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Abstract

Currently, the majority of the available test feeder models are based on the North American type of distribution systems, leaving
an absence of representative feeder models for the European (and Dutch) types of distribution systems. Therefore, a standardized
set of power flow models for typical Dutch LV distribution networks is developed using real networks and operational data
provided by a Dutch DSO. These network models are used to assess if typical Dutch LV distribution networks are ready to
operate with large penetration of low-carbon energy technologies (e.g. PV systems, electric heat pumps, EVs). According to
the obtained results, simulations of all the modelled networks showed the same behaviour for the power flow at the head of the
distribution system and the voltage magnitude level. The changes in voltage magnitude however is dependent on the size of the
network, resulting in larger changes in the larger networks. While the voltage magnitude level of the smaller networks stays
within the ± 10% range, the larger networks encounter voltage magnitude violations. Thus, it can be concluded that the larger
networks are not ready (under the current conditions) for large penetrations of low-carbon energy technologies, while the smaller
networks appear to be ready.

1 Introduction

The energy system is currently in a transition from fossil fuel
based energy towards a sustainable energy supply. The Cli-
mate Agreement, drafted by the Dutch government together
with NGOs and key companies in the electricity, industry, built
environment, traffic and transport, and agricultural sectors, sets
a target to decrease the CO2 emissions to 49% in 2030 and
95% by 2050, compared to the emissions from 1990 [1]. For
the electricity sector, the objective is to scale up the electricity
production from renewable sources to 70% of the total gen-
eration in 2030. The Dutch government has elaborated on the
order of preference for the generation of solar energy, where
the first preference is given to solar PV on roofs and facades
[1]. The energy transition leads to the increased introduction of
low-carbon technologies as solar PV, electrical vehicles (EVs)
and electric heat pumps (HPs) for domestic heating in the
Dutch distribution networks at the low voltage (LV) level. The
implementation of these technologies and the increasing pene-
tration levels, might in the (near) future lead to several technical
challenges for the distribution system operators (DSOs) in the
Netherlands. To solve such arising technical problems, new
control strategies will be required to be developed [2].

The majority of the available test feeder models are based on

the North American type of distribution systems, which results
in an absence of representative feeder models for the Euro-
pean (and Dutch) type of distribution systems [3]. Therefore
a standardized set of power flow models for typical Dutch
LV distribution networks is needed, allowing researchers and
DSOs to simulate future scenarios in realistic network models.

This paper will elaborate on the development of the network
models, the different types of load data and the power flow
simulations. The methodology used in the development of the
network models, the load profiles and the power flow simu-
lations and analysis will be described. These network models
are then used to assess if typical Dutch LV distribution net-
works are ready to operate with large penetration of low-carbon
energy technologies. The selected tool for the power flow
simulations is OpenDSS, which is one of the most common
open-source power flow simulators, developed by the EPRI in
the USA. OpenDSS has a Component Object Model (COM)
interface, making it possible to drive OpenDSS using Python
to use the features of OpenDSS to perform new types of study
cases [4]. OpenDSS does not automatically represent the Euro-
pean and Dutch type of distribution systems, consisting of
3 phase wires and a neutral wire, since the neutral wire is
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not directly represented in standard OpenDSS models. There-
fore, the neutral representation is explicitly implemented in the
developed network models. Hereafter the outcome of the study
and the results of the power flow simulations will be discussed.

2 Methodology

2.1 Network models

There are several ways to develop network models for distri-
bution systems, one of the most typical ways is a method that
clusters several actual networks to represent them in a synthetic
network model [3]. This approach is used in the study, pre-
sented in [5]. As shown in [5], 94 generic feeders are obtained
from clustering more than 150,000 networks models of a Dutch
DSO based on main network parameters, such as cable lengths,
impedances, the number and depth of the branches and the
number and type of consumers connected to the network [5].
From the total of these 94 clustered networks, two of the largest
networks and two of the most common networks are used to
develop the network models. Table 1 shows the characteristics
of the used generic feeders.

Table 1 Overview of the used clustered generic feeders [5]

Network
Number

No.
Branches

No. Residential
Connections

Occurance
rate [%]

34 6 74 0.3
41 9 87 0.4
93 2 24 4.5
94 1 18 6.4

From these clustered networks, Network 34 is expected to be
the most affected among the selected networks by the imple-
mentation of additional PV, EV and HP load in the network.
The two most common networks are relatively small and there-
fore strong networks and the cable lengths in Network 41 are
significantly shorter than those in Network 34. Therefore, and
for simplicity, only Network 34 will be fully elaborated in this
paper. Network 34 consists of 82 network nodes which connect
74 residential consumers, this adds up to a total of 156 nodes
in the network divided over 6 branches. A possible topology of
Network 34 in a Dutch neighbourhood can be seen in Fig. 1,
where it should be noted that some cable lengths are adjusted
in the figure to match the underlying topology better.

2.2 Neutral representation

In OpenDSS, a circuit element can be connected with the
default connection, without the specification of the node-to-
conductor connections. In this default connection, a normal
phase sequence is assumed where the phase of the terminal will
be connected to the corresponding node of the bus. The neu-
tral in this default connection is connected to ground, which is
denoted by Node 0 [4]. When a reduced 3-wire system is used
for a 3 phase system, it is assumed that the neutral is grounded
at every node. This is however not representative for European

(and Dutch) LV distribution systems, which are more repre-
sented by the so called TT grounding system, which can be
seen in Fig. 2. In this TT grounding system, the neutral wire
will be grounded at the transformer and the neutrals of the con-
nected households will not directly be connected to the ground
[6]. To include this representative system in the network mod-
els, when the MV/LV transformer is not explicitly modelled,
the neutral will be connected to ground on the source bus, bus 0.
All other busses in the network will be connected to this neutral
grounding through the 4th conductor in the line, as indicated in
Fig. 2.

2.3 Load profiles

2.3.1 Consumer load profiles: The profiles for the consumers
in the networks are based on anonymized smart meter data
obtained from a Dutch DSO. The data set contained the load
data of 72 consumers with a mean annual energy consump-
tion of 3465.698 [kWh]. Using the Python environment new
variables were generated for every consumer in the network
containing the load information for the given 15 minute time
interval for 1 year, leading to 35040 data points. When the
intended network model contains more than 72 connected con-
sumers, the load data is assigned in a loop, where the load
data is assigned to the next connected consumer starting again
from the first load profile. It can therefore happen that multiple

Fig. 1. A possible topology of Network 34.

Fig. 2 TT grounding scheme used in the Netherlands in which
the neutral wire is grounded at the transformer [6].
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consumers will have the same load profile, depending on the
number of consumers connected to the corresponding network.

2.3.2 Solar PV profiles: The profiles for the consumers in the
networks are based on an annual solar irradiance data set from
the Royal Dutch Meteorological Institute (KNMI) which con-
tains the solar irradiance G [W/m2] in 15 minute intervals.
Using Equation 1, the solar irradiance data is converted into
the output power of the PV arrays of the consumers PPV [kW]
based on the rated power of the PV array YPV [kWp], the irra-
diance at standard test conditionsGSTC = 1000 [W/m2] and the
photovoltaic derating factor fPV [7].

PPV = YPV × fPV × (
G

GSTC

) (1)

The photovoltaic derating factor fPV is a scaling factor for
the power output of the PV array to account for the operating
conditions that are not included in the standard test condi-
tions under which the PV module was rated, such as inverter
and wiring losses, module mismatch, system downtime and
weather conditions as high dust concentration [7][8]. The der-
ating factor in this research is assumed to be 0.77, to account
for the lowest possible mean efficiency [8]. Since the tempera-
ture data corresponding to the irradiance data is not derivable,
the effect of temperature of the PV system is not included in
the simulation. The rated power of the PV array YPV for every
consumer was scaled based on their annual power consump-
tion and rounded based on the rated power of the average PV
module which is assumed to be 300 Wp.

2.3.3 EV load profiles: The profiles for the EV charging
demand for the consumers in the networks are based on an
open source data set from E-laad containing random transac-
tions from public charging stations [9]. Not all the data in this
data set was usable to create a load profile for private charging
cycles. Therefore, the data in this data set was filtered to extract
the useful charging profiles. The remaining 171 charging pro-
files were converted into 24 or 48 hour (when the EV is charged
during the evening and night) profiles which were used to cre-
ate annual profiles for all the consumers. The 24 and 48 hour
profiles were appended to the data set for each consumer in a
random order until a data set for 1 full year is created, ensuring
that all consumers have a different annual profile.

2.3.4 Heat pump profiles: The profiles for the electric heat
pumps are based on anonymized smart meter gas usage data
obtained from a Dutch DSO. From the total data, 54 usable
consumer profiles are used. Since the gas demand is measured
on an hourly basis, it is converted into 4 equal 15 minute inter-
vals. The total gas demand does not only cover the domestic
heating demand, but also the gas that is used to heat tap water.
It is assumed that 70% of the total gas demand is used for
the domestic heating [10]. Based on the heating value of nat-
ural gas, H = 31.56 [MJ/m3][11] (where 1[MJ] = 1/3.6 [kWh]
= 4/3.6 [kW] for 15 minute intervals), the gas demand Vgas
[m3] is converted into a heat demand expressed in kW. The

efficiency rates for boilers ηboiler and the coefficient of perfor-
mance (COPHP) of the heat pumps will convert the heat demand
in the actual electricity demand for heating using a heat pump
installation PHP [kW] using Equation 2 [12]. The efficiency
of the boilers is assumed to be 90% and the COP of the heat
pumps is assumed to be 3.

PHP =
Q

COPHP

=
Vgas ×H × 4

3.6
× ηboiler

COPHP

(2)

2.4 Power flow simulations and analysis

OpenDSS uses a iterative power flow solution method, where
the nonlinear element for the loads an are treated as injection
sources [3]. Using the OpenDSS engine in Python, the gener-
ated network and load profile files are used to perform a power
flow calculation for 1 year with 15 minute intervals in 4 cases:

• Case I: Only the consumer load profiles
• Case II: The consumer load profiles + PV production
• Case III: The consumer load profiles + PV production + EV

charging
• Case IV: The consumer load profiles + PV production + EV

charging + Heat pump demand

The analysis of the power flow simulations focuses on the volt-
age level of the bus which is furthest away from the source bus,
since this bus has the highest potential to have voltage prob-
lems. For Network 34 this study will therefore focus on the
connected phase voltage of bus 147, since this phase is where
the load is connected.

The analysis on the power flow focuses on the apparent power
flowing through line 1 and line 14 of Network 34. Line 1 is
connecting the network to the source bus, which represents the
connection to the transformer. This connection is expected to
have the largest power flow and therefore the highest poten-
tial to congestion problems. Line 14 is connecting the branch
of the bus which is furthest away from the source bus to the
network. Since this branch has a high potential to encounter
voltage problems, possible congestion problems due to large
power flows are reviewed.

3 Results

3.1 Voltage magnitude level

The power flow simulations show that there is a significant dif-
ference between the simulations with and without an explicit
neutral representation. The voltage magnitude in the network
without the explicit neutral representation differs more in con-
trast to the voltage magnitude with a neutral representation,
which resembles the European and Dutch network better. The
difference between the different representations is depicted in
Fig. 3 a and b, where the cumulative distribution function
(CDF) for the phase voltage at bus 147, without and with
neutral representation respectively, is plotted for the different
implemented loads in the network. It can be seen that the over-
all effect of the implementation of the different loads is the
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same for both with and without the explicit neutral represen-
tation. However, the voltage magnitude will reach significantly
lower voltage levels without the explicit neutral representation
compared to the simulation with the explicit neutral represen-
tation. For both the situations with and without the explicit
neutral representation, no voltage magnitude violations occur
in Case I and Case II. This is also the case for the situation
with the neutral representation in Case III. For the same Case
without the explicit neutral representation the lower voltage
magnitude limit of -10% is violated in 0.58% of the time steps
which is equal to 51 hours on a whole year. In Case IV, with the
neutral representation, the lower voltage limit of -10% is vio-
lated in 0.02% of the time steps which is equal to 2 hours on
a whole year. For the situation without neutral representation
this value is equal to 1.27% which is equal to 112 hours on a
whole year.

3.2 Power flow

Fig. 4 a shows the CDF diagrams of the total apparent power
flow on line 1 for the different implemented loads in the net-
work. As opposed to the voltage level, there is no significant
difference between the simulations with and without an explicit
neutral representation. The same holds for the power flow on
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Fig. 3 CDF diagrams on the impact of different loads on phase
voltage at bus 147 of Network 34 for an annual power flow
simulation, (a) without neutral representation (b) with neutral
representation.

line 14, which is presented in Fig. 4 b. It can however be seen
that the amount of power on both line 1 and line 14 increases
with the implementation of PV production, EV charging and
electrical heat pumps in the network, as it was expected. It can
be seen that the power flow on both the lines will increase to
around 6 times the maximum value of only the initial load.
Assuming a distribution transformer with a nominal capacity
of 250 kVA, this would mean that the size of the transformer
would have to be increased at least 3 times for normal operation
in Case IV.

3.3 Network analysis

The power flow simulations of all the modelled networks show
the same behaviour for both the power flow and the voltage
level. The magnitude of the changes in power flow are scaled
the same for each of the network models. Regarding the power
flow, there is also no significant difference between the simu-
lations with or without the explicit neutral representation. The
magnitude of the changes in voltage however are quite depen-
dent on the size of the network and the length of the cables of
the network, resulting in larger voltage magnitude changes in
the larger networks as opposed to the smaller networks. Table 2
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Fig. 4 CDF diagrams on the impact of different loads on
the total apparent power flow on line 1 and 14 of Network
34 for an annual power flow simulation, (a) without neutral
representation (b) with neutral representation.

4



CIRED 2021 Conference Geneva, 20– 23 September 2021

Paper XXXX

shows the minimum and maximum phase voltages at the loca-
tion of the bus which is the furthest away from the source bus in
the feeder, in both the situation with and without the modelled
explicit neutral. The minimum values of the voltage magnitude
are obtained from the simulations of Case IV. The maximum
values of the voltage magnitude are obtained from the simu-
lations of Case II or Case III. Regarding the voltage level, in
contrast to the power flow, a significant difference was shown
between the simulations with and without explicit neutral rep-
resentation. It can be seen that the for network 93 and 94, the
minimum and maximum voltage magnitude, with and without
neutral representation, will not result in a violation of the ±
10% voltage range. This indicates that these networks are ready
to operate with high penetration of low-carbon energy tech-
nologies. For the bigger networks, network 34 and 41, it can
be seen that the minimum voltage magnitude will violate the -
10% voltage range in around 0.02% of the time. This indicates
that these networks are currently not ready to operate with such
high penetration of low-carbon energy technologies.

Table 2 Minimum and maximum voltage at the end of the feeder

Network Without explicit neutral With explicit neutral
Number Min Max Min Max

34 0.829 1.048 0.888 1.044
41 0.880 1.037 0.917 1.033
93 0.946 1.015 0.967 1.011
94 0.973 1.009 0.982 1.003

4 Conclusion

We developed a standardized set of power flow models for typ-
ical Dutch LV distribution networks that can serve as a basis
for future scenario simulation studies using realistic network
models and context data. The data set is based on four LV
grid topologies commonly found in the Dutch electricity grid
augmented with realistic patterns of power exchanged with the
grid in a realistic future scenario. According to the obtained
results, simulations of all the modelled networks showed the
same behaviour for the power flow at the head of the dis-
tribution system and the voltage level. The magnitude of the
changes in voltage however is dependent on the size of the net-
work, resulting in larger voltage changes in the larger networks.
Additionally, while the voltage level of the smaller networks
stays within the ± 10% range, the bigger networks encounter
moments in 0.02% of the time, where voltage magnitude viola-
tion exists. Thus, it can be concluded that the bigger networks
are not ready (under the current conditions) for such large pen-
etrations of low-carbon energy technologies, while the smaller
networks appear to be ready.

Regarding the neutral representation, it can be stated that the
models with an explicit neutral representation lead to a better
resemblance of the European and Dutch networks. The magni-
tude of the changes in power flow is scaled the same for each of

the network models and show no significant difference between
the simulations with or without the explicit neutral representa-
tion. The voltage magnitude however, will reach significantly
lower levels without the explicit neutral representation com-
pared to the simulation with the explicit neutral representation.
It can therefore be concluded that for studies related to voltage
problems, it proves to be beneficial to model the network with
an explicit neutral representation since it will lead to a better
resemblance of the voltage behavior in a European network.
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