fig. 3. Summary representation of relative voltage changes at
all network nodes.
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Fig. 4. Summary representation of voltage unbalance at all

network nodes.

Figure 5 shows the magnitudes of currents flowing
through the sections of the lines in the individual
modelled scenarios, where the currents marked with an
X exceed the maximum permissible current of the line
conductors.
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Fig. 5. Summary representation of currents flowing through
line sections.

3 Measures for limiting the impact of
PV systems on the distribution system

Given that the operation of PV systems in the individual
modeled scenarios caused all monitored parameters to
exceed allowable limits on every line, the authors in
study [23] also proposed possible mitigation measures
to bring these parameters to acceptable levels. The
design and verification of the effectiveness of these
measures were performed only for scenarios B1 and B2.
No measures were proposed for scenario B3, as the same
measures apply as for scenarios B1 and B2.

3.1 Scenario B1

In this scenario, the operation of single-phase PV
systems affected the monitored parameters such that not
all monitored parameters were within allowable limits at
all nodes and line sections on any line. The following
measures were adopted:

1) Symmetrization: since single-phase PV systems
were connected in scenario B1 only to one phase of the
distribution network, the first measure adopted was the
symmetrization of the connection evenly among all
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three phases of the distribution network. After applying
this measure, there was a significant improvement in the
monitored parameters, with the maximum allowable
limit exceeded only by relative voltage changes in some
nodes on the lines line 1 to line 3. To ensure that relative
voltage changes in all nodes on lines 1 to 3 were within
acceptable limits, supplementary measures were taken
along with symmetrization.

a) Symmetrization + PF adjustment of all PV
systems in the network: by changing the PF to — 0.74,
which increased the reactive power consumption of
PV systems, there was a reduction in the relative
voltage changes on lines 1 to 3 to a value that meets
the conditions for assessing the impact of single-
phase PV systems on the distribution network.

b) Symmetrization + shortening of line lengths:
relative voltage changes on lines 1 to 3 can also be
brought within acceptable limits by shortening the
lines, i.e., reducing the number of consumption points
connected to individual lines. To keep relative
voltage changes within the allowable range across the
entire line, it was necessary to disconnect sections 11-
9 to 11-12 on line 1, and similarly the last 3 sections
on lines 2 and 3.

2) Power limitation of PV systems: reducing the
power of single-phase PV systems from 3.68 kW to 0.4
kW makes it possible to reduce the impact of single-
phase PV systems on the distribution network in
scenario B1 so that all monitored parameters are within
the required limits on all lines at all nodes and line
sections.

3.2 Scenario B2

In scenario B2, only three-phase PV systems were
connected to the distribution network, so the voltage
unbalance was zero at all network nodes. Additionally,
the currents flowing through lines 2 to 4 were compliant
in scenario B2. However, the voltage magnitude and
relative voltage changes exceeded the maximum
allowable limit on all lines at least at one node, so the
following measures were adopted:

1) PF adjustment: by changing the PF of all PV
systems in the network to —0.83, the voltage magnitudes
at all network nodes dropped below 253 V, but the
relative voltage changes on all lines still exceeded the
allowable limit. Additionally, this measure caused an
increase in currents flowing through the sections of
individual lines, resulting in overloading of all four
network lines. Thus, this measure did not achieve the
desired limitation of the impact of PV systems on the
network.

2) Shortening of lines (reducing the number of
consumption points on individual lines): to ensure all
monitored parameters are within required limits on all
lines, it is necessary to disconnect the last 7 sections on
line 1 and line 2, the last 6 sections on line 3, and the last
3 sections on line 4.

3) Power limitation of PV systems: to limit the
undesired impact of operating three-phase PV systems
in scenario B2 on the monitored parameters, it is

necessary to limit their power to 2 kW from the original
11 kW.

4 Analysis of the impact of measures
aimed at increasing the penetration of
PV systems in distribution networks on
system losses

In this chapter, the impact of the measures summarized
in Chapter 3 on system losses in the LV distribution
network is examined. Losses are evaluated for all three
phases A, B, and C, as well as the PEN (Protective Earth
and Neutral) conductor. Each figure shows the total
losses in individual conductors on the lines with
percentage changes compared to the state when the
measures were not applied.

4.1 Scenario B1

System losses in scenario Bl before applying the
measures are shown in Figure 6. Figure 6 shows that the
largest losses on all four lines occur in the PEN
conductor, through which a significant current flows due
to the substantial asymmetry caused by the presence of
a large number of single-phase PV systems connected
only to one phase of the distribution network (phase A).
From the perspective of phases, the largest losses occur
in phase A conductor, to which the PV systems are
connected. Since in scenario B1 each consumption point
has a single-phase PV system connected to phase A with
3.68 kW power, while the consumption connected to
phase A at consumption points is only about 1.15 kW, a
production surplus occurs at each consumption point in
phase A, which is fed into the network. Since the
consumption in phase A across the entire line is covered
by the production from PV systems, phase A on the lines
exhibits a significant power surplus, corresponding to
substantial current and thus increased losses.
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Fig. 6. Total system losses in scenario B1 before applying
measures.

4.1.1 Symmetrization

The system losses in the distribution network after
symmetrization are shown in Figure 7, from which it is
evident that applying this measure resulted in a
significant reduction of losses on the lines. For phase A
and the PEN conductor, losses were reduced by up to
99% on all four lines after the measure application. The
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measure also caused a decrease in losses in phases B and

C on individual lines, ranging from 87% to 97%.
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Fig. 7. Total system losses in scenario B1 after symmetrization
of PV system connections.

4.1.2 Symmetrization + PF adjustment of PV
systems

The effect of changing the PF of PV systems from —0.97
to — 0.74 while maintaining symmetrical connection on
system losses is shown in Figure 8.

1200

] @A ©B oC mPEN
1000
g a0
4
@
2 600
E
3
4
2 400 r
g
200
2= =
5| C]
+ + +
0
line 1 line 2 line 3 line 4

Fig. 8. Total system losses in scenario B1 after symmetrization
of PV system connections and PF adjustment

Figure 8 shows that the combination of measures
caused a reduction in losses in the PEN conductor by
98% and in phase A by approximately 86-87% on all
four lines. However, losses increased in phases B and C
on all lines. In phase C, losses increased by 2% on line
4 up to 4% on line 1, while in phase B these changes
were more significant, ranging from 37% on line 4 up to
47% on line 1. These changes in loss values in the
individual phases on the lines compared to the losses in
Figure 7 were caused by the change in the PF of PV
systems, which increased the reactive power
consumption of PV systems, causing an increase in
current flowing through the lines and thus system losses.
The additional measure of changing the PF of PV
systems is therefore disadvantageous from the
perspective of system losses.

4.1.3 Symmetrization + shortening of line lengths

The effect of the supplementary measure to
symmetrization, which is shortening the individual
lines, on system losses is shown in Figure 9. Based on
comparison with Figure 7, which shows losses without
adopting the supplementary measure to symmetrization,
it can be stated that shortening the lengths of individual

lines has, besides a positive impact on the quality and
operational parameters of the distribution network, also
a positive impact on system losses. For example, on line
1, losses in phase B decreased by 4% and in phase C by
up to 8%. Similar results were observed on the other
lines.
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Fig. 9. Total system losses in scenario B1 after symmetrization
of PV system connections and shortening of lines.

4.1.4 Power limitation of PV systems

The effect of changing the power of PV systems (from
3.68 kW to 0.4 kW) without symmetrization of their
connection on system losses is shown in Figure 10, from
which it is evident that this measure caused the greatest
reduction in losses on all lines in the PEN conductor
(99%) and in phase conductor A (92%). A slight
decrease also occurred on all lines in phase C conductor,
but in phase B there was a significant increase on all
lines, ranging from 31% on line 4 to 44% on line 1.
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Fig. 10. Total system losses in scenario B1 after PV system
power reduction.

4.2 Scenario B2

System losses in scenario B2 before applying the
measures are shown in Figure 11.

Since only three-phase PV systems are connected to
the distribution network in this scenario, no current
flows through the PEN conductor, and thus no losses
occur in it. Losses in phases A, B, and C are identical
because scenario B2 is fully symmetrical.
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Fig. 11. Total system losses in scenario B2 before applying
measures.

4.2.1 PF adjustment

Figure 12 shows system losses on individual lines when
changing the PF of PV systems from —0.97 to — 0.83.
The data indicate that this measure caused a significant
increase in losses on all lines due to the increased current
flowing through the individual lines. Compared to the
data shown in Figure 11, system losses on all lines
nearly doubled.
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Fig. 12 Total system losses in scenario B2 after PF adjustment
of PV systems

4.2.2 Shortening of lines

The impact of shortening the length of individual lines
in scenario B2 on system losses is shown in Figure 13.
The data in Figure 13 indicate that the greatest reduction
in losses occurred on line 1 and line 2, where the most
sections were disconnected. Conversely, the smallest
reduction occurred on the line with the fewest
disconnected sections, specifically line 4.
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Fig. 13. Total system losses in scenario B2 after shortening the
lengths of individual lines

4.2.3 Power limitation of PV systems

Figure 14 shows the effect of changing the power of PV
systems (from 11 kW to 2 kW) while maintaining their
number on system losses. The percentage reduction in
losses was identical in all phases on all lines in this case,
specifically 96%.
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Fig. 14. Total system losses in scenario B2 after PV system
power reduction

5 Conclusion

The simulation results indicate that while the proposed
measures contribute to improving power quality in the
distribution system, some of them undesirably increase
system losses. Among the measures for mitigating the
negative impact of single-phase PV systems, the most
effective from a losses perspective is symmetrical
connection of PV systems to the distribution network.
Implementing this measure resulted in a significant
reduction of losses in the distribution system, ranging
from 87% to 99%. Shortening the length of individual
lines while maintaining symmetrical connection of
single-phase PV systems caused an even more
pronounced reduction in system losses, ranging from
88% to 99%. Changing the PF of single-phase PV
systems with symmetrical network connection reduced
active losses in phase A and PEN conductor, but this
reduction was less significant than with symmetrization
alone or the combination of symmetrization plus
shortening line lengths. Additionally, changing the
power factor led to an undesirable increase in losses in
phases B and C on all lines, with the increase in phase B
reaching 37% to 47% depending on the line. A similar
situation occurred when reducing the power of single-
phase PV systems without symmetrizing their
connection.

For measures focused on connecting three-phase PV
systems, both reducing PV system power and shortening
individual line lengths effectively contribute to lowering
system losses. Reducing PV system power to 2 kW
resulted in a loss reduction of up to 96% on individual
lines. The loss reduction from shortening lines depends
on the number of disconnected sections, with more
sections disconnected leading to greater loss reduction.
However, just as with single-phase PV systems,
reducing the PF in three-phase PV systems also leads to
an increase in network losses. When the PF was reduced
from — 0.97 to — 0.83, the system losses increased by
approximately 95%.
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Therefore, when selecting measures for practical
application, it is appropriate to consider not only the
contribution to improving the power quality in the
system but also other aspects, including the impact of
these measures on system losses.

This paper was supported by the Science Grant Agency of the
Ministry of Education, Research, Development and Youth of
the Slovak Republic under the contract VEGA 1/0532/25 and
by the Slovak Research and Development Agency under
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