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Abstract: In recent years, the emerging fear of an energy crisis in central Europe has caused an
increased demand for distributed energy resources (DER), especially small photovoltaic rooftop
installations up to 10 kWp. From a technical point of view, distributed PV in low-voltage networks is
associated with the risk of power quality violation, overvoltage, voltage unbalance, harmonics, and
violation of the thermal limit of phase conductors, neutral conductors, and transformers. Distribution
system operators (DSO) are currently in a position to determine the amount of installed PV power
for which reliable and safe network operation is ensured, also known as the photovoltaic hosting
capacity (PVHC). The presented study describes a stochastic methodology for PVHC estimation and
uses it to analyze a typical LV rural network in the Slovak Republic. Detailed and precise calculations
are performed on the 4-wire LV model with accurate results. In this study, we, thus, profoundly
analyze the problems with voltage violation, unbalanced voltage energy losses, and the thermal
loading effect of increasing PV penetration. The results show that overvoltage events are the main
factor limiting the PVHC in LV systems. This conclusion is in accordance with the experience of
the DSO in the Slovak and Czech Republic. Subsequently, the study focuses on the possibilities of
increasing PVHC using those tools typically available for DSO, such as changes in PV inverter power
factors and no-load tap changer transformers. The results are compared with those derived from
similar analyses, but we ultimately find that the proposed solution is problematic due to the high
variability of approaches and boundary conditions. In conclusion, the paper discusses the issue of the
acceptable risk of overvoltage violation in the context of PVHC and lowering losses in LV networks.

Keywords: photovoltaic; hosting capacity; stochastic; low voltage; distribution; increase; PVHC

1. Introduction

Distributed energy resources (DERs) are, according to the simple definition, described
as relatively small-scale resources installed close to energy consumption sites [1]. They are
represented by a variety of technologies, of which photovoltaic systems (PV), wind turbine
power plants (WT), electric vehicles (EV), and battery energy storage (BESS) are the most
prominent examples. Given the nature of DERs, they can generate, store, or manage energy
at the point of consumption (PoC) to which they are connected. The greatest expansion
of DERs in the past few years has been driven by “behind-the-meter” installations, which
are more difficult to monitor or predict from the view of distribution system operators
(DSOs), which, as a result, disrupts traditional electricity markets and results in the lack
of proper regulation. Currently, DERs account for a small proportion of energy sources
in the grid [2]. Some estimates suggest that by 2024, the global rated power of DERs will
outnumber that of centralized energy generation by more than 5-to-1 [3]. However, this
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trend was noticeably slowed down by the outbreak of the COVID-19 pandemic [4] and the
current geopolitical situation.

1.1. Current State of PV Systems

Power from DERs is not always produced with a zero carbon footprint. Still, renewable
DERs are gaining increased popularity thanks to environmental policies and the falling cost
of solar PV technology [5]. Over the past decades, we have witnessed an increase in energy
generation from RES, and their share of world energy production reached almost 30% in
2021 [6]. These global trends are even more visible in the EU [7]. Energy consumption from
RES in the Czech Republic has grown from 10.51% in 2010 to 17.30% in 2020 [8]. Prediction
of RES growth is strongly supported by new EU targets, such as increasing the energy from
renewables by up to 40% by 2030 [9].

In 2021, 172 GWp of PV capacity was added globally, bringing the cumulative total to
939 GWp, which is equal to a 19% rise compared with the addition of the previous year,
whereas the top 10 countries installed 74% of global installations. China, the largest market,
installed a record 55 GWp (309 GWp cumulative). Analysts project increased annual global
PV installations over the next four years, with continued growth in China, the United
States, Europe, and India. In addition, approximately 250 MW of concentrated solar power
(CSP) was added in China and 110 MW in Chile in 2021. An additional 1.7 GW of CSP is
currently under construction. From 2010 to 2021, global PV capacity additions grew from
17 to 172 GW, according to the International Energy Agency (IEA) [10,11].

A large portion of DERs is represented by 1 kW–5 MW rooftop PV installations, wind
turbines, and battery storage systems. Due to the increasingly lower prices of these devices,
they are often located on the side of consumers [12–14]. According to the IEA, another
element contributing to the list of storage/consumption devices is EVs, especially in China,
Europe, and the United States [6,11]. The combination of all these DERs, storage systems,
and EVs brings the power system to the brink of slow but steady transformation [15–20].

All these technologies share the significant aspect of uncertainty in the means of power
production, consumption, and topology [21] and have a direct impact on power systems
such as through:

• high penetration of PV, which can cause overloading of the transformers or overvolt-
ages [13,22];

• asymmetry in the voltage and current flow of neutral conductors in low-voltage distri-
bution systems, which is caused by single-phase production/consumption devices;

• improper integration of EVs into distribution systems, which can result in the technol-
ogy not being reliable [15,23];

• thermal effects caused by the high current in phase or neutral conductors, which
increase losses.

1.2. Photovoltaic Hosting Capacity

The fundamental problem of DSOs is the determination of hosting capacity for indi-
vidual DER technologies as well as for their combinations [24–26]. Traditional deterministic
models are not reliable for modeling systems with a high level of unpredictability. Zain
et al. have shown that stochastic approaches combining the probabilistic definitions of
unpredictable parameters and the Monte Carlo method on unknown parameters must be
applied to these problems [26]. This approach has been widely adopted in recent years by
several research groups [15,24,27–29].

In general, HC represents an amount of DER that can be connected to any network
while technical limits, the distribution network’s operational criteria, and thermal limits
will not be violated, and the performance of the network will stay in the acceptable range.
The concept of HC was first introduced by André Even [30]. Similar to HC, the photovoltaic
HC (PVHC) defines the maximum PV penetration limit in the analyzed network [31]. This
limit is dependent on several factors, such as:

• the power of the installed PV;
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• type of network, voltage level, whether there is a 3- or 4-wire system;
• PV connection, single or three-phase;
• PV type, concentrated or distributed;
• global irradiation, wind conditions, ambient temperature variations;
• load type;
• network characteristics such as rural or urban network, line impedances, feeder

lengths, overhead power lines, or cable lines;
• BESS integration;
• transformer rating, construction, and regulation capabilities for tap changing [32].

The most common PVHC definitions based on different references are as follows [31]:

• Peak load is the ratio of the PV system’s maximum capacity to the feeder’s peak load.
It is estimated that 47% of all PVHC studies use this definition.

• TR rating represents the ratio between the sum of PV production to the TR rated
capacity [33]. This is used in around 20% PVHC studies.

• PoC ratio is defined as the ratio of PoC equipped with PV to the total number of
PoC [34]. PoC ratio is used in around 20% of PVHC studies.

• Energy ratio is the ratio between yearly energy generation by PV system to energy
consumption from all PoC [35]. It is used in around 7% of PVHC studies.

• Active power ratio is the ratio of PV power output to the active power of load at PoC.
Around 5% of PVHC studies use this definition.

• Roof space PV is the roof space of PoC with PV installation in one feeder. Around 2%
of PVHC studies use this definition.

1.2.1. Limitations of Photovoltaic Hosting Capacity

Three main factors determine the limits of the PVHC [36]:

• power quality standards;
• thermal limits of conductors and TR;
• element fault current.

Hereafter, we focus only on power quality standards and thermal limits, which are
crucial for LV networks [36]. A complex evaluation of PVHC criteria has been conducted by
The Electric Power Research Institute (EPRI) in [37,38]. Different power quality standards
of DSOs result in different values of PVHC. This is further analyzed in the Discussion
section. The common power quality limitations are now discussed.

Voltage Violations

According to [31], the PVHC in 48% of all networks is limited by voltage violations,
mostly overvoltages due to reverse power flow in the network. Several standards im-
plement different voltage limits for LV networks, e.g., EN-50160:2010, which limits the
nominal line to neutral voltage, in a 4-wire system, to 230 V ± 10% for all 10 min average
values for 95% of the time in a week. Undervoltage of −15% is permissible in exceptional
cases, such as when networks are disconnected from transmission grids and microgrids or
in the case of remote network users. In this case, the limit must be 100% of the time in a
week [39]. Several other standards are far more strict, e.g., American standard ANSI C84.1
allows a ±5% deviation from nominal voltage [40]. In the case of stochastic studies, such
as this one, the voltage limit has an acceptable violation probability of typically 5% [41,42].

Voltage Unbalance

Voltage unbalance in the LV network increases with the extent of unequal load and
generation distributed among phases. By definition, voltage unbalance, αVUF, is the ratio
of the negative sequence voltage to the positive sequence voltage. In the case of a 4-wire
network, αVUF is calculated from line to neutral voltages [43]. Voltage unbalances cause
asymmetry in phase currents and results in an increased flow of current in the neutral
conductor in 4-wire systems, which are often not designed to handle a large amount of
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current. Voltage unbalance can be increased in an LV network if single-phase distributed PV
systems are preferably connected into one specific phase. The limit for voltage unbalance is
2% according to EN-50160:2010 [39], and 3% for ANSI C84.1 [40]. In the case of stochastic
studies, voltage unbalance has an acceptable violation probability, typically 5% [41,42].

Harmonics and Supraharmonics

Modern nonlinear loads, PV inverters, or BESS inverters can represent the source of
harmonics. International standards usually deal with harmonics up to 40th order [39].
EN-50160:2010 sets the limit for voltage total harmonic distortion (THD), defined by IEEE-
519 [44], at 8%.

The newest modern inverts effectively suppress standard harmonic frequencies. How-
ever, they tend to emit at even higher frequencies, supraharmonics, up to 150 kHz [45].
Supraharmonic distortion limits have not yet been established [46]. Both harmonics and
supraharmonics present possible limitations to PVHC.

Another category of PVHC limitation factors are the thermal limits of conductors and
TR. Overall, it is estimated that ampacity is the second major factor limiting PVHC [31].
Thermal limits can be divided into:

• Thermal limit of phase conductors—increased power flow from significant PV pene-
tration results in reverse current flow in the phase conductor.

• Thermal limit of neutral conductor—this is an issue only in a 4-wire LV network with
a higher voltage unbalance. The neutral conductor is commonly designed with lower
ampacity as in phase conductors.

• Thermal limit of TR—can be violated in the case of reverse flow of power due to PC
installations, e.g., from LV network to MV network.

Increasing PV in LV networks does not always lead to increased conductor currents
and TR loading. If the PoC is capable of consuming most of the generated power, then the
opposite is true, and line and transformer losses decrease [30,47].

1.2.2. Increasing PV Hosting Capacity

Most limit violation issues occur during the summer when there is peak generation of
PV systems and where the load demand is usually the lowest (depending on the region),
causing the voltage rise from the substation as the source. On the other hand, the residential
PV systems, DERs connected to LV grids, change their operating characteristics from
volatile demand-only to volatile demand and supply. With such a PV system, the standard
load-driven voltage drop is attenuated, which leads to higher voltage values within the
grid, potentially pushing it beyond the DSO limits [48,49]. Improvement of the PHVC has
always had a regional character and, therefore, cannot be solved with a set of universal
precautions. Instead, a detailed simulation should be carried out for each case [50,51].

(a) Grid uprating
Grid uprating can effectively decrease the voltage rise in the PoC. The main drawback
of grid reinforcement is the high cost associated with this method [50].

(b) Dynamic line rating
Dynamic line rating (DLR) is represented by the reevaluation of the distribution line
ampacity, taking the actual, real-time, meteorological data throughout the year into
consideration, causing its allowable current rating to be a function of time. Therefore,
it is sometimes referred to as real-time thermal rating [52]. This solution is only
applicable to overhead power lines.

(c) Reactive power management
Reactive power control by PV is a cost-effective solution, but it has limited potential
for increasing the PVHC [53,54]. The possible mitigation of the voltage drop is lower
in electrical grids with ground cables compared to grids with OPL because of the lower
inductance per unit length values. Injecting reactive power into the grid increases the
losses. The inverters that can support the grid with reactive power are not standard for
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residential PV systems. Another aspect discussed is that the change of PF at the PoC
from 0.8 leading (generating reactive power) to 0.8 lagging (absorbing reactive power)
can increase PVHC by nearly 7 times compared with the case with a PV inverter
generating reactive power. More case studies regarding power quality improvements
can be found in [31].

(d) Active distribution transformers
The obvious choice, in this case, would be the on-load tap-changers (OLTCs) on
supply transformers, which in this configuration are sometimes referred to as active
transformers. Furthermore, modern solid-state OLTCs can operate in a range from
100 ms to seconds, which is very close to the standard BESS. The utilization of active
MV/LV transformers in LV grids with high PV penetration is still uncommon.

(e) Battery energy storage systems
BESS can be utilized to store a part of the PV-generated energy and minimize the
amount of injected active power back into the grid, thus, overcoming overvoltage
issues. This stored energy can be used later when electricity prices are high or during
emergencies. The main problem with BESS is the initial investment. The main potential
of customer-owned BESS as a distributed control strategy is in fully utilizing the active
power potential of BESS. At the same time, centralized BESS are an efficient means to
improve the PVHC in remote areas [55].

1.3. Our Contribution

A large number of studies deal with the topic of PVHC, some of which are summarized
in the Introduction. In the region of the Slovak Republic, however, stochastic methods
remain in the background. In this paper, we point out the wide possibilities of such
modeling and its benefits for the upcoming development of DERs in the region. It is
up to the DSOs to determine acceptable risks because they are the ones that ultimately
define PVHC.

This paper presents the general stochastic methodology for modeling of power system
with custom penetration of any DER. The analysis of such a model to properly determine
HC and the possible future risk of DER on the power network is presented. It is shown
that the resulting PVHC is highly dependent on permissible power quality limit violations.
The limitation of the presented methodology is only the quality of the data on which the
model is based. This approach can be applied to any level of model detail.

This paper is organized as follows. Section 2 presents a general stochastic methodology
for calculating PVHC. Section 3 describes case study model parameters and analyzed
scenarios. The presented model is based on a real rural LV network (230 V) in the Slovak
Republic. We focus on PV sources defined as small sources (SS) in the Slovak Republic,
which are only those up to kW [56]. SS are typically rooftop installations. Our approach
is based on stochastic PVHC modeling of PV and load parameters. A detailed model of a
4-wire LV network with 139 unbalanced stochastic loads was built for analysis.

Section 4 presents the results of the analysis and deals with the question of increasing
PVHC in conditions of Slovak DSOs through tap changes at DETC, and the static power
factors of PV inverters are investigated and analyzed.

2. Materials and Methods
2.1. Determining Photovoltaic Hosting Capacity

There are two concepts for the calculation of PVHC, deterministic and stochastic.
The deterministic approach can be characterized as a simple and relatively easy solution
for which there is no requirement to process a large amount of data. PVHC is primarily
represented as single values. Loads and PV sizes are deterministic, as well as their grid
connection [57]. A typical variable in deterministic calculation is the number of PoC with PV
connection. The deterministic analysis is valid only for the worst-case situation regardless
of the probability of its occurrence [42].
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Stochastic PVHC calculation considers the uncertainties of the characteristics of a
custom object and its parameters, e.g., size of loads, distribution of 3-phase load among
each phase, size of the PV system, and whether the PV system connection is single or
3-phase [42]. Using the stochastic approach, PVHC limits can also be expressed with
probabilities of violation. In an ideal calculation, PVHC should be expressed in the form of
a probability function [58] or defined together with the risk of limit violation, e.g., PVHC
30% with 1% risk of overvoltage.

Description of General PVHC Calculation Model

In this section, we describe the general concept of PVHC calculation used and devel-
oped by the authors. The PVHC calculation presented in this paper combines stochastic
principles with deterministic descriptions of the selected model parameters.

The primary model variable is a DER penetration index (DPI) for which any type
of PVHC definition can be used. Typical PVHC definitions are listed in Section 1.2. The
concept of the model is to calculate probabilistic power flow (PPF) for increasing values
of DPI. Every single PPF calculation consists of multiple model variations (VR), Figure 1.
Each model VR is generated using model probabilities (PV size, load distribution, etc.) and
the Monte Carlo method (position of PV), Figure 2. Calculation of single model VR means
conducting steady-state time-series calculation.

Figure 1. Multiple model VR for single DPI, e.g., the sum of power from PV installations.

The results of PPF from multiple VR calculations for a single DPI are network quanti-
ties, powers, voltages, and currents. These quantities are investigated at different levels of
DPI. PVHC is then calculated by comparing these network parameters and their probabili-
ties with PVHC limits.

The number of generated and calculated VR for each DPI is an essential calculation
parameter. The more VR that have been analyzed, the larger the number of possible grid
configurations examined and the more realistic the results. On the other hand, computation
with many VR is time-consuming in terms of calculation and data analysis, especially for
large networks.A sufficient number of VR represents the stabilization of defined global
network parameters, such as overvoltage probability in each incremental step. The model
developed in this study was implemented using OpenDSS software with a COM interface
and Python programming language.
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Figure 2. Multiple model VR for single DPI, e.g., the sum of power from PV installations.

2.2. Optimal Data

We distinguish two types of data required for stochastic PVHC modeling. The first is
static information about the system topology and its parameters. It is necessary to know
these data in the greatest possible detail and, in case of uncertainties, implement them
in normal distributions. Simplifications such as 1-phase calculation should be avoided.
The second category of data is time-evolving data. The optimal data for stochastic PVHC
calculation are in the form of probability density function for each time step, e.g., PoC load
shapes and meteorological data.

3. Description of Case Study

The analysis aims to determine the actual and possible future PVHC of the LV 0.4 kV
network situated in a rural area of the Slovak Republic. The model is built on real topology,
grid parameters, PoC characteristics, and meteorological data measured at the location of
the network and small source PV probability distribution characteristics provided by DSO.

The main characteristics of the model are:

• steady state time-series calculations are made for one year at 1-h time steps;
• the LV network has static topology and is connected to a 22 kV MV system through

two winding 22/0.4 kV 250 kVA DETC power transformers;
• the model is built and calculated as a typical 4-wire LV European system with 3-phase

conductors and one neutral conductor;
• the model consists of 139 PoC separated into eight categories by their tariff, where

each category is defined by a different yearly load shape;
• the model combines probabilistic and deterministic parameters described in detail in

the following section.

3.1. Analyzed Scenarios

The following scenarios of PVHC were performed on the presented LV network:

V0 basic state of the model;
V1 influence of different PV power factors on PVHC;
V2 influence of tap change on DETC power factor on PVHC;
V3 influence of BESS parallel to PV on PVHC.

3.2. Model Topology and Electrical Parameters

The analyzed network is a three-phase 4-wire radial 0.4 kV system. The topology
of the LV network is shown in Figure 3. The grid consists of 163 overhead power lines
with two additional cable lines (RETILENS 3 × 150 + RETILENS 1 × 70), Figure 3. The line
parameters are shown in Table 1. The length of the lines varies from 0.01 to 0.14 km. The
neutral conductor was grounded by 2 Ω grounding resistance at:
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• every bus between two lines of the primary feeder, with connection details shown in
Figure 3;

• the output terminal of the unbalanced load;
• grounding of the LV side of the power transformer.

Figure 3. Topology of the analyzed LV network.

The LV network is connected to a 22 kV MV system through a 22/0.4 kV DETC power
transformer. The tap changer is connected to the primary winding and has a regulation
capacity of ±5% with a 2.5% step size. The default tap position in scenario V0 is −5%.
This is the typical tap position used in LV networks to avoid undervoltage at the end of
long feeders.

Table 1. Electrical parameters of used conductors.

Conductor No. Phases R [Ω/km] X [Ω/km] B [mS/km] Imax [A]

50 AlFe 6 1 0.774 0.403 2.980 200
35 AlFe 1 0.980 0.411 2.921 153

RETILENS 3 × 150 3 0.206 0.079 - 250
RETILENS 1 × 70 1 0.443 0.082 - 170

AlFe 16/2 1 1.879 0.312 - 67
25 AlFe 1 1.531 0.425 2.816 122
70 AlFe 1 0.506 0.272 - 241
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3.3. Loads and Load Shape Curves

The network consists of 139 PoC categorized into eight different groups based on their
tariff. Each category has its own yearly p.u. active power load shape curve, Figure 4.

Figure 4. Yearly load shape curves used in the model.

The load shape curves are the result of IMS analyses of over 1000 individual PoC load
curves. Using active power load shape curves and yearly power consumption, which is
also a known parameter for each PoC, the maximum value of three-phase load Pmax3p is
calculated. Pmax3p is then randomly divided among individual phases at a ratio of 2:3:5.
This distribution was determined from the results of voltage unbalance measurements
at PoC and transformer buses provided by DSO. The power factor for each phase is an
unknown parameter. Random lagging PF is assigned to each single-phase load in a range
of 0.9–1.

3.4. PV System

The OpenDSS element of the PV system was used in the simulation [59]. PV is
represented by solar panels and inverters. The power output of solar panels is a result of
global solar irradiation Iglobal , wind speed w, and ambient temperature Ta. The generic
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efficiency factor of solar panels as a function of panel temperature and the generic efficiency
of the power inverter as a function of its input were used, Figure 5.

Figure 5. PV system efficiency characteristics.

Meteorological data are from real measurements at the network location, Figure 6. The
maximum measured irradiation was 906 W/m2. The calculated yearly production from
1 kWp of installed PV is 1080 kWh.

Figure 6. Meteorological data.

The probabilistic parameters of PV are

• topological position (parallel connection to specific PoC), which is randomly selected
in every VR;

• installed power of PV system and type (single or 3-phase), which are selected according
to discreet probabilities, Figure 7;

• installed PV systems range from 0.2 up to 10 kW per single PoC, with only one PV per
PoC possible in the model;

• PF of an inverter is a constant, 1, for the basic state scenario V0;
• in the case of a single-phase PV, a random phase is selected for the connection.
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Figure 7. PV parameter probabilities.

3.5. PVHC Limitations

The power quality limits of PVHC in our study are based on EN-50160:2010, which
limits the nominal line to neutral voltage Un in a 4-wire system to:

• 230 V ± 10% for all 10 min average values for 95% of the time in a week;
• 230 V + 10%–15% for all 10 min average values.

In most of the studies, the 5% probability of exceeding the limit values is the benchmark
and standard [42] from which we deviated in the first step. There is currently no consensus
on the permissible risk, and it is up to DSO to define it. From the point of view of the safety
and functionality of the devices, overvoltage conditions are much riskier than undervoltage
conditions. That is why we used a much more conservative approach regarding the
standard risk of overvoltage, with only 1% tolerance for overvoltage. The following
voltage limitations were used for analysis:

• max. U (phase-neutral) 253 V, with an acceptable 1% violation probability

P(UL−neutral > 1.1Un) ≤ 0.01 (1)

• min. U (phase-neutral)

– 207 V, with an acceptable 5% violation probability

P(UL−neutral < 0.9Un) ≤ 0.05 (2)

– 195.5 V, with acceptable 0% violation probability

P(UL−neutral < 0.85Un) ≤ 0 (3)

• max. voltage unbalance αVUF 2%, with acceptable 5% violation probability

P(αVUF > 2%) ≤ 0.05 (4)

In addition, PVHC with 5% violation probability for all limitations was calculated to
allow a comparison of the results with those of other studies.

Thermal limits of conductors and TR were also considered in the analysis. However,
their values are strictly deterministic and have no violation of line ratings, Table 1, and the
TR power limit (250 kVA) is permissible.

Limitations due to harmonics are not included in this proposed study due to the lack
of information.

3.6. HC Definition and Calculation

In our study, DPI is defined as an energy ratio. DPI represents the total ratio of LV
network production from PV, AG, to consumption in PoC AC. In all simulations, DPI varies
from 0 to 0.5 in steps of 0.1.

DPI =
AG
AC

(5)
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From the PPF results of each DPI, a cumulative distribution function (CDF) that defines
the risk of voltage violation is constructed. PVHC is then calculated by comparing CDF
with the limitation of PVHC.

4. Results
4.1. Scenario V0

Characteristics of scenario V0 that represents the LV network in its basic state are:

• static tap −5% on 22/0.4 kV DETC power transformer;
• PF of PV systems equals 1;
• DPI varies from 0 to 0.5 in steps of 0.1.

Figure 8 shows the histograms of voltage relative frequency in a year for different DPI.
Each histogram is a result of a single PPF calculation consisting of 100 model VR.

Figure 8. Histograms of voltage relative frequency in a year for different DPI.

Changes in overvoltage probability (COP) for different VR were used as a global
stabilization parameter. The COP calculated for DPI 0.5 is stable (absolute change between
interactions was less than 0.1%) for VR larger than 60. Total COP between 60 and 100 VR is
less than 0.1%.

The results in Figure 9 are shown as:

(a) A box plot of voltage distribution for increasing DPI. In the case with no PV in
the system, all values are within the voltage limit range. Increasing DPI does not
cause undervoltages.

(b) CDF calculated for overvoltage in the network. PVHC defined by 1% probability
of overvoltage is 13.6%. This is equal to the sum of 79.9 kW installed PV systems
in the network. Continuous CDF was calculated from discreet data using a second-
degree polynomial fit. In all CDF calculations, the residual sum of squares (RSS) is
below 0.002.

(c) A box plot of yearly losses, lines, and TR for increasing DPI. An average decrease of
15.6% in losses was calculated for DPI 0.3. Losses as a function of DPI form a typical
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bathtub curve. If PV represents up to 30% of consumed energy, a positive effect in
lowering power losses is observed.

(d) Power flow and relative frequency through the transformer. Increasing PV penetration
causes significant reverse power flow. However, the TR power limit was not violated
even for high DPI.

Figure 9. Results of V0 scenario analysis (a) box plot of voltage distribution, (b) DF of overvoltage,
(c) box plot of calculated looses distribution, (d) heat map of power flow through TR 22/04 power TR.

Figure 10 shows a box plot of calculated voltage unbalance αVUF. Increasing DPI
does not significantly influence αVUF. This is due to the model’s equal distribution of
single-phase PV systems. The 2% limit was violated in every case, but this is a result of
load distribution. The probability of limit violation was below 0.1%, and increasing DPI
even lowers the probability.

Figure 10. Results of voltage unbalance for V0 scenario.

From the results, we can state that the biggest problem in this particular network is
overvoltage. All other quantities did not reach their limits. Although there has been a
significant increase in currents, the values are still below the maximum current carrying
capacity of the lines.

4.2. Scenario V1

Characteristics of scenario V1 of the LV network are:

• static tap –5% on 22/0.4 kV DETC power transformer;
• PF of PV systems varies from 1 to 0.85 (absorbing reactive power);
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• DPI varies from 0 to 0.5 in steps of 0.1.

From the results, we can state that the biggest problem in scenario V1 is overvoltage,
Figure 11. The lower voltage limit was not exceeded in any calculation. Similarly, as
in the V0 scenario, increased DPI does not significantly influence αVUF. The probability
of limit violation was below 0.1%. The currents in lines and TR loading did not reach
their limitations.

Figure 11. CDF calculated for overvoltage in the network for V1 scenario.

In our study, PF helps to increase PVHC (Table 2), significantly. The price for this
increase is a decrease in PV efficiency and increased losses, Figure 12. Compared with V0
at DPI, 0.3 power losses decreased on average by 9.04% for PF 0.95 instead of 15.6%. For PF
0.80, there was an even increase in losses, by 1.9% on average.

Figure 12. Total power losses for PV PF 0.95 (left) and 0.80 (right).

Table 2. PVHC results for different reactive power absorbing PF of PV systems.

PF PVHC [%]
PV Power
Equivalent

[kW]

Improvement
over V0 [%] Limitation

1 13.6 79.9 - overvoltage
0.95 21.4 127.7 57.35 overvoltage
0.9 26.4 155 94.12 overvoltage

0.85 33.3 195.7 144.85 overvoltage
0.8 43.2 253.4 217.65 overvoltage

4.3. Scenario V2

Characteristics of scenario V2 of the LV network are:

• tap changes from −5% −0% with 2.5% step on 22/0.4 kV DETC power transformer;
• PF of PV systems equals 1;
• DPI varies from 0 to 0.5 in steps of 0.1.

From the results, we can state that the limitations in scenario V2 are overvoltage,
Figure 13, and undervoltage below 0.85 Un, Table 3. The problem with DETC TR is that its
tap cannot be changed if energized. This results in a static tap position most of the year.
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Figure 13. CDF calculated for overvoltage in the network for V2 scenario.

Undervoltages below 0.85 Un occurred for tap 0% even without any PV integration,
Figure 14. This leaves only the possibility of using tap −2.5% for increasing PVHC to 31.5%,
Table 3. In this tap position, there are significant undervoltages below 1.1 Un. However,
their probability was lower than 0.01%.

Figure 14. Box plot of voltage distribution for increasing DPI for two different tap positions of
DETC TR.

Table 3. PVHC results for different DETC tap position of MV/LV TR.

Tap PVHC [%]
PV Power
Equivalent

[kW]

Improvement
over V0 [%] Limitation

−5% 13.6 79.9 - overvoltage
−2.5% 31.5 185.1 131.62 overvoltage

0% 0 0 - undervoltages
below 0.85Un

Similarly, as in the V0 scenario, increasing the DPI does not significantly influence
αVUF. The probability of limit violation was below 0.1%. Currents in lines and TR loading
did not reach their limits. The tap position had negligible influence on the total power loss
compared with the V0 scenario. The reduction in power losses remains at 15.5% on average
for DPI 0.3.

5. Discussion

Here, we discuss the results using the PVHC limitations, provide recommendations for
DSO, and present possible improvements in the PVHC calculation derived from analyses.

To summarize, in our study, the only limitations of the analyzed system are voltage
violations. We used typical voltage limitations as defined by EN-50160:2010, which limits
the nominal line to neutral voltage Un, in a 4-wire system, to 230 V ± 10%. In addition,
we implemented the probability of permissible voltage violation of these limits (1% for
overvoltage and 5% for undervoltage).

The probability limitations chosen for analysis are significantly more conservative
than the commonly used limit. In the criteria of all examined studies, the permissible
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violation probability was 5% or more [41,42,60,61]. As can be seen from the results of the
comparison, Table 4, the calculated PVHC values are significantly different if a permissible
violation probability of only 5% is used.

The use of 1% probability for overvoltage is based on EN-50160:2010, which limits the
nominal line to neutral voltage Un in a 4-wire system to:

• 230 V ± 10% for all 10 min average values for 95% of the time in a week;
• 230 V + 10%–15% for all 10 min average values.

Currently, a consensus on the acceptable risk is needed, and it is up to DSO to define
this. From the point of the safety and functionality of devices, overvoltage conditions are
much riskier than undervoltage conditions. This is why we used a much more conservative
approach to the standard risk of overvoltage, with only 1% tolerance for overvoltages.

Table 4. Differences in PVHC results due to different limit definitions.

PF PVHC [%]
P(UL−neutral > 1.1Un) ≤ 0.01 P(UL−neutral > 1.1Un) ≤ 0.05

1 13.6 24.4
0.95 21.4 37.5
0.9 26.4 47.2
0.85 33.3 60
0.8 43.2 82.2

tap

−5% 13.6 24.4
−2.5% 31.5 50.6

0% 0 0

Comparison of the Results

Regarding the current state of art, many studies have already been carried out for
the determination of PVHC. Probably the most extensive comparison of PVHC can be
found in [31,42,62]. The PVHC can vary drastically from almost 0% up to several hundred,
e.g., 30% PVHC was calculated for a typical United Kingdom urban medium voltage
distribution network in [57] and 100% PVHC for an MV network in the United States (only
2.5 kW PV per PoC was considered) [63]. In another study conducted in 2020 in a suburban
area of Finland, 233.5% PVHC was estimated [64]. These extensive reviews concluded that
PVHC is extremely variable and depends not only on the aforementioned factors but also
on the definitions and limiting factors. Comparing the results of other studies with ours is
problematic due to this large variance, which is due to the large number of variables that
are often specific to individual studies, such as:

• characteristics of the network, whether urban, rural, or industrial;
• impedances of lines typical of a specific region;
• grounding resistance of the neutral conductor;
• customs in TR ratings;
• type of lines, whether cable, overhead, or hybrid lines;
• latitude;
• estimation value, percentage, or kWp of installed power;
• definition of PVHC;
• probability limits in the case of stochastic studies;
• real synthetic typified networks;
• voltage level.

Because of this, there are very few studies with which we can compare our results. We
present the following as relevant examples:

• A study in 2007 [57] in which 30% PVHC was calculated, with voltage limitation, in
an LV of a United Kingdom network.
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• A study in 2010 [65] performed on a rural European network, with a calculated
maximum installed power of 3.5 kWp per PoC. Overvoltages were also the PVHC
limitation identified in this study. Our results, for 5% tolerance, allow connecting
1.2 kWp per PoC on average.

• A study in 2016 [66] performed on a rural system with rooftop PV installations with a
calculation of 13% PVHC, with overvoltages estimated as the limitation source.

• A study in 2016 [67] performed on an LV network in Denmark with estimation of
40% PVHC.

• A stochastic study in 2019 [68] performed on an IEEE 123-bus system with rooftop
PV installations with a calculation of 16.48% PVHC with PV inverter PF 1 and 5%
tolerance for overvoltage. By changing PF to 0.895, the PVHC was increased up
to 32.3%.

As can be seen from these examples, the estimated PVHC values vary dramatically.
We found that stochastic studies with highly specific and realistic input values for particular
regions, such as the typical Slovak Republic, are rare.

6. Conclusions

In our research, we focused on the calculation of PVHC in conditions corresponding to
rural areas of the Slovak Republic. This included the real topology and parameters of electri-
cal devices. It was confirmed that the main problem in the analyzed network is overvoltage.
The PVHC in the basic model, with conservative limitations of 1% overvoltage tolerance,
was estimated to be 13.6%. This means that DSO can allow the installation of 79.9 kW of
small PV systems (maximum size of 10 kW for a single installation). Implementing this
size of distributed PV will reduce losses (lines and TR) by 8.2% on average. An additional
increase in PV systems would violate the overvoltage conditions. We then analyzed the
possibilities for mitigating overvoltages and increasing PVHC in the studied system. In this
case, a simple solution to increase PVHC would be to implement a mandatory condition
for the PF of PV to be 0.95% lagging (absorbing reactive power). This would increase
PVHC up to 21.4%. As a result, losses would be reduced by approximately 10% on average.
With a further decrease in PF, the DSO may encounter customer hesitation. Table 2 shows
PVHC results for other PF. It is also important to mention that DSO often does not have
control over the PF inverters, and in the current legislative setting, it cannot even order
small customers to change the PF. Another possible solution identified from the analysis
to increase PVHC is tap control of MV/LV transformers. It was shown that a change in
the tap position of 22/04 TR is the simplest solution to increase the PVHC of the network.
In our study, we estimated that changing a single tap from −5% to −2.5% will increase
PVHC to 31.5% and reduce losses (lines and TR) by 15.5% on average. The downside of this
solution is an increase in undervoltages, mostly at the end of the feeders. However, their
probability is well below 0.1%. Further tap increase will cause permanent undervoltages
lower than 0.85 Un, and this is not allowed by DSO. In all cases, increasing PV penetration
does not significantly influence voltage to unbalance αVUF in the analyzed system. Due
to the randomness of single-phase PV placement in the system, increasing the distributed
energy resources penetration index resulted in a lower αVUF. The probability of limit
violation was below 0.1% for all cases and models. All other quantities did not reach their
limits. Although there has been a significant increase in current, the values are still below
the maximum current carrying capacity of the lines. Our model can be characterized as a
hybrid model because it includes deterministic and probabilistic parameters. A summary
of these can be found in Table 5.
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Table 5. Summary of model parameters and their characteristics.

Probabilistic Parameters Deterministic Parameters

size of PV size of load
type of PV (single-phase or 3-phase) load shapes of power consumption

phase selection for single-phase PV connection meteorological parameters
topological position of PV (Monte Carlo) loads topological position

distribution of 3-phase load among phases -
PF of each single-phase load -

To improve the informative value of the model, it would be necessary to:

• include all deterministic parameters as probabilities defined by mean value and
standard deviation for specific time step;

• use a smaller time step in the simulation, e.g., 10 min;
• increase the number of VR per PPF, which would result in finding only the possible

extremes in voltage deviation.

A current limitation results from our available computational ability and code effec-
tiveness. Implementation of parallel processing would resolve this issue in future research.
Thus, in our future research in this field, we will aim to:

• improve the stochastic model;
• implement decentralized and centralized BESS systems;
• implement other DERs, such as EVs, into the model;
• conduct harmonics analyses.
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Abbreviations
The following abbreviations are used in this manuscript:

DER distributed energy resource
RES renewable energy sources
PV photovoltaic
WT wind turbine
EV electric vehicle
CSP concentrated solar power
HC hosting capacity
PVHC photovoltaic hosting capacity
SS small source
BESS battery energy storage systems
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OLTC on-load tap changer
DETC deenergized tap changer
TR transformer
LV low-voltage network
MV medium voltage network
PoC point of consumption
DSO distribution system operator
PPF probabilistic power flow
DPI distributed energy resources penetration index
VR model variation
IMS intelligent metering system
CDF cumulative distribution function
RSS residual sum of squares
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