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Abstract

The Netherlands is committed to reducing carbon emissions in all sectors. This will cause the electricity
production to be dominated by wind and solar power, and sectors such as mobility and industry will be
heavily electrified. This poses significant challenges for the electricity grid. In addition, the government
plans to phase out the use of natural gas in buildings by 2050. Local governments are now choosing
alternative heating sources for specific neighbourhoods, and heat pumps are one of the options. As
these use electricity for heating, it is important to consider their impact on the grid.

Therefore, this thesis analyses the impact of different types of heat pumps on a real Dutch low-voltage
grid, focussing on transformer overload and voltage limit problems. A simulation model based on
Powerfactory and Python is built, where different types of heat pumps are considered, including air- and
ground-source heat pumps, as well as electric-resistive and natural gas hybrid heat pumps. Different
control methods are also considered. In addition to heat pumps, public and private electric vehicle
chargers and photovoltaic systems are also included in the model. Additionally, the effects of dynamic
energy prices and domestic hot water production are investigated. The simulation is performed on an
hourly basis using real data from the two coldest weeks of the winter of 2021.

The results show that air-source heat pumps have a significantly higher impact on transformer overload
and voltage limit violations than ground-source heat pumps, and modulating heat pumps have a slightly
lower impact on the grid than on-off controlled heat pumps. Gas-hybrid heat pumps are found to cause
almost no grid problems on the low-voltage grid studied and have a significantly lower impact than the
all-electric air-source heat pump. The presence of an electric-resistive backup heater in the heat pump
significantly increases transformer overload and voltage limit problems. Scenarios for 2030 and 2050
show that problems are unlikely to occur in 2030, but the current grid will not be sufficient in 2050 if
air-source heat pumps dominate the grid. More research is needed to determine whether the current
grid is sufficient when ground-source heat pumps are dominant.

It was also found that dynamic energy prices will not be a problem for the grid at current rates of
heat pump and home charging for electric vehicles. However, if every household has a heat pump,
a penetration rate of 20% or more of dynamic energy contracts will substantially increase transformer
overloads and voltage level violations. Finally, domestic hot water production does not significantly
increase overloading and voltage limit problems.

In conclusion, heat pumps can cause significant problems for the low-voltage network. However, the
impact can be reduced by choosing the right type of heat pump. It is recommended that future research
considers cooling, heat and electricity storage, thermal ratings of transformers, and variable capacity
tariffs.

Keywords: Heat Pumps, air-source heat pumps, ground-source heat pumps, hybrid heat pump, grid
congestion, heat transition, domestic hot water, dynamic pricing, low-voltage grid, electric vehicles,
flexible loads, simulation modelling, photovoltaic systems, renewable energy integration
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1
Introduction

In recent decades, people have become increasingly aware of the effects of global warming. As a
result, governments are making commitments to reduce the amount of carbon dioxide in the air and
move towards a renewable energy system. This is also the case in the Netherlands, which aims to
produce 70% of its electricity from renewable sources by 2030 [31]. It is estimated that onshore wind
and solar production will produce 37 to 45 TWh in 2030 [40] and the government plans to increase
offshore wind production to 49 TWh in the same year [31]. The government also wants to reduce
carbon emissions from industry by replacing the natural gas currently used in industrial processes.
This can be achieved by electrifying these processes or by replacing natural gas with green hydrogen
produced from renewable energy. The mobility sector is also subject to electrification, for example
newly sold cars should be electric by 2030 [31].

All this additional electricity will have to be transported through the Dutch electricity grid, which poses
some considerable challenges. Increased electricity through the grid can lead to overloading of the
components, which can cause them to fail. Another consequence of this additional load is that voltage
limits will be exceeded at the household level, which can cause damage to electrical appliances. Grid
operators are working hard to prepare the grid for this increased load as quickly as possible. This is
quantified in 100,000 km of cables, +48,000 medium and low-voltage substations and 260-330 square
kilometres of underground space needed for cables by 2050 while facing a shortage of 28,000 techni-
cians by 2029 [34].

Simultaneously, the Dutch government is planning that by 2050, no more buildings will use natural
gas. This means that 7 million homes and 1 million other buildings will have to find a new way to heat
their homes and provide hot water [31]. Two main categories of alternative heating to natural gas are
currently the most popular: high-temperature district heating and heat pumps. The first technology
uses residual heat from an industrial process. This can come from, for example, burning waste or deep
geothermal plants where limited electricity is needed at the household level. Heat pumps take heat
from air, ground, or a water source and transport it inside, raising the temperature. This technology
uses electricity to drive the process and is used at the household level. Uncertainty about the ability
of the electricity grid to cope with the heat pump loads, together with the other household electricity
demands mentioned above, has created a situation where local authorities, in general, do not have the
perspective to take action to choose an alternative heating technology for a neighbourhood [32].

In the face of this grid challenge and to give local authorities the perspective to decide on an alternative
heating solution, a better understanding of the real impact of all these low-carbon technologies on the
grid can help understand the possibilities within the limited capacity of the current grid. Therefore, this
thesis will analyse the impact of these low-carbon technologies on the low-voltage grid, focusing on
different heat pump technologies in low-voltage grids.

This chapter first discusses previous work on the subject, from which a research gap will be deduced.
The objective of the project is then explained in detail. Finally, the approach taken in this thesis is
discussed.

1
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1.1. Prior Work
Most studies of the impact of heat pumps on the electricity grid only consider air-source heat pumps
(ASHPs), which extract heat from the outside air to heat the home. For example, in [1], the authors
simulate the voltage of an 18-node low-voltage (LV) CIGRE test grid with air-source heat pumps, ther-
mal and electric solar panels, and thermal energy storage. A thermal model of a house was used to
obtain heat demand data. This study concluded that the voltage limits were exceeded if heat pumps
were installed in all houses. When heat from solar collectors was added, the voltage limitations were
just met. A combination of a heat pump with solar collectors and thermal storage could keep the volt-
age between the limits. In another study, six real low-voltage grids in the Netherlands are simulated.
The houses are equipped with photovoltaic (PV) systems, electric vehicles (EV) and an air-source heat
pump [13]. A thermal model of a house was used to determine the heat demand of the houses. They
simulated different penetration rates for PV systems, EVs, and heat pumps and concluded that the
transformer was overloaded in five of the six grids in winter. The lowest penetration rate where this
happened was 6% in a suburban grid, which had an overload of almost 800% with 100% heat pump
penetration.

In [33], a comparison ismade between air-source heat pumps and ground-source heat pumps (GSHPs).
Unlike ASHPs, GSHPs extract heat from the ground or use a low-temperature district heating network.
The study is carried out on a suburban low-voltage test grid based on LV grids in the United Kingdom,
and all heat pumps use a resistive electric auxiliary heater. They assume that 80% of the heat output
is provided by the heat pump and the last 20% of the maximum heat output is provided by the auxiliary
heater. It was found that at a heat pump penetration of 40 % and 50 %, respectively, the main feeder of
the grid was overloaded with ASHPs and GSHPs. In addition, at penetration rates of 70 % for ASHPs
and 90 % for GSHPs, voltage problems began to occur. When they changed the heat demand of the
houses from ’modern’ to ’old’ and ’very old’ insulation levels, the main feeder was overloaded at 20%
and 15% ASHP penetration and 30% and 20% GSHP penetration. The researchers also simulated the
use of gas boilers as backup heaters, which reduced the penetration rate when the main feeder was
overloaded to 50% for ASHPs and 80% for GSHPs. Finally, they looked at what happened when they
reduced the heat pump output to 60% of the maximum required output and found penetration thresh-
olds of 5% for ASHPs and 10% for GSHPs. While these results are useful, this study was published in
2014, which means that the efficiencies of the simulated heat pumps were lower than they are today.
In addition, the study only considered heat pumps with auxiliary heating, which is not always the case
anymore today.

Dynamic electricity prices can also affect demand on the grid. Price differences during the day can
cause some demand to be shifted to other times of the day. A study took this into account in a grid impact
study on a low-voltage grid resembling a typical suburban low-voltage grid in Germany [46]. In this grid,
households were placed where electric vehicles, PV systems, battery storage, heat pumps and home
energy management systems are located. The household can choose between a fixed electricity tariff,
two or three-tier time-of-use tariffs with two or three price levels within a day that are fixed throughout the
year, or a tariff based on the day-aheadmarket as explained in chapter 3. The choice of tariff is modelled
separately for each household, resulting in a mix of tariffs in the low-voltage grid. They simulated a
scenario based on the current penetration of these technologies and three scenarios for 2035 with low,
medium and high penetration of these technologies, both for a mix of tariffs and for all households with a
static tariff. They found that a heterogeneous choice of tariffs can reduce peak loads on the low-voltage
grid in all scenarios. In addition, voltage problems were reduced with a heterogeneous choice of tariffs.
They also found that dynamic tariffs can lead to significant consumer cost savings. Another study also
looked at the impact of dynamic pricing [14]. It used a real Dutch low-voltage grid with photovoltaic
systems and electric vehicles and real data from 2023 to study the effects of different adoption rates
of dynamic electricity pricing on voltage dips and power peaks. In the study, it was put forward that
dynamic electricity pricing can lead to concentrated power peaks due to EVs charging at the same,
cheapest time of day. For lower percentages of households with a dynamic price contract (10-30%),
this reduced the moments of undervoltage and overloading of the transformer, as part of the charging
was shifted to a time when most electric vehicles were not charging. However, as the percentage of
households with dynamic contracts increased, the undervoltage and overloading problems became
more severe than without dynamic contracts. The concurrency of charging is significantly increased
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in this case, as everyone charges at the cheapest time. This study was also carried out at the Delft
University of Technology in collaboration with Stedin and the same supervisors. The research described
in the rest of the thesis is considered a follow-up study of [14], where its models are used as a basis
for this thesis.

1.2. Focus point
Taking into account the summarised research, a knowledge gap is found in a direct comparison of dif-
ferent types of heat pumps on the low-voltage grid, considering transformer overload and undervoltage.
Although [33] compares GSHPs and ASHPs, they are always assisted by an auxiliary heater. Due to
advances in heat pump technology, this is no longer always the case today. Therefore, this thesis will
focus on comparing ASHPs and GSHPs with different control methods, namely on/off, modulating, and
dynamic electricity price-based. Furthermore, hybrid heat pumps with natural gas and restive-electric
auxiliary heaters will also be included in the comparison. Moreover, the influence of dynamic electricity
prices will be included in the analysis. Lastly, three scenarios for 2035 and three for 2050 will be sim-
ulated. Electric vehicle charging, photovoltaic production, and other non-flexible demands will also be
considered during these simulations.

1.3. Project Objective
Due to the shift in the energy source for domestic heating from natural gas to electricity, increasing
concerns are raised about its impact on the electricity grid. Since every household in a neighbourhood
is subjected to the same cold temperatures during winter as its neighbours, electric loads due to heating
might cause overloading in the grid. This thesis, therefore, aims to analyse the effect of heating with
heat pumps on a low-voltage grid, where distinctions will be made between different types of heat
pumps. Its impact will be measured with the overloading of the central transformer connecting the grid
to a higher voltage level and the undervoltage that might occur in the lines of the grid. These simulations
will be performed with the DIgSILENT PowerFactory simulation tool [15].

The main research question for this thesis is as follows:

What is the impact of heat pump penetration on the low-voltage grid for future winter scenarios, looking
at local grid constraints (transformer overloading and undervoltage)?

This question leads to a number of sub-questions, which are presented here.

1. What is the impact of different types of heat pumps on local grid constraints?

2. How do dynamic energy prices influence the impact on the local grid constraints caused by heat
pumps and home electric vehicle chargers?

3. How does the presence of domestic hot water production influence the impact on the local grid
constraints?

1.4. Research approach
To answer these questions, this thesis conducts a case study on an existing low-voltage grid in the
Stedin operating area for a period of two weeks in the winter of 2021. The period of 4 to 17 February
2021 is chosen because this period was the coldest in the last 10 years and had outside temperatures of
-10°C, for which most heat pump systems in the Netherlands are dimensioned. Different technologies
will be placed in this grid that produce or demand electricity and will be simulated to examine the
influence of different electrical loads on this grid. This case study will use a combination of models, an
overview of which can be seen in figure 1.1.

The grid used contains 155 households, and its topology is taken from a project called GO-e, which
has collected data on the low-voltage grid in the Netherlands, including anonymised low-voltage grids
in Gaia [39] format, which will be converted into a PowerFactory model. The technologies are placed
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in these households. Information about the low-voltage grids in the Netherlands, the selection of this
grid and its modelling are explained in chapter 2.

Secondly, households’ non-flexible electricity consumption is added, including general electricity con-
sumption such as lighting and the use of household appliances. In addition, photovoltaic systems can
be placed on the houses, depending on the desired penetration rate of this technology. Next, electric
vehicle charging is implemented in two ways. Public charging points are included by using charging
profiles from the research centre for EV charging called ElaadNL. For home EV charging, charging
sessions from home chargers are collected from the GO-e project and fed into an optimisation model
that either optimises with dynamic electricity prices or without dynamic electricity prices, resulting in full
power charging from the start. A more detailed description of non-flexible demand, PV production and
EV charging can be found in chapter 4.

A thermal model is used to determine the demand for space heating profiles of the different types of
heat pumps. This model uses the ambient temperature in the neighbourhood together with the thermal
parameters of the house and then controls the heat pump to maintain a specific temperature in the
house. In addition to space heating, domestic hot water (DHW) demand profiles are included in the
heat pump demand model to include DHW production in the electricity demand profile. If the heat pump
is assumed to be controlled and optimised based on dynamic energy prices, these prices are included
in the optimisation. Dynamic gas prices are used if the heat pump has a natural gas auxiliary heater.
These models are described in more detail in chapter 5.

Once all the power demand profiles of the loads have been determined, a quasi-dynamic simulation
is carried out in Powerfactory and transformer overload and voltage limit problems are analysed. In
addition to comparing the different types of heat pumps for current penetration rates of EV charging,
PV systems and dynamic energy prices, possible scenarios for 2030 and 2050 are also simulated. The
results of all these simulations can be found in chapter 6. Some discussion points and limitations are
then presented in chapter 7, and conclusions and recommendations are given in 8.

Quasi-Dynamic
Simulation

PowerFactory
Grid

non-flexible
consumption profiles

PV Profiles

EV home charging
 sessions data

Ambient Temperature

GO-e Gaia
grid 

Dynamic electicity
prices

Dynamic gas
prices

Thermal house
parameters DHW use data

Heat pump demand
model

Thermal house
model

EV home charging
optimisation model

Results

Public EV charger
profiles

Figure 1.1: Overview of the models used in this thesis.



2
Low-voltage Grid

The Netherlands has an unbundled electricity market, which means that the supply and generation of
electricity cannot be carried out by the same company that operates the transmission and distribution
system. The high voltage (>150 kV) transmission system is operated by a company called Tennet,
which is the only Transmission System Operator (TSO) in the country. The distribution systems with
a lower voltage than 150kV are operated by 6 Distribution System Operators (DSO), of which the
company involved in this thesis, Stedin, is one. The DSOs in the Netherlands are responsible for the
medium-voltage grid, which is mainly used for regional transport of electricity and connections to large
consumers and industrial loads, and the low-voltage grid. The low-voltage grid is primarily used to
connect households and small businesses. Stedin’s operating area covers the province of Zeeland
and most of the provinces of Zuid-Holland and Utrecht. A map of the operating areas of the individual
DSOs can be seen in figure 2.1.

Figure 2.1: Operating areas of the DSOs in The Netherlands

2.1. Grid constraints
As mentioned earlier, the increase in electricity consumption in the Netherlands is putting a strain on
the current electricity grid. As demand grows, more and more regions in the Netherlands are experi-
encing grid congestion. This means that the capacity of the grid in that area is fully utilised and new
customers cannot be connected or additional capacity cannot be given to existing customers. For grid
congestion, the distinction is made between congestion for the supply and demand sides. The regions
currently experiencing this, as of March 2025, can be seen in figures 2.2 and 2.3 for demand and sup-
ply, respectively. White regions have enough unused transport capacity, yellow regions have limited
capacity, orange regions are under investigation and have a waiting list for new connections, and red

5



2.1. Grid constraints 6

regions have a shortage of transport capacity and a waiting list.

Figure 2.2: Regions in the Netherlands with grid conges-
tion for demand.

Figure 2.3: Regions in the Netherlands with grid conges-
tion for supply.

One factor limiting the grid’s transport capacity is component overload. For example, when the current
through a transformer or cable becomes too high for a prolonged period, the component overheats,
increasing the likelihood of failure.

In addition, to maintain a sufficient quality of electricity in the Dutch grid, grid operators must comply with
the Electricity Grid Code (Netcode Electriciteit [30]), which contains rules for connecting customers to
the grid, transporting electricity and operating the grids. Among other things, the voltage characteristics
are specified in this code. For connection to the grid with a voltage level of 1 kV or less, which is the
case in low-voltage grids, the grid code imposes restrictions on the following phenomena.

• Slow voltage variations at the connection point

• Fast voltage variations at the connection point

• Asymmetry of the phase voltages (phase imbalance) at the connection point

• Harmonic distortion at the connection point

Since the resolution of the simulations done in this thesis is 1 hour, fast voltage variations are not picked
up and, therefore, will not be covered in this thesis. Furthermore, asymmetry and harmonic distortions
are also not considered in this thesis. For the slow voltage variation, two constraints are given:

• The voltage level should not exceed +- 10% of the nominal voltage (230V) for 95% of the average
values of 10 minutes during one week.

• The voltage level should not exceed + 10% or -15% of the nominal voltage for all average values
of 10 minutes during one week.

For this thesis, these two limits will be taken into account, but for hourly average values since the
simulation resolution is 1 hour. Furthermore, it is assumed that 5% of the voltage deviation is reserved
for the medium voltage grid, so 5% is subtracted from the restrictions. This means that if the following
limits are exceeded for an individual connection, this will be marked as a voltage problem.
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• The voltage level should not exceed +- 5% of the nominal voltage (230V) for 95% of the average
values of 10 minutes during one week.

• The voltage level should not exceed + 5% or -10% of the nominal voltage for all average values
of 10 minutes during one week.

Overloading problems will also be considered. This will be done by observing the apparent power
flowing through the central transformer, which is rated at 250 kVA. Therefore, a power problem will be
marked when this rated capacity is exceeded because prolonged periods of overloading can lead to
its failure. The cables are assumed to be dimensioned on the transformer. Therefore, their loading will
not be considered in this thesis.

2.2. Chosen grid
In this thesis, a real Dutch low-voltage grid published by the ’Gebouwde Omgeving Electrificatie’ (GO-e)
project [20] is used. This project was a collaboration between Dutch DSOs, universities, and companies
in the energy sector that looked at a broad range of aspects of bringing flexible consumption into the
Dutch grid. Among other things, they published a study in 2023 in which they anonymised existing
Dutch low-voltage grids so that they can be used in grid impact studies [21]. These grids are subdivided
into eight archetype neighbourhoods. Each of the three participating DSOs provided five grid sections
for each of the eight archetypes, totalling 120 grids.

These archetypes are chosen to represent all types of neighbourhoods in The Netherlands and are
plotted in figure 2.4 and defined as follows [23]:

• Archetype 1 Pre-housing bill (<1920): This archetype mainly consists of buildings built before
the Housing Act was introduced in 1920. 2% of the neighbourhoods in the Netherlands fall into
this category. It is a densely populated area with predominantly apartments and mixed energy
labels [29], but more C and D labels than A or B.

• Archetype 2 Pre-war residences: 1% of neighbourhoods fall into this archetype, which is dom-
inated by residences built between 1920 and 1946. This archetype also mainly consists of apart-
ments and has a mixed energy label present, but the A and B labels are more present than the
C and D labels.

• Archetype 3 Post-war terraced houses: The houses in this archetype were mainly built be-
tween 1970 and 2010 and constitute around 8% of the neighbourhoods in the Netherlands. It
consists of a mixture of primarily chained houses and apartments. It has a low-to-medium popu-
lation density and a mix of energy labels.

• Archetype 4 Post-war tenements: These neighbourhoods also consist mainly of buildings built
from 1970 to 2010, and 8 % of the neighbourhoods can be classified as this archetype. Most of
the houses are rented apartments with a mix of energy labels.

• Archetype 5 Corporation residences: With building periods being a mix between 1920-2010
and newer, this archetype has a medium population density consisting mainly of multiple-family
homes. 6% of the neighbourhoods can be classified as this archetype. Residence corporations
own a large share of these houses, with a high percentage of C, D and E energy labels.

• Archetype 6 Detached houses: Detached homes between 1874 and 1920 and 1946 and 1960
dominated this archetype. 20% of the neighbourhoods can be classified as this. It has a low
population density, with energy labels mainly in the F and G categories.

• Archetype 7 Rural areas: 26 % of the neighbourhoods fall into the Rural areas archetype. It is
dominated by terraced houses and apartments in rural areas built in 1874-1920 and 1946-1960.
Energy labels are mainly C, D and E.

• Archetype 8: Industry and limited population This archetype has many industrial buildings
built between 1970 and 2010. This type of neighbourhood has a presence of 11% in the Nether-
lands and does not have a specific energy label mentioned.
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Figure 2.4: Maps of Dutch neighbourhoods and their archetypes [23]

This research is done in collaboration with Stedin, whose service area is mainly in the Randstad area.
In this area, the majority of people live in the cities, where post-war terraced houses are most common.
Therefore, archetype 3 is chosen as the grid type for this thesis.

2.3. Powerfactory model
In the previous work of the authors of [14], a certain grid was chosen for archetype 3, post-war ter-
raced houses. The selected grid was called BU3.5 2030 and is also selected for this thesis. It consists
of a large, meshed grid with multiple external grid connections. A radial section was chosen for the
simulation from this large grid. This part consists of one external grid connection connected with a
transformer that lowers the voltage from 10 kV of the external grid to 400 V phase-to-phase (230 V
phase-to-ground), five branches, and 155 busbars representing the households. The grid is depicted
in figure 2.5. This thesis uses a converted version of the low-voltage grid in PowerFactory used in [14].
The original grid file was published as a Gaia LV Network Design [39] file by GO-E. In this conver-
sion, the geographical coordinates are not considered; therefore, the grid view in figure 2.5 does not
represent the physical layout of the neighbourhood, improving anonymisation.

Furthermore, figure 2.6 shows a zoom-in on one of the households. It can be seen that three loads and
a PV system are connected to the busbar. The load starting with ’ev’ represents the EV charger load,
the ’hp’ load represents the heat pump load, and the load with only the busbar number represents the
non-flexible load. The ’pc’ load represents a public EV charger. In reality, these will not be located in
a household, but this simplification is made because of the short distances between a public charger
and a house. The ’zon’ symbol represents the PV system. Each load can be switched on (black lines)
or off (grey lines). For example, if a certain percentage of households have a heat pump, a random set
of heat pumps corresponding to that fraction will be switched on, and the rest will be kept out of service
so they do not influence the simulation.

In addition, each load has a profile taken from a separate CSV file, which is the output of the Python
demand profile models for home and public EV chargers, HP demand, PV production and non-flexible
profiles. This CSV contains multiple profiles, one of which is randomly selected for each load. Finally,
each load is assumed to have a power factor of 1. In reality, this will not be the case, but due to the
small distances in this network, this simplification can be justified.
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Figure 2.5: Screenshot of grid used for simulation

Figure 2.6: Zoomed-in screenshot of a household con-
nected to the grid.



3
Dynamic Energy Pricing

In general, there are three types of energy contracts in the Netherlands: fixed, variable, and dynamic.
Fixed energy contracts have a fixed price for electricity and natural gas during their one- to three-
year term. Variable contracts have a price of energy that changes each quarter, half a year, or a
year, depending on your contract, with terms of one to three years. Dynamic contracts are based
on the day-ahead market and have different electricity prices every hour [54]. Each day at 13:00,
these hourly prices are announced for the next calendar day[6]. The natural gas price followed its
daily market with a fixed price for the whole day. This kind of contract is increasingly popular in the
Netherlands, and their use has increased to more than 5 % of all energy contracts by November 2024
[markt_energiemonitor_2024].
In figure 3.1, the average electricity price during the day of each month is shown for 2024. It can be
seen that generally, there are two peak moments in price during the day. One in the morning and a
higher one in the early evening. Furthermore, the influence of the high amount of solar capacity can
be seen in this figure. During times when solar production is high, which happens during the middle
of the day and more in summer, electricity prices drop. With an increasing share of wind energy [25],
cheap electricity moments will also increasingly occur during periods with strong winds instead of only
during high solar irradiance.

Figure 3.1: The average hourly electricity prices in €/kWh per month for 2024 (excluding taxes) [5]

10
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3.1. Influence on the consumer electricity consumption
Due to varying prices during the day, consumers might shift parts of the electricity demand to cheaper
hours of the day. Some of the devices that are suitable for this are listed below.

• Heat pumps and other electrical heating: The exact time of heating buildings can be shifted
due to the thermal mass of the building. If a building is heated to a higher temperature than
needed before a time when the electricity price is high, the temperature will lower in the time that
electricity is more expensive, but it can still be above the desired temperature if the building is
preheated sufficiently. With the increasing use of heat pumps and other electrical heating, the
effect of load shift due to dynamic electricity prices will increase with it.

• Electric vehicles: During charging, electric cars are often plugged into a charger longer than
necessary to fully charge, especially when they are charged at home. This gives rise to an op-
portunity for either the car or the charger to optimise the charging session so that it uses the
most power during times when the electricity price is low. This leads to the synchronisation of
the charging profiles of different electric vehicles and causes a high peak load if many cars follow
this way of charging [14].

• Home batteries: In addition to storing solar panel electricity, home batteries can make the owner
a profit based on the prices on the day-ahead market. In this case, batteries can store electricity
during hours when the price of electricity is low and discharge when prices are high, making a
profit.

• Solar Panels: If a household has a dynamic energy contract, it is beneficial to turn off its solar
panels when electricity prices are negative. When the household produces electricity during these
hours, it will have to pay to send this to the grid. Even if the power produced is lower than the
electricity consumption, it is beneficial to turn off the solar panels, as using electricity earns money
during that period.

• Other devices: In addition to the devices mentioned above, appliances such as dishwashers,
washing machines, and dryers increasingly have features to delay their program. This gives rise
to the opportunity to plan its run during times of cheap electricity.

Next to the direct effect of dynamic prices, Dutch consumers can benefit from a net metering scheme
(Salderingsregeling) until 2027, which allows them to offset their own production, for example, from
solar panels, with their consumption on an annual basis, if they do not have a dynamic electricity
contract [28]. Therefore, for consumers with a fixed or variable contract, there is no incentive to use
their own solar energy directly when they produce it. However, some electricity suppliers currently
charge an extra fee for feeding solar electricity into the grid [16]. This fee and the forthcoming abolition
of net metering will reduce the value of the solar energy fed into the grid and, therefore, incentivise
consumers to use their own solar energy directly.

In this thesis, devices that can react to dynamic prices are heat pumps, electric vehicle home chargers,
and photovoltaic systems. The rest of the electrical loads are considered inflexible. The strategy to
increase the self-consumption of solar energy will not be included.

3.2. Determination of price
As mentioned previously, the price of electricity is based on the hourly prices of the day-ahead market.
On top of that, a fixed amount of energy tax is levied on the kWh prices and a purchase fee that the
energy supplier adds to the price to factor in their acting as a middleman. In all of this, VAT has to be
added to obtain the final price that consumers pay, resulting in a price calculation shown in equation
3.1.

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑖𝑐𝑒 = 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 ⋅ (1 + 𝑉𝐴𝑇) + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑇𝑎𝑥𝑖𝑛𝑐𝑙. 𝑉𝐴𝑇 + 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝑓𝑒𝑒𝑖𝑛𝑐𝑙. 𝑉𝐴𝑇 (3.1)
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The energy tax for electricity in the Netherlands, including VAT, is 0, 1317 €
𝑘𝑊ℎ [3], and the purchase

fees vary with each energy supplier and are usually around 0, 02 €
𝑘𝑊ℎ . Here, a purchase fee, including

tax, is taken as 0, 02534 €
𝑘𝑊ℎ based on that fee at one of the largest suppliers, Eneco [19]. This price

calculation is only for the purchase of electricity. Prices for feeding PV electricity into the grid are not
considered in this thesis.

For this thesis, a simulation period is chosen between 4 and 17 February 2021, but to avoid unrealistic
start-and-stop effects, the dynamic price control demand simulations for heat pumps are run for an
additional 2 days before and after the grid analysis period. These days are then removed before this
data is fed into the network simulation. The electricity prices for a dynamic contract can be seen in
figure 3.2.

Figure 3.2: Dynamic electricity prices during simulation period

The daily price of natural gas is also determined in the same way as in Equation 3.1. However, the
energy tax, including VAT, for natural gas is 0.4216 €

𝑚2 and the purchase fee used is 0.093 €
𝑚2 , including

VAT fromEneco [19]. Due to the significant increase in natural gas prices at the time of writing compared
to 2021, it was decided to use the daily gas prices of the same period from 2 to 19 February, but in 2025.
This is done to make amore realistic assumption about the choice to use the natural gas auxiliary heater
for economic reasons. Furthermore, the energy density of 31.65𝑀𝐽𝑚2 for natural gas is used to calculate
the price per 𝑘𝑊ℎ, based on the average value in the Dutch natural gas grid [41]. The resulting natural
gas prices used in this thesis are shown in figure 3.3.

Figure 3.3: Dynamic natural gas price during simulation period



4
Household Electricity Consumption

The electricity consumption of each household on the grid is divided into five different parts, as dis-
cussed in Section 2.3. Non-flexible consumption is discussed in Section 4.1, the EV charging profiles
for home charging are explained in Section 4.2, public EV charging in Section 4.3, and the photovoltaic
production profiles are discussed in section 4.4. Due to the focus on heat pumps in this thesis, their
electricity demand is discussed in a separate chapter 5

4.1. Non-flexible Consumption
In addition to household loads that are quite flexible in their use, like EV chargers and heat pumps,
households also have some loads that are not flexible. These loads include lighting, electronic appli-
ances such as televisions, refrigerators, dishwashers and washing machines.

To obtain the profiles for non-flexible consumption, the same approach as is in [14] is used. The GO-
e project [21], already mentioned earlier, also published profiles for non-flexible consumption. This
data set consists of base load profiles for 1 year divided into categories based on their total annual
consumption, ranging from 500 kWh per year to 15000 kWh. These profiles are then combined into a
data set that takes into account the distribution of the number of people per household, resulting in a
set of 595 households representing this distribution. This distribution is given in table 4.1. Furthermore,
the data is converted to an hourly resolution to match the simulation resolution.

Number of people Percentage of households Yearly electricity usage
1 person 39% 1500 kWh
2 people 32% 2500 kWh
3 people 12% 3500 kWh
4 people 12% 4000 kWh
5 people 5% 4500 kWh

Table 4.1: Distribution of households and their yearly electricity consumption in The Netherlands [14]

Lastly, the year is changed in the data set so that it matches the period simulated in this thesis. Example
profiles for each total annual consumption are plotted in figure 4.1.

13
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Figure 4.1: Example of non-flexible profiles for each household class

4.2. Electric Vehicle Home Charging model
In 2023, 4% of households had an electric car in the Netherlands [10], of which 69% have a charger
at home [42]. This means that 2.7 % of the households have an electric vehicle charger at home.
Because of the large amount of energy required to charge an EV and its dependence on household
electricity price, it can be beneficial to consider the price of electricity when charging, besides the need
to have enough capacity for your next journey.

To obtain the charging profiles of these chargers, the same method as [14] is used. In the GO-e project
already mentioned in section 2.2, they generated a large set of charging sessions based on national
charging records. The charging sessions of 950 households were chosen to be used, which contain
data from 1 week and include the following information:

• Household ID

• Arrival time

• Departure time

• Energy to be charged

• Maximal charging power (3-11 kW)

If charging is not optimised for dynamic electricity prices, it is assumed that the charger will charge
its battery at maximum power when connected until the battery is fully charged. To get the charging
profiles for the 2 weeks simulated in this thesis, the same charging session data was used but with
the corresponding electricity prices of the corresponding week and then put back-to-back. A single
charging profile without price optimisation is shown in figure 4.2, and the combined power profile of the
950 households can be seen in figure 4.3.

Figure 4.2: Single EV non-optimised charging profile for
one household.

Figure 4.3: Sum of all 950 non-optimised EV charging pro-
files
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4.2.1. Charging optimisation for dynamic electricity pricing
We assume that if a household is assigned a dynamic electricity price contract, it will base its charging
behaviour on this contract if it has an EV charger. For optimal charging based on dynamic energy
prices, a model described in [38] is used, which is shown in equation 4.1.

min
𝑝
∑
𝑡∈𝑇
𝑐𝑡𝑝𝑡Δ𝑡 s.t.

𝑒𝑡 = 0, 𝑡 ≤ 𝑡𝑎;
𝑒𝑡 = 𝑒𝑡−1 + 𝑝𝑡−1Δ𝑡, 𝑡𝑎 < 𝑡 ≤ 𝑡𝑑;
𝑒𝑡 = �̄�, 𝑡 ≥ 𝑡𝑑;
𝑝𝑡 = 0, 𝑡 < 𝑡;
0 ≤ 𝑝𝑡 ≤ �̄�, 𝑡𝑎 ≤ 𝑡 < 𝑡𝑑;
𝑝𝑡 = 0, 𝑡 ≥ 𝑡𝑑

(4.1)

Here, 𝑐𝑡 are the prices described in Section 3.2, 𝑝𝑡 and �̄� are the power at time 𝑡 and the maximum
capacity of the charger, 𝑒𝑡 and �̄� the energy at time 𝑡 and the maximum capacity of the battery, 𝑡𝑎 and
𝑡𝑑 the arrival and departure times and Δ𝑡 is the time step of the optimisation, which is 1 hour. In the
model, it is assumed that the battery should always be fully charged if that is possible. In reality, this
might not be the case if, for example, prices during the whole session are very high or users want to
have their car charged sooner to allow for unexpected early departures. A resulting charging profile can
be seen in figure 4.4, and the sum of all optimised charging profiles is depicted in figure 4.5, including
the electricity price. Here, it can be seen that the charging peaks concentrate around the minima of the
electricity price.

Figure 4.4: Single EV optimised charging profile for one
household. Figure 4.5: Sum of all 950 optimised EV charging profiles

4.3. Electric Vehicle Public Charging model
Because not every home is suitable for a home charger, for example, because it does not have a
driveway, public charging points are increasingly often installed on the street. ElaadNL, a research
institute that focuses on electric vehicle charging, has published an online profile generator for low-
voltage public charging points [17]. This generator uses real charging session data to simulate the
profiles, taking into account seasonality and distribution over time. The charging points can have one
or two sockets, but for this thesis, the one with two sockets is considered.

The generator can provide regular profiles and smart charging profiles. For regular charging, the avail-
able power per socket is 11 kW and 17.25 kW per charging point. For smart charging, a dynamic profile,
for which the power limit can be specified every 15 minutes, or a static profile can be selected for the
power limits. For this thesis, the standard static profile is chosen if smart charging is assumed. In the
standard static profile, the power available per socket is reduced from 11 to 4 kW between 17:00 and
23:00. The power limit is then increased by 1 kW per hour until full capacity is reached at 6:00. This
type of smart charging is a rough estimate of a smart charging profile that will be implemented in the
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real world, but since this thesis does not focus on smart charging, this profile is assumed to be suffi-
cient. More information about the generator can be found in the introduction section on the generator’s
website [17].

1550 charging profiles are generated for the year 2023, as 2021 is not available, for 2 to 16 February
to take into account the correct weekdays and weekend days. Then, the year is changed to 2021, and
2 days are added to the date stamp to match the simulation period. The average of the 1550 profiles
of both regular charging and static smart charging can be seen in figure 4.6.

2021-02-05 2021-02-07 2021-02-09 2021-02-11 2021-02-13 2021-02-15 2021-02-17
Date

0.0

0.5

1.0

1.5

2.0

2.5

3.0
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kW

)

Average public charging profiles for one charging point with two sockets
No smart charging
Static smart charging

Figure 4.6: Average public charger profiles for regular and static smart charging

This figure clearly shows the power reduction in the peak period for the static smart charging profile.
Furthermore, the difference can be seen between weekdays and weekend days, where the average
power during the weekend is lower.

ElaadNL also provides outlooks on the number of public EV chargers in a given area [18]. As the
location of the specific grid is known internally in Stedin, the current and forecast number of charging
points could be retrieved from this. In 2025, there are 7 public EV chargers in the area that is modeled
in this thesis.

4.4. Solar Panels
As the chosen neighbourhood consists mainly of terraced houses, households have a roof on which
to install a photovoltaic system, which is popular in the Netherlands. In 2022, the average PV system
on a house in the Netherlands had a peak capacity of 3.76 kW [11]. In 2023, 32 % of the houses in
the Netherlands had a PV system [35]. For the model in this thesis, a rounded percentage of 30% of
households with a PV system was used.

The PV production profile is taken from a Stedin-collected data set for the same two weeks. This data
set was created by retrieving feed-in data from large solar parks in Stedin’s operating area. After that,
the feed-in power was normalised to a 1 kW peak. From this profile, the period corresponding to the
simulation period of this thesis was selected, and the power was multiplied by the average capacity of
3.76 kW. This profile is then assigned to each PV system in the grid, taking into account whether or not
it is out of service. In addition, PV production is shut down if the price is negative during any hour, but
negative prices do not occur during the period considered. The resulting PV system production profile
can be seen in figure 4.7.
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Figure 4.7: Photovoltaic power output for each system



5
Heat Pump Electricity Consumption

Domestic heat pumps are becoming increasingly popular as an alternative to natural gas boilers in the
Netherlands, with 16% of households having one in 2022 [9][7]. In this chapter we will first discuss the
operating principles, then the heating requirements, then the different types of heat pumps, the control
methods including simulation results of the heat pump demand and finally their cooling ability.

5.1. Working principles
A heat pump extracts heat from a source and then transforms this heat to a higher temperature using
a thermodynamic cycle. The heat pump’s source of heat can be either air or water and, in residential
applications, moves the heat in or out of the building [48]. The thesis focusses only on the heating
of buildings. The heat pump works on the basis of the refrigerant phase that changes during the
thermodynamic cycle. This is illustrated in figure 5.1.

Figure 5.1: Schematic of a heat pump [44]

First, the refrigerant with a low pressure is run through an evaporator connected to the heat source. In
there the refrigerant is evaporated by the low-temperature heat because of the low pressure. Secondly,
the refrigerant is compressed by the compressor, which is the part that uses electricity, resulting in
high pressure and increased temperature. Third, the high-pressure gas is run through a condenser
connected to the heat sink, usually the water of the heating system or the domestic hot water tank.
Here, the refrigerant condenses and thus gives off its heat. Lastly, the refrigerant is passed through an
expansion valve to lower the pressure and temperature needed for the evaporator, and then the cycle
starts again.

The efficiency of a heat pump is generally expressed by the Coefficient Of Performance (COP). The
COP is given by the following formula.

𝐶𝑂𝑃 = |𝑄|
𝑊 (5.1)

18
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Here, 𝑄 is the useful heat provided by the heat pump and 𝑊 is work done by the compressor. The
electrical work provided by the compressor is decided by the manufacturer, but, as can be seen in
formula 5.1, the actual heat output depends on the COP during that time. Therefore, the maximum
heat output of a heat pump can be lower if the source temperature is lower. For this thesis, the COP is
determined using equation 5.2, which comes from a study that used quadratic regression of heat pump
manufacturer’s data [43] and a correction factor (𝐶𝐹) that fits this formula to the measured performance
of heat pumps.

COP = {𝐶𝐹 ⋅ (6.08 − 0.09 ⋅ Δ𝑇 + 0.0005 ⋅ Δ𝑇
2), ASHP

𝐶𝐹 ⋅ (10.29 − 0.21 ⋅ Δ𝑇 + 0.0012 ⋅ Δ𝑇2), GSHP
𝑤𝑖𝑡ℎ Δ𝑇 = 𝑇sink − 𝑇source 𝑎𝑛𝑑 𝐶𝐹 = 0.85

(5.2)

Here, 𝑇𝑠𝑖𝑛𝑘 is the temperature of the heat sink, which for domestic heat pumps is the delivery tem-
perature of the heat distribution system. The delivery temperature to floor heating or radiators for heat
pumps is usually between 30 and 55°C. For the purposes of this work, all heat pumps are assumed to
have a delivery temperature of 55°C to ensure that power consumption is not underestimated. 𝑇𝑠𝑜𝑢𝑟𝑐𝑒
is the temperature of the source where the heat pump takes its heat form. This is the outside air for
air-source heat pumps and the ground for ground-source heat pumps.

These COP fits are based on heat pump data that were introduced until 2018. A study by [51] in 2022
used a similar approach to create a fit for ASHPs based on newer heat pumps. This fit might improve
the accuracy of the model, however, I found this study when the simulations were already finished.
Therefore, this was not taken into account.

Heat pumps can have fixed or variable speed compressors. Heat pumps with fixed-speed compressors
can only be turned off or run on full electric power and are called on-off heat pumps. With heat pumps
with variable-speed compressors, the electric power of the compressor and, thus, the output heat flow
of the heat pump can be modulated. These kinds of heat pumps are, therefore, also called modulating
heat pumps. In this thesis, both types of heat pump are simulated, in which modulating heat pumps
can vary their power between 30% and 100% of their rated power.

Heat pumps in residential buildings are used mainly for heating spaces and domestic water. The usage,
types, and control methods of heat pumps that are covered in this report are discussed in the remainder
of this chapter.

5.2. Space Heating demand
Most of the energy that a residential heat pump produces is used for space heating. For a 2-person
household in a poorly insulated corner terraced house built in 1970, this is about 75% of the gas used
when heated by a gas boiler [26]. To simulate the heat demand for space heating, a model described
in [2] is used. This model consists of a house with four rooms for which both convective and conductive
heat losses through the wall, roof, and double-glazed windows are considered. A schematic overview
of the model can be seen in figure 5.2.

In the model, heat losses to the ground, heat transfer between rooms, and the heat gained by radiation
through the windows are not taken into account. Radiative heat gains can decrease the need for heating
with a heat pump, but since solar radiation is relatively low in winter, they are considered to be out of
scope. This leads to a more conservative estimate of the heat demand.

Equations 5.3 to 5.5 are used to calculate the convective losses through the walls, windows and roof
and the parameters of it are provided in [49], which are based on a C-label house in the Netherlands
[29] and are described in appendix part A.1.

�̇�roof =
𝑇in − 𝑇out

1
ℎair-roof𝐴roof

+ 𝐿roof
𝑘roof𝐴roof

+ 1
ℎroof-air𝐴roof

(5.3)
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Figure 5.2: Thermal model for space heating demand

�̇�wall =
𝑇in − 𝑇out

1
ℎair-wall𝐴wall

+ 𝐿wall
𝑘wall𝐴wall

+ 1
ℎwall-air𝐴wall

(5.4)

�̇�glass =
𝑇in − 𝑇out

1
ℎair-glass𝐴glass

+ 𝐿glass
𝑘glass𝐴glass

+ 𝐿air
𝑘air𝐴glass

+ 𝐿glass
𝑘glass𝐴glass

+ 1
ℎglass-air𝐴glass

(5.5)

𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the temperatures inside the house and outside. The ℎ represents the heat transfer co-
efficients, 𝑘 the thermal conductivity, 𝐴 the surface and 𝐿 the thickness of the materials. The ventilation
loss is calculated with equation 5.6.

�̇�𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑐𝑎𝜌𝑎𝑞𝑣(𝑇in − 𝑇out) (5.6)

In this equation, 𝑐𝑎 is the specific heat capacity of air, 𝜌 the density of air, and 𝑞𝑣 is the ventilation air
flow. This air flow is calculated by the empirical equation 5.7 proposed in [24], which was originally
published in imperial units but converted to metric units in this thesis, resulting in equation 5.6.

𝑞𝑣 = 𝐶𝑠𝑢𝑟𝑓 ⋅ 𝐴𝑐𝑓 + 𝐶𝑟𝑜𝑜𝑚 ⋅ (𝑁𝑟 + 1) (5.7)

Where the surface constant 𝐶𝑠𝑢𝑟𝑓 is 0.0001524𝑚𝑠 , the building conditioned area 𝐴𝑐𝑓 is taken to be

156.65𝑚2, which is the roof area of the house, the room constant 𝐶𝑟𝑜𝑜𝑚 is 0.00354𝑚
3

𝑠 and 𝑁𝑟 is the
number of rooms, which is 4. The ventilation losses are calculated using equation 5.8.

�̇�𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑐𝑎𝜌𝑎𝑞𝑖(𝑇in − 𝑇out) (5.8)

The variables 𝑐𝑎 and 𝜌 are the same as in equation 5.6, and the infiltration air flow 𝑞𝑖 is given by equation
5.9.

𝑞𝑖 = 𝐴𝑒𝑠𝐴𝑢√𝐶𝑠|Δ𝑇| + 𝐶𝑤𝑢2 (5.9)

Here, 𝐴𝑒𝑠 is the exposed area of the building, taken to be 119.6𝑚2, 𝐴𝑢 is the unit leakage area, taken
to be 0.007. 𝐶𝑠 is the stacking coefficient, which is 0.027 𝑚2

𝑠2 𝐾 here. Δ𝑇 is the difference between the
inside and outside temperature, 𝐶𝑤 the wind coefficient of 5.018 and 𝑢 the wind speed of 1𝑚𝑠 .
Internal heat gains like occupants, ovens, stoves, and lighting are neglected in this model. Therefore,
the total heat flow can be calculated with the equation 5.10.

�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑦𝑠𝑡𝑒𝑚 − �̇�𝑟𝑜𝑜𝑓 − �̇�𝑤𝑎𝑙𝑙 − �̇�𝑔𝑙𝑎𝑠𝑠 − �̇�𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 − �̇�𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (5.10)
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�̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑦𝑠𝑡𝑒𝑚 is the heat provided by the heat pump system. After this, the new house temperature
at the next time step can be calculated with equation 5.11.

𝑇𝑖𝑛,𝑡+1 = 𝑇𝑖𝑛,𝑡 +
�̇�𝑡𝑜𝑡𝑎𝑙
𝑚𝑐𝑡𝑜𝑡𝑎𝑙

Δ𝑡 (5.11)

With 𝑇𝑖𝑛,𝑡 and 𝑇𝑖𝑛,𝑡+1 being the inside temperature at the current and next time stamp, Δ𝑡 the size of
the timestamp and 𝑚𝑐𝑡𝑜𝑡𝑎𝑙 the total thermal mass defined in equation 5.12.

𝑚𝑐𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑎𝑖𝑟𝑐𝑎 +𝑚𝑟𝑜𝑜𝑓𝑐𝑟𝑜𝑜𝑓 +𝑚𝑤𝑖𝑛𝑑𝑜𝑤𝑠𝑐𝑤𝑖𝑛𝑑𝑜𝑤𝑠 +𝑚𝑤𝑎𝑙𝑙𝑠𝑐𝑤𝑎𝑙𝑙𝑠 (5.12)

𝑚𝑎𝑖𝑟, 𝑚𝑟𝑜𝑜𝑓, 𝑚𝑤𝑖𝑛𝑑𝑜𝑤𝑠 and 𝑚𝑤𝑎𝑙𝑙𝑠 are the respective masses of the air, roof, windows and walls. 𝑐𝑎,
𝑐𝑟𝑜𝑜𝑓, 𝑐𝑤𝑖𝑛𝑑𝑜𝑤𝑠 and 𝑐𝑤𝑎𝑙𝑙𝑠 are the specific heat of the air, roof, windows and walls. These values can
be found in Appendix A.1.

The thermal demand is then calculated by providing a set point for the inside temperature of the house
that the heat pump has to maintain, as well as the outside temperature during the period, depicted in
figure 5.3. The resolution of the model that determines the heat pump’s power demand is 15 minutes.
Once the demand has been determined, the 15-minute values are averaged to hourly values before
being used in the PowerFactory model, which has an hourly resolution.
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Figure 5.3: Outside temperature during the thermal simulation

Modifications to the original model

In this thesis, some changes are made to the thermal model of [2]. Firstly, when the thermal model
is used for the optimisation for dynamic energy prices, equation 5.9 is set to a constant value with
equation 5.13 to improve the speed of optimisation.

𝑞𝑖 = 𝐴𝑒𝑠𝐴𝑢√𝐶𝑠|𝑇𝑠𝑒𝑡,𝑚𝑒𝑎𝑛 − 𝑇𝑜𝑢𝑡,𝑚𝑒𝑎𝑛| + 𝐶𝑤𝑢2 (5.13)

Here, 𝑇𝑠𝑒𝑡,𝑚𝑒𝑎𝑛 is the mean set point temperature of the houses, which is 20°𝐶, 𝑇𝑜𝑢𝑡,𝑚𝑒𝑎𝑛 is the mean
of the outside temperature during the simulation period, which is 1.7°𝐶.
In addition, a scaling factor for the heat loss 𝑆𝑄 is added to the total heat flow in the equation 5.10, cho-
sen randomly between 0.7 and 1.3 uniformly for each house to give variability to the thermal behaviour
of the houses, resulting in the equation 5.14.

�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑦𝑠𝑡𝑒𝑚 − 𝑆𝑄(�̇�𝑟𝑜𝑜𝑓 − �̇�𝑤𝑎𝑙𝑙 − �̇�𝑔𝑙𝑎𝑠𝑠 − �̇�𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 − �̇�𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛) (5.14)

Lastly, equation 5.12 is modified to include a scaling factor 𝑆𝑚𝑐, which is randomly chosen between 0.7
and 1.3 uniformly to, like the heat loss scaling factor, provide variability to the thermal behaviour of the
houses. These scaling factors are chosen independently of each other. Since the walls are made of 1
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slab of concrete in the model and houses built after 1920 usually have a cavity wall in the Netherlands
[27], the thermal mass of the walls in the original model is divided in half to account for this in this thesis.

𝑚𝑐𝑡𝑜𝑡𝑎𝑙 = 𝑆𝑚𝑐(𝑚𝑎𝑖𝑟𝑐𝑎 +𝑚𝑟𝑜𝑜𝑓𝑐𝑟𝑜𝑜𝑓 +𝑚𝑤𝑖𝑛𝑑𝑜𝑤𝑠𝑐𝑤𝑖𝑛𝑑𝑜𝑤𝑠 + 0.5 ⋅ 𝑚𝑤𝑎𝑙𝑙𝑠𝑐𝑤𝑎𝑙𝑙𝑠) (5.15)

𝑆𝑚𝑐 is the scaling factor of the thermal mass, which is randomly chosen between 0.7 and 1.3 uniformly
to, like the heat loss scaling factor, provide variability to the thermal behaviour of the houses. The inside
temperature of each house is initialised randomly between 𝑇𝑠𝑒𝑡 − 1°𝐶 and 𝑇𝑠𝑒𝑡 uniformly.

5.3. Domestic Hot Water production
In addition to space heating, the heat pump also provides domestic hot water, except in a gas-hybrid
set-up, where the natural gas boiler does this. When the heat pump provides the DHW, the power is
insufficient to supply enough hot water for a shower instantly. Therefore, a storage tank buffers the hot
water.

To determine the DHW usage of the simulated households and the size of the DHW tank, a Python
package called PYSIMDEUM [45] is used. This package is developed to model and simulate stochastic
residential water demand at the end-use level. In this package, a house is built based on the kind of
household provided as input. Here, the choices are a one-person household, a two-person household,
or a family household. Based on this information, the software fills the house with different types of
people, including age group and gender, and if they are working, using Dutch statistics on inhabitants.
In addition, it places end-use devices such as a water-saving shower head or a washing machine in
the house. Then, the water use of the household is simulated and can be split into total use and hot
water use. For this research, a mix of households is taken based on the current mix of households in
the Netherlands provided by Statistics Netherlands (CBS) [8]. In 2024, 40% of the households were
one-person, 32% were two-person, and 28% were family households, which are assumed to hold three
or more persons. Therefore, each household in the grid simulation will be assigned a unique DHW use
profile based on the spread of household types. One of these profiles is depicted in figure 5.4.
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Figure 5.4: Domestic hot water demand for one of the households

Based on the maximum demand in an hour from these profiles, a tank volume of 300 L is chosen for
each household. The tank is assumed to be a cylinder with a length of 1.66𝑚 and a radius of 0.24𝑚.
This is bigger than that placed on average in the Netherlands, but a bigger DWH tank does not influence
the electricity demand significantly, and therefore, it justifies the simplification.

To determine the temperature of the water within the DHW tank, it is assumed that the temperature of
the water is uniformly distributed within the tank. This results in the heat balance inspired by [37] and
given in equations 5.16.

𝑄𝑡+1 = 𝑄𝑡 − 𝑄𝑢𝑠𝑒𝑑,𝑡 − �̇�𝑙𝑜𝑠𝑠 ⋅ Δ𝑡 + �̇�𝐻𝑃 ⋅ Δ𝑡 (5.16)

Where 𝑄𝑡+1 is the heat inside the tank in the next time step, 𝑄𝑡 the heat at the current time step, 𝑄𝑢𝑠𝑒𝑑,𝑡
the heat used by DHW use, �̇�𝑙𝑜𝑠𝑠 the heat that leaks into the environment, �̇�𝐻𝑃 the heating power
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supplied by the heat pump and Δ𝑡 the time duration of the time step in seconds. This equation can now
be written in terms of volume and temperature, which is done in equation 5.17

𝑉𝑡𝑎𝑛𝑘𝐶𝑤(𝑇𝑡+1 − 𝑇𝑡𝑎𝑝) =𝑉𝑡𝑎𝑛𝑘𝐶𝑤(𝑇𝑡 − 𝑇𝑡𝑎𝑝) − 𝑉𝑢𝑠𝑒𝑑𝐶𝑤(
𝑇𝑡+1 + 𝑇𝑡

2 − 𝑇𝑡𝑎𝑝)

− 𝑈𝑡𝑎𝑛𝑘𝐴𝑡𝑎𝑛𝑘(𝑇𝑡 − 𝑇𝑖𝑛) ⋅ Δ𝑡 + �̇�𝐻𝑃 ⋅ Δ𝑡
(5.17)

Where 𝑉𝑡𝑎𝑛𝑘 is the volume of the DHW tank, 𝐶𝑤 the specific heat of water, 𝑇𝑇𝑎𝑛𝑘,𝑡, the temperature of
the tank at time step t, 𝑇𝑡𝑎𝑝, 𝑉𝑢𝑠𝑒𝑑 the volume of water used for the DHW appliances, 𝑈𝑡𝑎𝑛𝑘 the heat
transfer coefficient of the tank, which in this report is 0.5 𝑊

𝑚2𝐾 based on an example DWH tank [22],
𝐴𝑡𝑎𝑛𝑘 the surface area of the tank, and 𝑇𝑖𝑛 the inside temperature of the house. Solving for 𝑇𝑇𝑎𝑛𝑘,𝑡+1
results in equation 5.18

𝑇𝑇𝑎𝑛𝑘,𝑡+1 =
1

𝑉𝑡𝑎𝑛𝑘𝐶𝑤 + 0.5𝑉𝑢𝑠𝑒𝑑𝐶𝑤
⋅ (𝑉𝑡𝑎𝑛𝑘𝐶𝑤(𝑇𝑇𝑎𝑛𝑘,𝑡 − 𝑇𝑡𝑎𝑝) + (𝑉𝑡𝑎𝑛𝑘𝐶𝑤 + 𝑉𝑢𝑠𝑒𝑑𝐶𝑤)𝑇𝑡𝑎𝑝

− 0.5𝑉𝑢𝑠𝑒𝑑𝐶𝑤𝑇𝑇𝑎𝑛𝑘,𝑡 + 𝑈𝑡𝑎𝑛𝑘𝐴𝑡𝑎𝑛𝑘(𝑇𝑇𝑎𝑛𝑘,𝑡 − 𝑇𝑖𝑛)Δ𝑡 + �̇�𝐻𝑃 Δ𝑡) (5.18)

The initial temperature of each DHW tank is randomly chosen between 45°C and 50°C uniformly.

5.4. All-Electric Heat Pumps
In this thesis, all-electric heat pumps are defined as heat pumps that do not use an auxiliary heating
system. This heat pump configuration accounts for 75 % of heat pump sales in the Netherlands in the
period 2021 to 2023 [52]. These heat pumps usually use either the ground or the outside air as a heat
source. The All-Electric heat pumps in this thesis have a rated heating capacity of 8𝑘𝑊𝑡ℎ𝑒𝑟𝑚𝑎𝑙 at a
source temperature of 7°C and a supply temperature of 35°C. The rated capacity at these conditions
can usually be found in the technical specifications of a heat pump. The rated electric power of the
heat pump is then calculated by dividing the thermal capacity by the COP under these conditions.

5.4.1. Air-Source Heat Pump
Air-source heat pumps that heat water for space heating and DHW were, by 2023, the most popular
type of heat pump in the Netherlands with a 76% market share, excluding air-to-air heat pumps, also
known as air conditioners [9]. ASHPs use the outside air as a heat source, where the evaporator of
the heat pump is placed outside, and air is forced onto it, most of the time with a fan. Therefore,
the temperature of the heat source is dependent on the outside temperature. Due to the variability of
outside temperature, the COP varies during the day and seasons.

5.4.2. Ground-source Heat Pump
Ground-source heat Pumps had a 24 % market share, excluding air-to-air heat pumps in the Nether-
lands [7] in 2023. Here, the source of heat comes from the ground. Instead of letting air flow against
the evaporator, water is used to provide heat to the evaporator. This water is pumped through a loop
that is placed under the ground either horizontally at a depth between 1 and 2 meters or vertically at
a depth between 60 and 100 meters or sometimes even more [12], also called a well. Because the
heat source is the ground, the temperature stays relatively constant throughout the year and is usually
around 10-12 ° C [50], which is higher than the air temperature during cold days. Therefore, the COP
of these types of heat pumps is higher and more stable during the cold winter days in the Netherlands.
This COP is determined using equation 5.2 from [43].

In addition to individual wells, a kind of district heating network called a source network, or in Dutch
’zeer lage temperatuur (ZLT) netwerk’ can be used. In this case, the water that provides heat to the
evaporator comes from a network of water pipes that runs through the streets. The supply temperature



5.4. All-Electric Heat Pumps 24

of the water in this network is usually around 10°C [36]. The heat provided to the water in the network
can either come from collective wells in the network, low-temperature residual heat, such as cooling
of data centres, or a heat exchanger with a body of water, such as a river or lake. For this thesis, a
constant source temperature for GSHPs of 10 ° C is taken.

5.4.3. Control methods
The control of the heat pump is usually based on a specific temperature that the occupant of the house
likes. The heat pump then turns on and off or modulates its power to keep the temperature close to the
set point that the occupant provides. In this thesis, the set point temperature of each house is randomly
chosen with a uniform distribution between 18 and 22 ° C and is set for the whole simulation period.

If DHW production is also done by the heat pump, it is prioritised over space heating. This means that
if the temperature of the DHW tank drops below 45°C, the heat pump provides its heat to the DHW in
the next time step, giving full power for the whole time step or a fraction of its power until the tank is
50 ° C. In reality, an on-off heat pump can not give a fraction of its power, but it is assumed that it runs
at full power for a fraction of the time step, averaging to this fraction of power. To avoid any unrealistic
initialisation phenomenon, the first 2 days of the heat pump demand simulation are discarded before
being fed to the PowerFactory grid simulation. Now, the two different control methods will be described.

On-off control

The model for an on-off heat pump turns on the heat pump till the set temperature is met and then turns
it off again. If the temperature has decreased to 1 ° C below the set point, the heat pump is turned on
again until the setpoint is reached. This control method is described in equation 5.19.

𝑃HP,𝑡 = {
𝑃HP,rated, 𝑇in,𝑡 ≤ 𝑇set − 1°𝐶
𝑃HP,𝑡−1, 𝑇set − 1°𝐶 < 𝑇in,𝑡 < 𝑇set
0, 𝑇set ≤ 𝑇in,𝑡

with 𝑇set ∼ 𝒰(18, 22) (5.19)

If the temperature of the house in the first time step is between 𝑇𝑠𝑒𝑡 −1°𝐶 and 𝑇𝑠𝑒𝑡, 𝑃𝐻𝑃,𝑡−1 is randomly
chosen between 𝑃𝐻𝑃,𝑟𝑎𝑡𝑒𝑑 and 0 with a 50/50 chance on both. The results of the heat pump demand
simulation of one of the houses can be seen in figure 5.5.
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Figure 5.5: Results of the heat pump demand for one house with an all-electric ASHP with on-off control

The effect of the lower COP due to the lower outdoor temperature can be clearly seen in the thermal
energy production graph. The thermal power is reduced in the middle of the simulation period when
the outdoor temperature is at its lowest. In addition, the electric power graph shows that the heat pump
has to be switched on more often during the cold period because the heat demand is higher due to
the lower temperatures, and the heat pump’s thermal yield is lower due to the lower COP. The on-off
control method can also be clearly seen in the bouncing of the indoor temperature between the setpoint
and the minimum temperature.

Modulating control

For a modulating heat pump, the heat pump provides 100 % electric power if the temperature is 1 ° C
or more below the set point. Between 1 ° C and 0 ° C below the set point, it modulated linearly between
100% and 30% of its electrical power, and if the temperature is above the set point, the heat pump is
turned off. This control method is described in equation 5.20 and visually depicted in figure 5.6. The
results of the simulation for one house can be seen in figure 5.7.

𝑃HP,𝑡 = {
𝑃HP,rated, 𝑇in,𝑡 < 𝑇set − 1°𝐶
(0.3 + 0.7(1 − 𝑇𝑖𝑛 − (𝑇𝑠𝑒𝑡 − 1)) ⋅ 𝑃rated, 𝑇set − 1°𝐶 < 𝑇in,𝑡 < 𝑇set
0, 𝑇set ≤ 𝑇in,𝑡

with 𝑇set ∼ 𝒰(18, 22)

(5.20)
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Figure 5.6: Power control profile of modulating Heat Pump
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Figure 5.7: Results of the heat pump demand for one house with an all-electric ASHP with modulating control

From this graph, it can be seen that the modulating control provides a more constant indoor tempera-
ture. During the warmer phase of the simulation period, in the beginning and end, the heat pump oper-
ates in an on-off controlled manner due to the lower limit of 30% of the heat pump output. When it gets
colder outside, the heat pump starts to modulate and maintains a relatively constant power demand,
except for the peaks for domestic hot water production. The relative constant power is considerably
lower than the maximum power it can deliver.

5.5. Hybrid Heat Pumps
GSHPs usually provide all the heat throughout the year because their output and COP are relatively
independent of the outside temperature. However, ASHPs can be designed to provide heating for most



5.5. Hybrid Heat Pumps 27

of the year but have a backup heater for a small percentage of the year when outside temperatures are
too low to provide sufficient output. This can be done to save investment costs, as the backup heating is
cheaper than a heat pump with more capacity. This is usually the case with electric resistance backup
heaters. Another option is to use a natural gas boiler as a backup heater. With the latter option, the
boiler can also provide cheaper heating if the COP falls below a certain threshold where the electricity
required is more expensive than natural gas. If the heating system is equipped with a natural gas
auxiliary heater, the DHW is usually also produced by the boiler.

For the electric resistive hybrid system, the heat pump has a rated capacity of 6𝑘𝑊𝑡ℎ𝑒𝑟𝑚𝑎𝑙 and a
2𝑘𝑊𝑡ℎ𝑒𝑟𝑚𝑎𝑙 resistive heater, assumed to have 100% efficiency. With the gas-hybrid system, the heat
pump has a rated capacity of 4𝑘𝑊𝑡ℎ𝑒𝑟𝑚𝑎𝑙 and a natural gas boiler with a capacity of 4𝑘𝑊𝑡ℎ𝑒𝑟𝑚𝑎𝑙. It is
assumed that the natural gas boiler can produce 31.65𝑀𝐽 of heat from 1𝑚3, assuming 100% efficiency
compared to the average lower heating value of natural gas in the Netherlands [41].

The auxiliary heaters are switched on in addition to the heat pump if the heat loss during this time period
is greater than the heat pump alone can provide at the outdoor temperature during that time step. A
resulting simulation of the electric resistive hybrid heat pump can be seen in figure 5.8.
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Figure 5.8: Results of the heat pump demand for one house with an electric resistive hybrid ASHP with on-off control

During the coldest period in the middle of the simulation period, it can be seen that the heat pump
starts to struggle to reach the setpoint indoor temperature, as the slope of the indoor temperature rise
decreases. Often, at moments when this slope is close to zero, the electric resistive auxiliary heater
kicks in, causing the internal temperature to rise significantly again. At times when the auxiliary heater
is activated, the electrical power consumed by the system more than doubles. The simulation results
of the gas hybrid heat pump can be seen in figure 5.9.
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Figure 5.9: Results of the heat pump demand for one house with a gas hybrid ASHP with on-off control

In this simulation, the auxiliary heater kicks in much more often. This is to be expected as the heat
pump has a lower capacity than the electric resistive hybrid system. Here, the natural gas boiler al-
ways operates alongside the heat pump during the coldest period of the simulated 2 weeks. However,
this does not increase the electricity demand of the systems as the boiler uses natural gas instead of
electricity.

5.6. Dynamic energy price-based control
Heat pumps can also be controlled while optimising for dynamic energy prices. This is simulated in this
thesis using an optimisation model that minimises the cost of electricity needed for the heat pump. This
model uses weather data, DHW use and hourly electricity prices as known inputs and uses the same
thermal model, assuming perfect foresight. The set temperature is given as a minimal temperature
constraint and is again randomly chosen with a uniform distribution between 18 ° C and 22 ° C, and
for the DHW tank, the minimum temperature is always 45 ° C. For the dynamic prices optimisation
model, the first and last 2 days are thrown away before being fed to the grid simulation to prevent any
unrealistic initialisation or finishing phenomena. The optimisation model for the all-electric heat pumps
is given in equation 5.21.



5.6. Dynamic energy price-based control 29

min
𝑃
∑
𝑡∈𝑇
𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦,𝑡𝑃ℎ𝑝,𝑡Δ𝑡

s.t.
0 ≤ 𝑃ℎ𝑝,𝑡 ≤ 𝑃ℎ𝑝,𝑟𝑎𝑡𝑒𝑑;
𝑇𝑖𝑛,𝑠𝑒𝑡 ≤ 𝑇𝑖𝑛,𝑡 , 𝑡 ≥ 𝑡𝑖;
𝑇𝑖𝑛,𝑡 ≤ 𝑇𝑖𝑛,𝑠𝑒𝑡 + 2°𝐶;
𝑇𝑖𝑛,𝑡+1 + 𝑇𝑖𝑛,𝑡

Δ𝑡 =
𝐶𝑂𝑃𝑡 ⋅ 𝑃𝑠ℎ,𝑡 − 𝑆𝑄(�̇�𝑟𝑜𝑜𝑓 − �̇�𝑤𝑎𝑙𝑙 − �̇�𝑔𝑙𝑎𝑠𝑠 − �̇�𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 − �̇�𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

𝑚𝑐𝑡𝑜𝑡𝑎𝑙
;

𝑇𝑡𝑎𝑛𝑘,𝑚𝑖𝑛 ≤ 𝑇𝑡𝑎𝑛𝑘,𝑡 , 𝑡 ≥ 𝑡𝑖;

𝑇𝑡𝑎𝑛𝑘,𝑡+1 =
1

𝑉𝑡𝑎𝑛𝑘𝐶𝑤 + 0.5𝑉𝑢𝑠𝑒𝑑,𝑡𝐶𝑤
⋅ (𝑉𝑡𝑎𝑛𝑘𝐶𝑤(𝑇𝑇𝑎𝑛𝑘,𝑡 − 𝑇𝑡𝑎𝑝) + (𝑉𝑡𝑎𝑛𝑘𝐶𝑤 + 𝑉𝑢𝑠𝑒𝑑,𝑡𝐶𝑤)𝑇𝑡𝑎𝑝

− 0.5𝑉𝑢𝑠𝑒𝑑,𝑡𝐶𝑤𝑇𝑇𝑎𝑛𝑘,𝑡 + 𝑈𝑡𝑎𝑛𝑘𝐴𝑡𝑎𝑛𝑘(𝑇𝑇𝑎𝑛𝑘,𝑡 − 𝑇𝑖𝑛)Δ𝑡 + 𝐶𝑂𝑃𝑡 ⋅ 𝑃𝐷𝐻𝑊,𝑡 Δ𝑡);
𝑃𝐻𝑃,𝑡 = 𝑃𝑠ℎ,𝑡 + 𝑃𝐷𝐻𝑊,𝑡

(5.21)

In this model, 𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦,𝑡 is the price of electricity at time 𝑡, 𝑃𝐻𝑃,𝑡 is the total power demanded by the
heat pump at time 𝑡, and 𝑃𝑠ℎ,𝑡 and 𝑃𝐷𝐻𝑊,𝑡 are the respective proportions that the heat pump provides
for space and water heating. 𝑡𝑖 is the time step from which the minimum temperature constraints are
active. This time step is set to 4 hours to provide the optimization some time to reach this minimum
temperatures is the DHW use is significant in the first hours. The initial inside temperature is set to
𝑇𝑖𝑛,𝑠𝑒𝑡, and the initial tank temperature is randomly chosen between 45°C and 50°C uniformly. The
resulting simulation of the heat pump demand is depicted in figure 5.10.
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Figure 5.10: Results of the heat pump demand for one house with an all-electric ASHP with dynamic price control

These graphs show that the optimisation uses the buffering capacity of the DHW tank and the thermal
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mass of the house to minimise the cost, which can be seen with the increase of the inside and DHW
tank temperature during times of cheap electricity.

For the electric restive hybrid heat pumps, the optimisation is a bit different, where 𝑃𝑎𝑢𝑥,𝑡 is added for
the power the auxiliary heater is providing, which is limited with a 𝑃𝑎𝑢𝑥,𝑟𝑎𝑡𝑒𝑑 of 2𝑘𝑊. The resulting
model is given by equation 5.22 and the resulting simulation for one house is depicted in figure 5.22.

[]𝐻

min
𝑃
∑
𝑡∈𝑇
𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦,𝑡(𝑃ℎ𝑝,𝑡 + 𝑃𝑎𝑢𝑥,𝑡)Δ𝑡

s.t.
0 ≤ 𝑃ℎ𝑝,𝑡 ≤ 𝑃ℎ𝑝,𝑟𝑎𝑡𝑒𝑑;
0 ≤ 𝑃𝑎𝑢𝑥,𝑡 ≤ 𝑃𝑎𝑢𝑥,𝑟𝑎𝑡𝑒𝑑;
𝑇𝑖𝑛,𝑠𝑒𝑡 ≤ 𝑇𝑖𝑛,𝑡 , 𝑡 ≥ 𝑡𝑖;
𝑇𝑖𝑛,𝑡 ≤ 𝑇𝑖𝑛,𝑠𝑒𝑡 + 2°𝐶;
𝑇𝑖𝑛,𝑡+1 + 𝑇𝑖𝑛,𝑡

Δ𝑡 =
𝐶𝑂𝑃𝑡 ⋅ 𝑃𝑠ℎ,𝑡 + 𝑃𝑎𝑢𝑥,𝑡 − 𝑆𝑄(�̇�𝑟𝑜𝑜𝑓 − �̇�𝑤𝑎𝑙𝑙 − �̇�𝑔𝑙𝑎𝑠𝑠 − �̇�𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 − �̇�𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

𝑚𝑐𝑡𝑜𝑡𝑎𝑙
;

𝑇𝑡𝑎𝑛𝑘,𝑚𝑖𝑛 ≤ 𝑇𝑡𝑎𝑛𝑘,𝑡 , 𝑡 ≥ 𝑡𝑖;

𝑇𝑡𝑎𝑛𝑘,𝑡+1 =
1

𝑉𝑡𝑎𝑛𝑘𝐶𝑤 + 0.5𝑉𝑢𝑠𝑒𝑑,𝑡𝐶𝑤
⋅ (𝑉𝑡𝑎𝑛𝑘𝐶𝑤(𝑇𝑇𝑎𝑛𝑘,𝑡 − 𝑇𝑡𝑎𝑝) + (𝑉𝑡𝑎𝑛𝑘𝐶𝑤 + 𝑉𝑢𝑠𝑒𝑑,𝑡𝐶𝑤)𝑇𝑡𝑎𝑝

− 0.5𝑉𝑢𝑠𝑒𝑑,𝑡𝐶𝑤𝑇𝑇𝑎𝑛𝑘,𝑡 + 𝑈𝑡𝑎𝑛𝑘𝐴𝑡𝑎𝑛𝑘(𝑇𝑇𝑎𝑛𝑘,𝑡 − 𝑇𝑖𝑛)Δ𝑡 + 𝐶𝑂𝑃𝑡 ⋅ 𝑃𝐷𝐻𝑊,𝑡 Δ𝑡);
𝑃𝐻𝑃,𝑡 = 𝑃𝑠ℎ,𝑡 + 𝑃𝐷𝐻𝑊,𝑡

(5.22)
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Figure 5.11: Results of the heat pump demand for one house with an electric resistive hybrid ASHP with dynamic price
control

During the coldest week, the heat pump is first utilised for 100% before the auxiliary heater is used due
to the high cost of using the electric resistance heater. The use of the auxiliary heater is minimised in
the optimisation, which can be seen, for example, in the increase in internal temperature just before the
second use of the auxiliary heater. This buffering minimises the peak of the auxiliary heater required
afterwards.

For the gas-hybrid heat pump. The optimisation does not include DHW production, and the price of
natural gas per 𝑘𝑊ℎ of heat produced, 𝑐𝑔𝑎𝑠,𝑡 is added, resulting in the model described by equation
5.23 and the simulation results of one house are depicted in figure 5.23.

min
𝑃
∑
𝑡∈𝑇
𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦,𝑡𝑃ℎ𝑝,𝑡Δ𝑡 + 𝑐𝑔𝑎𝑠,𝑡𝑃𝑎𝑢𝑥,𝑡Δ𝑡

s.t.
0 ≤ 𝑃ℎ𝑝,𝑡 ≤ 𝑃ℎ𝑝,𝑟𝑎𝑡𝑒𝑑;
0 ≤ 𝑃𝑎𝑢𝑥,𝑡 ≤ 𝑃𝑎𝑢𝑥,𝑟𝑎𝑡𝑒𝑑;
𝑇𝑖𝑛,𝑠𝑒𝑡 ≤ 𝑇𝑖𝑛,𝑡 , 𝑡 ≥ 𝑡𝑖;
𝑇𝑖𝑛,𝑡 ≤ 𝑇𝑖𝑛,𝑠𝑒𝑡 + 2°𝐶;
𝑇𝑖𝑛,𝑡+1 + 𝑇𝑖𝑛,𝑡

Δ𝑡 =
𝐶𝑂𝑃𝑡 ⋅ 𝑃𝑠ℎ,𝑡 + 𝑃𝑎𝑢𝑥,𝑡 − 𝑆𝑄(�̇�𝑟𝑜𝑜𝑓 − �̇�𝑤𝑎𝑙𝑙 − �̇�𝑔𝑙𝑎𝑠𝑠 − �̇�𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 − �̇�𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

𝑚𝑐𝑡𝑜𝑡𝑎𝑙
(5.23)
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Figure 5.12: Results of the heat pump demand for one house with a natural gas hybrid ASHP with dynamic price control

To ensure that the energy prices are comparable magnitude in figure 5.12, the electricity price is divided
by the COP at this time step. This ensures that the energy prices plotted represent the price of the heat
it provides and that the most cost-effective choice can be seen in the graph. It can be seen that in the
middle of the simulation period, the COP of the heat pump drops to such a low level that heating with
natural gas becomes cheaper. The effect of this can be seen in the electric power of the heat pump,
which drops to zero during the period when natural gas heating is cheaper, and the natural gas boiler
takes care of all the heating. During the times when heating with the heat pump is cheaper, the heating
power of the boiler is only used when the heat pump alone cannot provide enough heat.

5.7. Cooling
Both ASHPs and GSHPs can often be used to provide cooling to the house if the radiators or floor
heating is suitable for it. ASHPs use active cooling where the outside air is used, which in summer is
hotter than the temperature the system cools with. Therefore, it uses the thermodynamic cycle with
the compressor that uses comparable amounts of electricity as heating. GSHPs use passive cooling,
which uses the cool ground temperature that is lower than the temperature the systems cool with.
Therefore, this way of cooling only needs a small pump to pump the cool water out of the ground or the
source network without using a thermodynamic cycle, which uses much less electricity. Furthermore,
with an individual well, the ground is heated during the passive cooling of the house. The ground then
increases in temperature, increasing the COP during winter. The simulation of cooling is not considered
in this thesis.



6
Results

In this chapter, the results of the simulations are given for each type of heat pump by presenting their
respective effects on the overloading of the central transformer and voltage problems. The difference
in the two control types, on-off and modulating, can be seen as well. Then, the influence of dynamic
energy prices and domestic hot water production is portrayed. The effects of different types of heat
pumps, dynamic pricing, and DHW production are simulated for the current adoption rate of PV sys-
tems, EV chargers, and dynamic tariffs and are depicted for multiple adoption rates of heat pumps.
The final part of this chapter discusses the results of some simulated scenarios for 2030 and 2050.
The current adoption rates of the technologies considered, together with the forecasts for these rates
for 2030 and 2050, are presented in table 6.1

Table 6.1: Adoption rates considered in the simulations

Penetration rate Current 2030 2050
PV 30% 45% 1 85% 1

EV home chargers 2.7% 5.7% 1 15.6% 1

EV public chargers 7 14 31
HP 16% 24% 1 100%
Dynamic tariff 3% 10% 1 30% 1

1 These values are based on internal discussion and forecasts from SETIAM, Stedin’s Energy
Transition Impact Assessment Model.

For each set-up of the simulation, i.e. a given number of public and home chargers, PV systems,
households with a dynamic energy contract and number and type of heat pumps, 30 different runs are
performed, with the placement of these loads and tariffs being shuffled for each run. This is done to
average out particular favourable and unfavourable placements of the loads for the total impact. The
shuffling of the runs is done in the same way for each set up to ensure that the simulations of the setups
can be well compared.

6.1. All-Electric Heat Pumps
First, the All-Electric heat pumps will be discussed. This means that the heat pump is providing all the
heat demand in both space heating and domestic hot water without backup heating by natural gas or
resistive electric heating.

In figure 6.1 the apparent power through the central transformer can be seen for the on-off air source
heat pumps for different adoption rates, where the mean is represented by the line and the shading
represents the 10th and 90th percentile of the 30 runs performed per adoption rate.
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Figure 6.1: Apparent power through the transformer during the simulation period for ASHPs with on-off control for a variety of
heat pump penetration levels

The effect of the outside temperature (figure 6.2) can be seen in the power profile, where in the middle
of the simulation period, when the temperature is lowest, the power, on average, is the highest. It
can be seen that for adoption rates of 80 % or more, the limit of the transformer is exceeded. This
can be seen more clearly in figures 6.3 to 6.6, where the maximum exceedance of the limit per run is
shown with a box plot, where the box represents the 25th to 75th percentile, the whiskers the minimum
and maximum, and the stripe the median. The 10th and 90th percentiles are also represented by the
shading.
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Figure 6.2: Outside temperature during the thermal simulation
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Figure 6.3: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
on-off ASHPs.
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Figure 6.4: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
modulating ASHPs.
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Figure 6.5: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
on-off GSHPs.

0% 20.0% 40.0% 60.0% 80.0% 100%
HP adoption

0

20

40

60

80

100

120

140

160

180

M
ax

im
um

 P
ow

er
 (%

 o
f 2

50
 k

VA
)

Maximum transformer power for All-Electric GSHPs with modulating control
10th-90th Percentile
100% Limit

Figure 6.6: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
modulating GSHPs.

When comparing these plots, it can be seen clearly that the maximum power through the transformer is
higher for the ASHPs than for GSHPs. The median of the maximum power for the 100 % adoption rate
is 24% higher for ASHPs than GSHPs with on-off heat pumps and 20% for modulating heat pumps.
Next to that, on-off heat pumps have a higher maximum power than modulating heat pumps, with
6% for ASHPs and 3% for GSHPs. Therefore, the all-electric heat pump with the lowest power limit
exceedance is the GSHP with modulating control. Its power profile is depicted in figure 6.7, and the
power profiles of the remaining heat pumps can be found in Appendix section B.1.
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Figure 6.7: Apparent power through the transformer during the simulation period for GSHPs with modulating control.

Looking at the voltage deviation, the points at the far end of the grid will generally show the most
deviation. The point farthest from the transformer in this grid is Cbl_718, and its voltage profile will be
used to show the variation. The profile for ASHPs with on-off control is depicted in figure 6.8, where the
lines represent the mean and the shading the 10th to 90th percentile of 30 runs. When looking at the
total voltage limit violations of the grid code for each household, explained in Section 2.1, the attention
can be drawn to figures 6.9 to 6.12 where the total amount of grid code violations at a household is
counted for both weeks and summed.
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Figure 6.8: Voltage profile at CBL_718 for ASHPs with on-off control
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Figure 6.9: Amount of households with voltage grid code
violations for 30 runs per adoption rate for on-off ASHPs.

0% 20.0% 40.0% 60.0% 80.0% 100%
Heat Pump Percentage

0

20

40

60

80

100

120

140

160

Am
ou

nt
 o

f h
ou

se
ho

ld
s

Households with grid code voltage violations for All-Electric ASHPs with modulating control
Mean
10th-90th Percentile

Figure 6.10: Amount of households with voltage grid code
violations for 30 runs per adoption rate for modulating
ASHPs.
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Figure 6.11: Amount of households with voltage grid code
violations for 30 runs per adoption rate for on-off GSHPs.
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Figure 6.12: Amount of households with voltage grid code
violations for 30 runs per adoption rate for modulating
GSHPs.

With the grid code violations, the same difference in grid problems can be seen as for the power.
When again looking at the median of the 100 % adoption rate, the ASHPs have more voltage grid code
violations than GSHP, 80% more for on-off heat pumps and 92% more for modulating heat pumps.
Furthermore, on-off heat pumps perform worse for voltage grid code violations with an increase of
14% in violations compared to modulating heat pumps for ASHPs and 22% for GSHPs. Therefore,
GSHPs with modulating control have the lowest number of voltage limit violations. The voltage profile
for Cbl_718 with modulating GSHPs can be seen in figure 6.13. The voltage profiles for all other
heat pump types can be found in Appendix section B.2. No overvoltages were observed during the
simulations.

In figure 6.14 an overview of the low-voltage grid is given, where households with voltage limit problems
are circled in red.

It can be seen that voltage limit problems tend to occur at the ends of the network, where many loads
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Figure 6.13: Voltage profile at CBL_718 for ASHPs with on-off control

Figure 6.14: Overview of the low-voltage grid where the households circled in red are experiencing grid limit violations beyond
the grid code for the worst performing heat pump (on-off controlled ASHPs)

before them have already caused the voltage to drop significantly. Because the total power drawn here
is high, some branches are almost completely encircled from the ends to almost the transformer in the
middle. One branch stands out. The top right branch has no voltage limit violations beyond the grid
code. This can be explained by the relatively small number of houses combined with a relatively short
cable connecting the branch to the transformer. The physical length is not visible in the figure 6.14, but
the length of the cable that connects the transformer to the branch without voltage problems is 20 m,
while the other branches either have a cable of 38 m or longer, or have a larger number of houses.

Discussion

Looking at the results for All-Electric heat pumps, GSHPs can significantly reduce the impact on the
grid compared to ASHPs for overloading and undervoltage. Therefore, a large amount of additional
investment in grid upgrades can be reduced by opting for more GSHPs in households. However,
this comes at the cost of additional investment at the household level. Whereas an ASHP can be
easily installed outdoors without any additional infrastructure (except a grid connection), GSHPs need
a water source to connect to. This water source can be achieved by drilling a personal well or by
setting up a collective system in the neighbourhood, where several wells are drilled under the street, or
one or more thermal storages can be built. In the second case, there is also the possibility of feeding
low-temperature residual heat into the collective system, for example, by cooling supermarkets. In all
cases, upfront investment costs will be higher than for ASHPs, and future research is required to decide
whether these costs outweigh the additional grid upgrades needed for ASHPs.
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In these simulations, modulating heat pumps produce a lower maximum power peak compared to on-
off heat pumps, and they also caused fewer voltage problems. Therefore, modulating heat pumps are
superior to their on-off counterparts in terms of grid impact. As they are also more efficient in terms of
electricity use [4], it can be assumed that this technology will naturally become dominant if residents
have a choice. However, it is possible that homeowners who do not pay the electricity bill will opt for the
cheaper option, which in most cases will be the on-off controlled heat pump. Because of the smaller
impact of the control method, it is up to the government to decide whether it is worthwhile to steer
towards modulating heat pumps, for example, through subsidies.

6.2. Hybrid Heat Pumps
Next, the heat pumps with backup heating are simulated. These simulations are only carried out for
ASHPs, as GSHPs do not normally require auxiliary heating due to their relatively constant source
temperature. The two types of auxiliary heating are a natural gas boiler and an electric resistance
heater, and both options can have an on-off and modulating type of control. For heat pumps with a
natural gas boiler, it is assumed that the DHW production is also carried out by the boiler, and no
electricity is used for this.

First, the power profiles with resistive electric auxiliary heating are depicted in figure 6.15 and the gas
hybrid in figure 6.16. The rest of the power profiles can be found in Appendix Section B.1. In the first
figure, a greater power capacity exceedance can be seen than for all-electric ASHPs (figure 6.1) for
resistive electric backup heating. This is to be expected since part of the heating power of the resistive
electric heater is done with a COP of 1. For the natural gas auxiliary heater, a lower power consumption
is observed. This can be explained by the extra heat provided by the natural gas boiler that does not
require electricity and the lack of DHW production. In figures 6.17 to 6.20, the maximum power of the
30 runs is plotted against the adoption rate of heat pumps.

20
21

-02
-04

20
21

-02
-05

20
21

-02
-06

20
21

-02
-07

20
21

-02
-08

20
21

-02
-09

20
21

-02
-10

20
21

-02
-11

20
21

-02
-12

20
21

-02
-13

20
21

-02
-14

20
21

-02
-15

20
21

-02
-16

20
21

-02
-17

Date and time

200

100

0

100

200

300

400

500

Po
we

r (
kV

A)

Apparent power transformer for Electric-Resistive Hybrid ASHPs with on-off control
HP adoption: 0%
HP adoption: 20.0%
HP adoption: 40.0%
HP adoption: 60.0%
HP adoption: 80.0%
HP adoption: 100%
Limit

Figure 6.15: Apparent power through the transformer during the simulation period for ASHPs with on-off control and resistive
electric auxiliary heaters.
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Figure 6.16: Apparent power through the transformer during the simulation period for ASHPs with on-off control and natural
gas auxiliary heaters.
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Figure 6.17: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
on-off ASHPs with resistive electric auxiliary heaters.
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Figure 6.18: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
modulating ASHPs with resistive electric auxiliary heaters.
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Figure 6.19: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
on-off ASHPs with natural gas auxiliary heaters.
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Figure 6.20: Maximum power through the transformer in per-
centage of the rated capacity for 30 runs per adoption rate for
modulating ASHPs with natural gas auxiliary heater.

Heat pumps with resistive electric backup heating have a greater maximum power through the trans-
former than All-Electric ASHPs with 12% with on-off control and 19% with modulating control, looking
at the median of the 100 % adoption rate. For gas hybrid systems, the maximum power through the
transformer was decreased compared to the All-Electric ASHP with 52% for on-off controlled and 49%
for modulating control.

The voltage profiles for 𝐶𝐵𝐿_718 for the electric hybrid and gas hybrid system are provided in figures
6.21 and 6.22, respectively. As can be seen, the voltage limit of 0.95 is exceeded by the electric hybrid
system but hardly by the gas hybrid one. The voltage profiles for all hybrid heat pumps can be found
in Appendix Section B.2. Looking at the number of voltage grid code violations in figures 6.23 to 6.26,
there is no grid code violation for gas hybrid systems for any HP adoption rate.
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Figure 6.21: Voltage profile at CBL_718 for ASHPs with on-off control and resistive electric auxiliary heaters
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Figure 6.22: Voltage profile at CBL_718 for ASHPs with on-off control and natural gas auxiliary heaters.
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Figure 6.23: Amount of households with voltage grid code
violations for 30 runs per adoption rate for on-off ASHPs
with resistive electric auxiliary heaters.
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Figure 6.24: Amount of households with voltage grid code
violations for 30 runs per adoption rate for modulating
ASHPs with resistive electric auxiliary heaters.
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Figure 6.25: Amount of households with voltage grid code
violations for 30 runs per adoption rate for on-off ASHPs
with natural gas auxiliary heaters.
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Figure 6.26: Amount of households with voltage grid code
violations for 30 runs per adoption rate for modulating
ASHPs with natural gas auxiliary heaters.

The number of grid violations regarding voltage levels is significant for electric hybrid systems. The
median for the adoption rate of 100% of the electric hybrid system is 54% higher than for the All-Electric
ASHP with on-off control and 85% for modulating control. Gas-hybrid heat pumps have a significantly
lower number of grid violations, with a 90% reduction compared to all-electric ASHPs with on-off control.
With modulating control, gas hybrid ASHPs even have a median number of grid violations of 0 for 100%
heat pump adoption.

Discussion

The results show that resistive electric backup heating can significantly impact both overloading and
undervoltage. Heat pumps can currently provide sufficient capacity without backup heating, and while
resistive heating is slightly cheaper than increasing the capacity of the heat pump, this reduction in the
investment cost of the heat pump comes at the cost of a significant impact on the electricity grid and,
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therefore, potential upgrade costs. Therefore, electric hybrid heat pumps have an additional impact
on the low-voltage grid, which is way bigger than the investment costs it saves for the heat pump.
An important side note is the use of resistive electric elements for anti-legionella protection in the hot
water tank. Although not simulated in this thesis, it is suspected that the impact of this on the grid is
insignificant, as the duration is quite short and will not be the same for each house.

The impact of hybrid heat pumps is less than that of their all-electric counterparts. The simulations
show that with a 100% penetration rate, there will be no problems with overloading or undervoltage
for this grid. Although this type of system does not completely eliminate the use of natural gas, it can
be a good solution as a transition to the gas-free goal in 2050 while keeping the impact on the grid
manageable.

6.3. Influence of Dynamic Pricing
After looking at the effect of different types of heat pumps, the effect of dynamic energy tariffs is pre-
sented. One type of heat pump is chosen as an example, namely the all-electric heat pump with on-off
control, and it is placed in all households. Then, the percentage of households with a dynamic elec-
tricity contract is changed from 0 to 100%. For the rest of the adoption information, the ’current’ values
are used, given in table 6.1. The corresponding profiles can be seen in figure 6.27 and figure 6.28.
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Figure 6.27: Apparent power through the transformer for 100% adoption of All-Electric ASHPs with on-off control with different
percentages of dynamic contracts
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Figure 6.28: Voltage profile at CBL_718 for 100% adoption All-Electric ASHPs with on-off control with different percentages of
dynamic contracts

In these plots, you can see that an increasing part of the load is shifted to different times due to the price
difference. This causes higher peak loads with an increasing amount of dynamic contract because of
synchronisation of the electricity demand. This effect can be further seen in figure 6.29 for the maximum
power through the transformer and in figure 6.30 for voltage violations.
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Figure 6.29: Maximum power through the transformer
in percentage of the rated capacity for 30 runs per dy-
namic electricity tariff adoption rate for All-Electric on-off
ASHP.
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Figure 6.30: Amount of households with voltage grid code
violations for 30 runs per dynamic electricity tariff adoption
rate for All-Electric on-off ASHP.

The effect of dynamic contracts on the maximum power is quite small for the first 10% to 20%, but it
increases with 25% for 100% dynamic contracts compared to 0%. The same trend can be seen in the
number of voltage limit violations, where the effect is minimal up to 20%, but rises to 151 households
for 100% dynamic contracts. Therefore, almost all of the 155 households will experience voltage limit
violations by then. This is an increase of 83% compared to the absence of dynamic contracts.

After this, the influence of dynamic prices is also simulated for the current adoption rate of heat pumps
of 16%. This is also done for the on-off control ASHP. The resulting power and voltage profiles at the
farthest point are presented in figures 6.31 and 6.32. The maximum power and voltage problems plots
are given in figures 6.31 and 6.32.
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Figure 6.31: Apparent power through the transformer for 16 % adoption of All-Electric ASHPs with on-off control with different
percentages of dynamic contracts
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Figure 6.32: Voltage profile at CBL_718 for 16 % adoption of All-Electric ASHPs with on-off control with different percentages
of dynamic contracts

The graphs show that the influence of dynamic tariffs will not have a significant impact on both power
and voltage at the current penetration rate of heat pumps and EV home chargers. This is also confirmed
by the maximum power and number of voltage violations plots shown in figures 6.33 and 6.34.
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Figure 6.33: Maximum power through the transformer in
percentage of the rated capacity per dynamic electricity
tariff adoption rate for 16 % adoption of All-Electric on-
off ASHP.
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Figure 6.34: Amount of households with voltage grid code
violations per dynamic electricity tariff adoption rate for 16
% adoption of All-Electric on-off ASHP.

Discussion

For the current adoption rate of EV home chargers and heat pumps, dynamic contracts have a minimal
impact on the low-voltage grid for these simulations. When the neighbourhood has full adoption of
ASHPs, dynamic contracts become a problem when more than 20% of households have one. How-
ever, the homes in the simulation have a fixed indoor temperature setpoint. This results in the heating
demand being spread over the day. Households may change their set temperature during the day.
For example, it is likely that many households will increase the temperature when they get home from
work, which is usually around the same time for many people. Therefore, a peak in heat pump demand
can be caused by this phenomenon. This can be partly counteracted by dynamic prices, as electricity
prices are generally higher at times when many people come home from work, which shifts part of this
peak to another time. Therefore, there may be some benefits of dynamic tariffs that are not taken into
account in these simulations.

However, since dynamic tariffs can save consumers money, as noted in [46], the growth of this type
of contract should be carefully monitored to ensure that its popularity does not become so large that it
causes problems in the grid.

6.4. Influence of Domestic Hot Water Production
For the same type of heat pump (All-Electric ASHP with on-off control), an analysis is done on the effect
of DHW production on power and voltage. The resulting graphs where the profiles with and without
DHW are depicted can be found in figures 6.35 and 6.36.
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Figure 6.35: Apparent power through the transformer for All-Electric ASHPs with and without domestic hot water production.

Here, it can be seen that the effect is minimal and that DHW production causes a very slight increase
in power and a dip in voltage because of the energy needed for it. Furthermore, there does not appear
to be an effect on concurrency, which is further confirmed by a simulation in which only the demand for
heat pumps is used, as depicted in figure 6.37, where the total power of 155 heat pumps during the
simulation period was divided by the total rated power. Furthermore, the maximum power and voltage
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Figure 6.36: Voltage profile at CBL_718 for All-Electric ASHPs with and without domestic hot water production.

violations for the case without DHW production are shown in figures 6.38 and 6.39.

Figure 6.37: Concurrency for only heat pumps loads with and without domestic hot water production.
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Figure 6.38: Maximum power through the transformer in
percentage of the rated capacity for 30 runs per HP adop-
tion rate for All-Electric on-off ASHP without DHW produc-
tion.
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Figure 6.39: Amount of households with voltage grid code
violations for 30 runs per HP adoption rate for All-Electric
on-off ASHP without DHW production.

The median of the maximum power for the adoption rate 100% is slightly higher, at 2%, with domestic
hot water production than without it. Voltage violations increase by 7% if DHW production is included
for the same adoption rate.

Discussion

At the beginning of this research, it was hypothesised that the production of domestic hot water could
cause a drop in concurrancy. The heat pumps could be synchronised due to the same temperature
variations experienced by all, and individual demand for domestic hot water could disrupt this synchro-
nisation. However, as these results show, domestic hot water production does not reduce concurrancy
and increases the maximum power only slightly. This increase can be considered insignificant.
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6.5. Scenarios
Three different scenarios are now simulated for two years in the future. The first ’natural growth’ sce-
nario is the authors’ expectation of the mix of heat pump types in 2030 and 2050 if no electric backup
heating is installed in the heat pump, the second ’natural growth with electric backup heating’ scenario
takes into account that a portion of these heat pumps have electric backup heating, and the third ’GSHP
ready’ scenario is chosen where either a source network is built in the neighbourhood where everyone
can connect, or many people decide to drill their own source for a GSHP. These scenarios are shown
in the table 6.2, where the percentages represent the mix of heat pumps in this scenario. This means
that with a heat pump penetration rate of 50%, 35% of these heat pumps in 2030 for the natural growth
scenario will be gas hybrid, totalling 27 gas hybrid heat pumps for 155 households. An adoption rate
of 100% is assumed for all 2050 scenarios, as the aim of this work is to look at the effect of a whole
neighbourhood switching to a heat pump. The rest of the adoption information is already given in table
6.1 on page 33. Public EV charging is also assumed to have a smart charging profile in 2030 and 2050,
where all public EV chargers are assigned one of the static smart charging profiles of the Elaad profile
generator [17]. Due to time limitations, the scenarios are only simulated for modulating control. Since
this type of control is more energy efficient [4], it is assumed that this will be the dominant technology
in the future. Finally, the same data is used for non-flexible load, EV home charging, PV production,
outdoor temperature, and domestic hot water demand as for the ”current” simulations.

Table 6.2: The mix of heat pumps in the future scenarios

Scenarios 2030 2050

Natural Growth 35% gas-hybrid ASHP
65% all-electric ASHP 100% all-electric ASHP

Natural Growth with
Electric Auxiliary Heating

35% Gas-Hybrid ASHP
65% Electric Resistive Hybrid ASHP

65% Electric Resistive Hybrid ASHP
35% All-Electric ASHP

GSHP Ready
15% gas-hybrid ASHP
15% All-Electric ASHP
70% GSHP

100% GSHP

6.5.1. Scenarios for 2030
In 2030, it is assumed that the percentage of households with a PV system has increased to 45%, 5.7%
of households have an EV home charger, 10% have a dynamic energy contract, 14 public EV charging
points are available and 24% of households have a heat pump.

Natural growth

In this scenario, a mix of All-Electric and Gas-Hybrid ASHPs is present in the neighbourhood, which
results in the power and voltage profiles shown in figures 6.40 and 6.41.
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Figure 6.40: Apparent power through the transformer for a mix of 65% All-Electric ASHPs and 35% Gas-Hybrid ASHPs in
2030
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Figure 6.41: Voltage profile at CBL_718 for a mix of 65% All-Electric ASHPs and 35% Gas-Hybrid ASHPs in 2030

These profiles show that the power and voltage limits are only exceeded at higher heat pump pene-
tration rates. This is further confirmed by the graphs of maximum power and voltage limit violations in
figures 6.42 and 6.43.
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Figure 6.42: Maximum power through the transformer in
percentage of the rated capacity for a mix of 65% All-
Electric ASHPs and 35% Gas-Hybrid ASHPs in 2030
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Figure 6.43: Amount of households with voltage grid code
violations for a mix of 65% All-Electric ASHPs and 35%
Gas-Hybrid ASHPs in 2030

It can be seen that voltage limit problems only occur from a 40% adoption rate, and overloading prob-
lems only occur from more than 60%. As the expected penetration rate of heat pumps in 2030 is 24%,
this scenario is not expected to cause any problems for the low-voltage grid.

Natural growth with Electric Auxiliary Heating

In this scenario, a similar mix of ASHPs is present as in the natural growth scenario. However, all of the
All-Electric ASHPs have been changed to Electric-Resistive Hybrid ASHPs. This results in the power
and voltage profiles shown in figures 6.44 and 6.45.
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Figure 6.44: Apparent power through the transformer for a mix of 65% Electric-Resistive Hybrid ASHPs and 35% Gas-Hybrid
ASHPs in 2030
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Figure 6.45: Voltage profile at CBL_718 for a mix of 65% Electric-Resistive Hybrid ASHPs and 35% Gas-Hybrid ASHPs in
2030

Compared to the profiles for the natural growth scenario without electric backup heating, these profiles
exceed the limits slightly earlier. The figures 6.46 and 6.47 give a better idea of this.

0% 20.0% 40.0% 60.0% 80.0% 100%
HP adoption

0

20

40

60

80

100

120

140

160

180

M
ax

im
um

 P
ow

er
 (%

 o
f 2

50
 k

VA
)

Maximum transformer power for the Natural Growth with Electric Auxiliary Heating scenario in 2030
10th-90th Percentile
100% Limit

Figure 6.46: Maximum power through the transformer in
percentage of the rated capacity for a mix of 65%Electric-
Resistive Hybrid ASHPs and 35% Gas-Hybrid ASHPs
in 2030
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Figure 6.47: Amount of households with voltage grid code
violations for a mix of 65% Electric-Resistive Hybrid
ASHPs and 35% Gas-Hybrid ASHPs in 2030

Although overload and voltage problems occur at a lower penetration rate of heat pumps than in the
natural growth scenario without electric backup heating, they still do not occur at the expected pene-
tration rate of 24%. This means that this scenario for 2030 is not expected to cause any problems for
the low-voltage grid.

GSHP Ready

In this scenario, many households choose to install an GSHP. This results in a mix of 70% all-electric
GSHPs with 15% all-electric ASHPs and 15% gas-hybrid ASHPs. This results in the following power
and voltage profiles in figures 6.48 and 6.49.
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Figure 6.48: Apparent power through the transformer for a mix of 70% All-Electric GSHPs, 15% All-Electric ASHPs and 15%
Gas-Hybrid ASHPs in 2030
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Figure 6.49: Voltage profile at CBL_718 for a mix of 70% All-Electric GSHPs, 15% All-Electric ASHPs and 15% Gas-Hybrid
ASHPs in 2030

The power limit is barely exceeded in this profile, and the voltage limit is only exceeded at 80% and
100% heat pump adoption. These limits are further examined in figure 6.50 and 6.51, where the max-
imum power and voltage limit violations are plotted.
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Figure 6.50: Maximum power through the transformer in
percentage of the rated capacity for a mix of 70% All-
Electric GSHPs, 15%All-Electric ASHPs and 15%Gas-
Hybrid ASHPs in 2030
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Figure 6.51: Amount of households with voltage grid code
violations for a mix of 70% All-Electric GSHPs, 15% All-
Electric ASHPs and 15% Gas-Hybrid ASHPs in 2030

It can be seen that the overload and voltage limits are exceeded later than in the first two scenarios.
This means that also in this scenario there will be no grid limit problems in 2030.

Discussion of 2030 scenarios

These simulations for the 2030 scenarios show that with the predicted number of heat pumps, grid limit
problems are not expected to occur by 2030. As most low-voltage grids will not be upgraded by 2030,
each scenario presented here is feasible for that year.

6.5.2. Scenarios for 2050
By 2050, 85% of households are expected to have a PV system. In addition, 15.6% have an EV home
charger, 30% have a dynamic energy contract, and everyone has a heat pump. There are also 31
public EV charging points in the neighbourhood.

Natural growth

For 2050, the other loads are present in larger amounts, as well as the amount of dynamic energy
contract compared to 2030. The results can be seen in figures 6.52 and 6.53.
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Figure 6.52: Apparent power through the transformer for 100% All-Electric ASHPs in 2050
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Figure 6.53: Voltage profile at CBL_718 for 100% All-Electric ASHPs in 2050

The voltage limits are exceeded earlier than for the 2030 case, which is to be expected with these
increased loads. In addition, the voltage peaks are also higher than for 2030. This can be explained
by the high number of solar systems in the neighbourhood. In the power profile, the sharper drops and
peaks can be seen, which are also present in the higher dynamic tariff profiles in section 6.3. Looking
at figures 6.54 and 6.55, the maximum power and voltage limit violation plots can be seen.
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Figure 6.54: Maximum power through the transformer in
percentage of the rated capacity for 100% All-Electric
ASHPs in 2050
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Figure 6.55: Amount of households with voltage grid code
violations for 100% All-Electric ASHPs in 2050

First, the increased non-heat pump loads are clearly visible here for 0% heat pump adoption. The
median of the maximum power here increases with 34% from 47% to 63% of the rated capacity. Fur-
thermore, these graphs show that the limits are exceeded by about 40% for both overload and voltage
limit problems. For 100% heat pump adoption, the median of the maximum power through the trans-
former is 166%. Assuming that everyone has a heat pump this year, the current grid will not be able to
cope with this number of heat pumps without upgrades.
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Natural growth with Electric Auxiliary Heating

For 2050, the natural growth scenario is also simulated with electric backup heating. The resulting
power and voltage profiles are shown in figures 6.56 and 6.57.
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Figure 6.56: Apparent power through the transformer for a mix of 65% Electric-Resistive Hybrid ASHPs and 35% All-Electric
ASHPs in 2050
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Figure 6.57: Voltage profile at CBL_718 for a mix of 65% Electric-Resistive Hybrid ASHPs and 35% All-Electric ASHPs in
2050

The differences between natural growth and this scenario are harder to see in these profiles. However,
the effect of electric backup heating can be seen during the power peaks around 12 and 13 February,
where the peak is higher with electric backup heating. This effect can also be seen for the voltage
profile, with lower voltage drops on these days. The maximum power and voltage limit violation plots
in figures 6.58 and 6.59 can be further examined to better classify the differences.
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Figure 6.58: Maximum power through the transformer in
percentage of the rated capacity for a mix of 65%Electric-
Resistive Hybrid ASHPs and 35% All-Electric ASHPs
in 2050
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Figure 6.59: Amount of households with voltage grid code
violations for a mix of 65% Electric-Resistive Hybrid
ASHPs and 35% All-Electric ASHPs in 2050

As in the natural growth scenario without electric backup heating, the limits for both voltage and overload
are long exceeded for a 100%heat pump penetration rate. Themedian of themaximum power for 100%
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is slightly higher here at 170%, an increase of 2%. This means that this scenario will also cause serious
problems in the low-voltage grid if it is not upgraded.

GSHP Ready

In this scenario all households have a GSHP installed. The power profile of the transformer and the
voltage profile of the farthest household from the transformer are shown in figures 6.60 and 6.61.
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Figure 6.60: Apparent power through the transformer for 100% All-Electric GSHPs in 2050
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Figure 6.61: Voltage profile at CBL_718 for 100% All-Electric GSHPs in 2050

The better COP of GSHPs at colder temperatures is clearly visible in these two profiles. In the ASHP
scenarios, the limits were exceeded with higher peaks and longer overloading duration compared to
those of the GSHP-ready scenario. The duration of voltage drop below the limit is comparable but less
severe for the GSHP ready scenario. In addition to these profiles, the maximum power and voltage
limit violation plots are shown in figures 6.62 and 6.63.
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Figure 6.62: Maximum power through the transformer in
percentage of the rated capacity for 100% All-Electric
GSHPs in 2050
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Figure 6.63: Amount of households with voltage grid code
violations for 100% All-Electric GSHPs in 2050

Like the natural growth scenarios, voltage limit problems already occur at 40% heat pump adoption.
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In the GSHP ready scenario, power limits are generally exceeded at a heat pump adoption rate of
50%, compared to 40% for the ASHP scenarios. This means that at 100% heat pump adoption, the
maximum power limits of the transformer will be exceeded.

Overload energy and duration of the 2050 scenarios

As the transformer is overloaded in each of these scenarios, it may be interesting to investigate this
overload more closely. The problem with overloading a transformer is usually the overheating of this
component [47]. As transformers have a high thermal mass, a small and short overload peak may
not cause significant wear or failure. With this in mind, the duration and energy of the overload are
examined. Therefore, additional plots of the energy through the transformer above the limit (the area
of apparent power above the limit) are shown in figures 6.64, 6.66 and 6.68. Next to these, the total
duration of overloading of the transformer in percentages of the total simulation time is plotted in figures
6.65, 6.67 and 6.69. More plots on the overloading energy and duration of the rest of the simulation
can be found in Appendix B.3 and B.4.
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Figure 6.64: Energy above transformer limit for 100% All-
Electric ASHPs in 2050
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Figure 6.65: Total duration of overloading in percentage
of total simulation time for 100% All-Electric ASHPs in
2050
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Figure 6.66: Energy above transformer limit for for a mix
of 65% Electric-Resistive Hybrid ASHPs and 35% All-
Electric ASHPs in 2050
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Figure 6.67: Total duration of overloading in percentage of
total simulation time for a mix of 65% Electric-Resistive
Hybrid ASHPs and 35% All-Electric ASHPs in 2050
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Figure 6.68: Energy above transformer limit for 100% All-
Electric GSHPs in 2050
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Figure 6.69: Total duration of overloading in percentage
of total simulation time for 100% All-Electric GSHPs in
2050

These plots show that for theGSHP ready scenario, the duration of the overload for a 100%HP adoption
rate is about half that of the natural growth scenarios. The energy above the transformer limit for the
GSHP ready scenario is about a quarter of the natural growth scenarios for 100% adoption.

Discussion of 2050 scenarios

In every scenario for 2050, the limits of the low-voltage grid are exceeded before the 100% penetration
rate is reached. However, the overload peaks are lower and shorter for the GSHP ready than for the
natural growth scenarios. The energy through the transformer above the limit is also significantly lower
for the GSHP ready scenario compared to the natural growth scenarios. It may be possible that the
transformer is able to cope with these smaller and shorter overload peaks in the GSHP ready scenario,
especially as this maximum overload occurs at the coldest outdoor temperatures, which improves the
cooling of the transformer. However, this depends on how the transformer overheats due to temporary
overloading, which is outside the scope of this thesis. Therefore, it might be interesting to take this into
account in a further study to see if the GSHP ready scenario is feasible without grid upgrades.

For one of the natural growth scenarios, it is recommended that this grid be upgraded to be able to
handle these higher power peaks and voltage fluctuations. As this scenario is for 2050, it is likely that
grid upgrades will be possible before this scenario takes place. The option to push for a GSHP ready
scenario can ensure that the grid limits are reached a little later. This may provide some time for the
DSOs to upgrade the grid in this neighbourhood if the upgrade capacity of these companies is not
sufficient.
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Discussion

In this chapter, the results are discussed in more detail. First, the difference between power and voltage
problems is discussed. The socio-economic implications are then considered, and finally, the limitations
of this research are addressed.

7.1. Voltage problems vs power limitations
Voltage problems may not be as big a problem as power problems. Unlike the amount of power through
the transformer, the voltage level can be adjusted by changing the transformer’s turning ratio, thereby
increasing the voltage on the LV grid. Since voltage problems during the simulated week only concern
undervoltage, increasing the overall voltage in the network can reduce the time during which problem-
atic undervoltages occur. However, changing the turning ratio to cause an increase in voltage should
be a temporary solution for, say, the coldest weeks of the year, as [14] has found that overvoltage prob-
lems occur at different times of the year. Therefore, changing this ratio should be convenient enough
to do it several times a year. Furthermore, a study by [53] has developed an adaptive voltage control
policy for high-to-medium voltage transformers to minimise voltage limit violations on medium and low
voltage grids, which proved to be effective. This improved voltage regulation reduces the need for
MV/LV transformers to compensate for voltage deviations.

7.2. Socio-Economic Impact
In view of the heat transition that the Netherlands is currently going through, this research may have an
impact on the ongoing discussion in government institutions about which alternative heating solution to
natural gas should be chosen. This discussion is now often held between high- or medium-temperature
district heating or air source heat pumps, and often high- or medium-temperature district heating is cho-
sen because of the uncertainty of overloading the grid with the mass introduction of heat pumps. This
research reduces this uncertainty by analysing what happens to a low-voltage grid when a neighbour-
hood opts for heat pumps. The results of the scenarios suggest that it may be possible to upgrade the
grid in time before the grid limits are exceeded.

It also provides guidance on the options for heat pumps. More information is provided about the impact
of ASHPs versus GSHPs and the effect of electric-resistive and gas hybrid heat pumps. These insights
can be used to further tighten the restrictions on heat pump subsidies and to push for solutions with a
lower impact on the grid.

If this uncertainty about the impact of heat pumps on the grid is reduced, government institutions may
select more neighbourhoods suitable for heat pumps and fewer for high-temperature district heating.
Currently, there is a negative sentiment towards district heating in the Netherlands due to the high
energy and standing charges and the monopoly position of its suppliers. Therefore, a shift towards a

54
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more individual transition to sustainable heat with a personal choice of energy supplier could convince
more residents to participate in the energy transition.

If the authorities decide to use heat pumps in a neighbourhood, further (economic) research on the local
situation will have to decide whether air source heat pumps, with their extra grid impact and associated
costs, or ground source heat pumps, with their extra costs for wells or source networks, are best suited
to a neighbourhood.

Finally, this study investigates the impact of the emergence of the dynamic electricity contract. Although
it may be cheaper for consumers and the impact on the grid seems manageable at low adoption rates,
its impact on the grid at high adoption rates may be more expensive in terms of collective costs in the
form of grid congestion and upgrades than it saves consumers.

7.3. Limitations
Due to the fact that this thesis focuses on a specific grid, the limits at which the network experiences
overload or voltage problems cannot be generalised to all low-voltage networks. However, the dif-
ferences between the different types of heat pumps in terms of overload and voltage problems are
relevant to all low-voltage networks. This also means that the scenarios simulated in this thesis may
lead to different results for other low-voltage grids, where grid problems may occur earlier or later. In
addition, the simulation is done only for two specific weeks in winter. This means that other effects on
the grid impact, like cooling, are not taken into account here.

Furthermore, because the grid code imposes voltage problems in 10-minute resolution instead of the
1-hour resolution simulated in this thesis, it may also result in some differences in the actual problematic
voltage level between the simulation and reality.

This thesis assumes that each household has the same installed capacity and production profile. In
reality, however, each household’s production profile will be different due to different shading effects and
clouds moving across the neighbourhood. Additionally, the installed capacity will vary from household
to household and is likely to increase in the coming decades as the price of solar systems falls. So, the
fixed capacity assumption for the future scenarios underestimates PV electricity production.

Another aspect that is likely to influence future scenarios is dynamic tariffs. The prices used in this
thesis are from 2021, when there were very few households with dynamic contracts. In the future, this
amount could increase to a point where it will influence the price determination of the day-aheadmarket,
resulting in a feedback loop. Besides this, the proportion of electricity generated by wind turbines will
increase significantly in the coming decades, changing the periods of cheap electricity. These moments
are now often associated with high solar production, but that does not always coincide with high wind
production, so moments of cheap electricity will increasingly occur at different times of the day. This
can put extra strain on the grid if, for example, these times coincide with a period of high demand, such
as the beginning of the evening.

In addition, the data on charging sessions available for this thesis only included one week and was later
sequenced. As a result, there is an artificial gap between weeks where, in reality, cars are plugged in,
but in the simulation, they are not. Furthermore, in this research, the assumption was made that cars
are to be fully charged each charging session. In reality, cars will sometimes be partially charged,
especially when electricity prices are high.

Houses in the Netherlands that are heated with natural gas usually also use gas for cooking. If house-
holds stop using natural gas for heating, they will likely also switch to electricity for cooking. Therefore,
there is an additional electricity load for these households, but this load is not taken into account in this
study.

There is some uncertainty about the accuracy of the thermal model. Although the spread of heat loss
and thermal mass reduces the importance of accuracy, the model is theoretical and not based on or
validated on a real house. In addition, heat losses such as opening doors and windows, losses to the
ground, and heat gains from appliances, occupants, and solar radiation are not taken into account. As
a result, there could be some under- or overestimation of the thermal needs of the houses.
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Furthermore, in reality, the control sequences are based on the measured internal temperature in com-
bination with the return temperature of the water in the heat distribution system. The latter is not
simulated in this study, so the influences of the internal heat distribution system of the house are not
taken into account.

Moreover, this thesis calculates the heat loss in the houses and assumes that it is known in order to
optimise the heat pump output. In reality, the heat pump does not know the exact thermal behaviour of
the house and will make prediction errors, resulting in higher power consumption.

The assumption that a household will keep the set temperature of the house constant throughout the
week can lead to lower concurrency than in reality. Households may lower their setpoint temperature
when they are away or asleep and increase it when they return. This time of raising the setpoint can
increase concurrency, as many people will come home around the same time, which can increase the
peak power in the grid due to heat pumps.

To prevent the formation of legionella in the hot water tank, the water in these tanks is usually heated
to at least 60°C once a week. This is called the anti-legionella cycle and is often done with an electric
resistance heater. Although this process can have a high energy demand for a short period of time, it
is assumed that the concurrency of this process is low and is therefore not included in this study.

Finally, the formula for calculating the COP is based on older heat pump data from up to 2019. This
means that more recent improvements in technology are not included in this formula. Also, based on
conversations Stedin has had with people in the industry, this particular formula overestimates the COP
at lower temperatures below freezing. Therefore, the effect on overload and voltage problems may be
underestimated in these simulations. More recent COP fits, such as the one used in [51], can be used
to improve this limitation.
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Conclusion and Recommendations

This study aimed to analyse the impact of heat pump penetration on the low-voltage grid for future
winter scenarios by looking at transformer overloading and undervoltage problems. This was done by
using PowerFactory to simulate a real Dutch low-voltage grid and including loads for non-flexible con-
sumption, public and private electric vehicle chargers, different types of heat pumps, and photovoltaic
systems. The influence of dynamic energy prices and domestic hot water production on the grid im-
pact is also investigated. This chapter will first give the conclusions of this research and then provide
recommendations for further research and for distribution system operators and the government.

8.1. Conclusion
To answer the first research question, What is the impact of different types of heat pumps on local
grid constraints?, the grid impact of air- and ground-source heat pumps, modulating and on-off control
mechanisms and hybrid systems was analysed. It was found that air-source heat pumps have a sig-
nificantly higher impact on transformer overload and voltage limit problems than ground-source heat
pumps. This is caused by the higher efficiencies at lower ambient temperatures of ground-source heat
pumps compared to air-source heat pumps. Furthermore, modulating heat pumps were found to cause
slightly less transformer overload and voltage limit problems than on-off controlled heat pumps.

For the hybrid heat pump systems, where only air-source heat pumps are considered, this research
concludes that gas-hybrid systems almost never cause transformer overload or voltage limit problems
for the specific low-voltage grid simulated and the transformer loading was significantly lower than for
all-electric air source heat pumps.

However, the heat pump with the electric resistive backup caused significant additional transformer
overload and voltage limitation problems compared to all electric air-source heat pumps. This was due
to the significant additional power demand of the resistive element, which kicked in when the ambient
temperature became too low for the heat pump alone to provide all the heating. The resistive element
provides heat at an efficiency much lower than that of the heat pump.

To further investigate the impact of heat pumps, three different scenarios were simulated for the years
2030 and 2050. The first scenario had a mix of all-electric and gas-hybrid heat pumps, and it was
found that for 2030, no grid constraint issues are expected with the predicted heat pump penetration.
However, by 2050, the grid constraints will be significantly exceeded, and grid upgrades will be required
to facilitate this scenario for this specific grid.

The second scenario is also a mix of all-electric and gas hybrid heat pumps, but electric resistance
backup heating is included in parts of the all-electric heat pump. This scenario has similar results to
the first, with no problems expected for 2030, but the current grid infrastructure will not be sufficient for
2050.

The final scenario included a push for ground-source heat pumps, with a mix of all-electric and gas-
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hybrid air source heat pumps together with all-electric ground source heat pumps in 2030. In 2030,
no grid problems were expected for the predicted amount of heat pumps. In the 2050 scenario, it
was assumed that every household had switched to a ground source heat pump. This resulted in grid
constraints being exceeded, but to a much lesser extent than in the first two scenarios. The transformer
may be able to cope with these smaller overload peaks, but this needs to be investigated in further
research.

The second research question, How do dynamic energy prices influence the impact on local grid con-
straints caused by heat pumps and home electric vehicle chargers?, was answered by simulating dif-
ferent adoption rates of dynamic energy contracts. It was found that for the current penetration rate
of heat pumps and home electric vehicle chargers, no problems are expected with the high consumer
adoption of dynamic energy price contracts. However, if neighbourhoods switch completely to heat
pumps, it is expected that grid constraint problems will increase significantly with more than 20% of
households adopting dynamic energy contracts.

Finally, for the third research question, How does the presence of domestic hot water production influ-
ence the impact on local grid constraints?, it was hypothesised that the random nature of domestic hot
water use could reduce the concurrency of heat pumps. However, this was not found to be the case.
The transformer overload and voltage limit problems increased slightly when domestic hot water was
included in the heat pump electricity demand. This was due to the extra energy required to heat this
water.

8.2. Recommendations for future work
Although this work can give a general idea of when heat pumps will cause problems for a low voltage
network, it is based only on one specific network. It is therefore recommended that future research
extends this type of analysis to a variety of low-voltage networks, including other types of neighbour-
hoods. The simulation period can also be extended from 2 winter weeks to a full year to include other
seasonal effects. For that period, cooling demand can also be implemented in the simulation.

To further improve the analysis in this study, future research can look at different solar systems and the
production profiles of each system on the houses. This can make the solar production estimate more
realistic. In addition, data on electric vehicle charging sessions that is longer than one week will remove
the artificial appearance of limited charging during the weekend between the weeks. Furthermore,
charging sessions in which some electric vehicles do not want to be fully charged also increase the
realism of the simulation. As mentioned in section 7.3, limitations, the COP calculations in this thesis
may be overestimated at lower temperatures. Another COP fitting formula, for example, a more recent
one, can be used in future research to improve accuracy, such as the curve used in [51].

Regarding the thermal part of the simulation, the temperature of the heat distribution system could
be included in the model to have a more realistic simulation of the control mechanisms. In addition, a
thermal model of the houses, validated with measured data from real Dutch houses, will further improve
the accuracy of the simulation. Also, heat gains from appliances, occupants, and solar radiation could
be included.

Though not included in this study, the introduction of energy storage systems can further extend the
analysis. Storage systems in the form of heat or electricity can make intelligent use of changing elec-
tricity prices. This can lead to a reduction in peak demand, but also to a significant increase in peak
demand. With the end of the net metering (’salderingsregeling’) scheme, optimising the use of self-
produced solar energy will become more important. Therefore, this type of optimisation, optionally with
a battery, may be interesting to include in future research.

Variable capacity tariffs do not currently exist on the Dutch grid, but may become relevant in the future.
Therefore, these types of tariffs can be added to the dynamic energy price optimisation to see their
impact on the grid.

In this thesis, overload problems are measured with a fixed transformer power rating. Looking at the
thermal capacities of the transformer, for example, with a thermal model, one can better predict if the
overload of the transformer is really problematic. Therefore, this is recommended to better estimate
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whether the grid limits are actually exceeded.

Lastly, for an optimal choice of alternative heating solution in a neighbourhood, research should be
done to compare the cost of upgrading the grid to make it suitable for air-source heat pumps, or sub-
sidising the drilling of private wells, or ensuring that a source network (bronnet/ZLT-net) is built in the
neighbourhood for the use of ground-source heat pumps.

8.3. Recommendations for distribution system operators and gov-
ernment

As mentioned in the previous section, for a complete analysis of a neighbourhood’s heating alternative,
an economic analysis should be carried out to weigh the costs of grid upgrades for air-source heat
pumps against the construction of private wells or a source network to enable ground-source heat
pumps.

Besides the reduced peak power that ground-source heat pumps provide, their total energy consump-
tion is also lower, reducing the amount of renewable energy needed for heating. In addition, ground
source heat pumps have the ability to cool homes with a much lower power demand than air source
heat pumps, ensuring that electricity demand in summer will be significantly lower than with their air
source counterparts. Cooling with a ground source heat pump also stores heat in the well or source
network for use in winter, increasing the efficiency of the heat pump during the winter season. Finally,
source networks can also be used to provide a low-temperature heat sink for year-round cooling of, for
example, supermarkets in the neighbourhood. In summer, they do not have to dissipate their excess
heat into the warm air, but can use a relatively cold water temperature below 20°C from the source
network, making their cooling more efficient.

Looking at resistive electric backup heating, this should be strongly discouraged. The extra electrical
element is added to provide extra power on the coldest days, saving the need to use a heat pump
with more capacity. However, these high-power elements will kick in and stay on at low temperatures
when the heating demand is already high, creating an extra peak in an already heavily loaded network.
Buying a heat pump with a slightly higher capacity will also provide this last bit of heating power, but with
a higher COP, reducing electricity demand. Therefore, I encourage the Dutch government to consider
measures to discourage these electric resistive elements, for example, by not subsidising heat pumps
that use them for backup heating. Electric elements used to heat the domestic hot water tank for a
short period to prevent Legionella growth will probably be much less of a problem as they are not used
at the same time.

In addition, dynamic energy pricing can increase peak loads in low-voltage networks. While this is
not a problem for the current adoption rates of heat pumps and home chargers for electric vehicles,
dynamic energy contracts can cause significant additional overloading and voltage limitation problems
as the adoption rates of heat pumps and home chargers increase. Therefore, the popularity of dynamic
energy contracts should be carefully monitored to ensure that this type of contract does not become
too popular.

Finally, DSOs should look at the possibility of raising the voltage during cold weather by, for example,
changing the turning ratios of transformers, probably dynamically. In heat pump areas, increasing the
overall voltage of the low-voltage network can reduce the number of grid code violations without causing
overvoltage problems.
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Appendix

A.1 Thermal house model parameters
Here, the parameters used for the thermal house model are depicted as used in the model and taken
from [49].

Table 1: House parameters considering the walls.

Variable Value Unit
House length 15 m
House width 8 m
House height 2.6 m
Thickness of wall 0.25 m
Density of concrete 2400 kg/m3

Specific heat of concrete 750 J/kgK
Thermal conductivity of concrete 0.14 W/mK
Convective heat transfer coefficient from indoor to wall 0.91 W/m2K
Convective heat transfer coefficient from wall to outdoor 0.91 W/m2K

1 This value is not realistic, as it was scaled to reach an overall heat transfer coefficient of 2.14
m2K/W. This is an average value for a residential building with energy label C.

Table 2: House parameters considering the windows.

Variable Value Unit
Number of windows in room 1 3 -
Number of windows in room 2 2 -
Number of windows in room 3 2 -
Number of windows in room 4 1 -
Height of windows 1 m
Width of windows 1 m
Thickness of single window pane 0.004 m
Thickness of cavity between panes 0.014 m
Density of glass 2500 kg/m3

Specific heat of glass 840 J/kgK
Thermal conductivity of glass 0.8 W/mK
Convective heat transfer coefficient from indoor to glass 25 W/m2K
Convective heat transfer coefficient from glass to outdoor 32 W/m2K

64
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Table 3: House parameters considering the roof.

Variable Value Unit
Pitch of roof 40 ∘

Thickness of roof 0.2 m
Density of glass wool 12 1 kg/m3

Specific heat of glass fiber 835 J/kgK
Thermal conductivity of glass fiber 0.04 W/mK
Convective heat transfer coefficient from indoor to roof 12 W/m2K
Convective heat transfer coefficient from roof to outdoor 38 W/m2K

1 This value is changed from 2440𝑘𝑔/𝑚3 in [49], because the original value resembled the density of
pure glass fibre, not that of glass wool.

B.1 Power profiles
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Figure 1: Apparent power through the transformer during the simulation period for ASHPs with on-off control
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Figure 2: Apparent power through the transformer during the simulation period for ASHPs with modulating control
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Figure 3: Apparent power through the transformer during the simulation period for GSHPs with on-off control
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Figure 4: Apparent power through the transformer during the simulation period for GSHPs with modulating control
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Figure 5: Apparent power through the transformer during the simulation period for ASHPs with on-off control and resistive
electric auxiliary heaters.
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Figure 6: Apparent power through the transformer during the simulation period for ASHPs with modulating control and resis-
tive electric auxiliary heaters.
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Figure 7: Apparent power through the transformer during the simulation period for ASHPs with on-off control and a natural
gas auxiliary heater.
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Figure 8: Apparent power through the transformer during the simulation period for ASHPs with modulating control and a
natural gas auxiliary heater.
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Figure 9: Apparent power through the transformer during the simulation period for ASHPs with on-off control without DHW
production

B.2 Voltage profiles
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Figure 10: Voltage profile at CBL_718 for ASHPs with on-off control
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Figure 11: Voltage profile at CBL_718 for ASHPs with modulating control
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Figure 12: Voltage profile at CBL_718 for GSHPs with on-off control
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Figure 13: Voltage profile at CBL_718 for GSHPs with modulating control
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Figure 14: Voltage profile at CBL_718 for ASHPs with on-off control and resistive electric auxiliary heaters
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Figure 15: Voltage profile at CBL_718 for ASHPs with modulating control and resistive electric auxiliary heaters



Appendix 69

20
21

-02
-04

20
21

-02
-05

20
21

-02
-06

20
21

-02
-07

20
21

-02
-08

20
21

-02
-09

20
21

-02
-10

20
21

-02
-11

20
21

-02
-12

20
21

-02
-13

20
21

-02
-14

20
21

-02
-15

20
21

-02
-16

20
21

-02
-17

Date and time

0.90

0.92

0.94

0.96

0.98

1.00

1.02

Vo
lta

ge
 (p

.u
.)

Voltage Profile of Cbl_718 with ASHPs with G_hybrid_on_off control, 2.7% home EV chargers,7 public EV chargers, 3.0% Dynamic contracts and 30.0% PV

HP adoption: 0%
HP adoption: 20.0%
HP adoption: 40.0%
HP adoption: 60.0%
HP adoption: 80.0%
HP adoption: 100%
Limit

Figure 16: Voltage profile at CBL_718 for ASHPs with on-off control and natural gas auxiliary heaters
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Figure 17: Voltage profile at CBL_718 for ASHPs with modulating control and natural gas auxiliary heaters

20
21

-02
-04

20
21

-02
-05

20
21

-02
-06

20
21

-02
-07

20
21

-02
-08

20
21

-02
-09

20
21

-02
-10

20
21

-02
-11

20
21

-02
-12

20
21

-02
-13

20
21

-02
-14

20
21

-02
-15

20
21

-02
-16

20
21

-02
-17

Date and time

0.90

0.92

0.94

0.96

0.98

1.00

1.02

Vo
lta

ge
 (p

.u
.)

Voltage Profile of Cbl_718 with ASHPs with on_off control, 2.7% home EV chargers,7 public EV chargers, 3.0% Dynamic contracts and 30.0% PV

HP adoption: 0%
HP adoption: 20.0%
HP adoption: 40.0%
HP adoption: 60.0%
HP adoption: 80.0%
HP adoption: 100%
Limit

Figure 18: Voltage profile at CBL_718 for ASHPs with on-off control without DHW

B.3 Overload energy plots

0% 20.0% 40.0% 60.0% 80.0% 100%
HP adoption

0

2

4

6

8

10

12

En
er

gy
 a

bo
ve

 th
e 

tra
ns

fo
rm

er
 li

m
it 

[M
W

h]

Overload energy for on_off ASHPs with DHW, 2.7% home EV chargers, 7 public EV chargers, 30.0% PV and 3.0% dynamic contracts
10th-90th Percentile

Figure 19: Energy above transformer limit for ASHPs with on-off control
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Figure 20: Energy above transformer limit for ASHPs with modulating control
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Figure 21: Energy above transformer limit for GSHPs with on-off control
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Figure 22: Energy above transformer limit for GSHPs with modulating control
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Figure 23: Energy above transformer limit for ASHPs with on-off control and resistive electric auxiliary heaters
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Figure 24: Energy above transformer limit for ASHPs with modulating control and resistive electric auxiliary heaters
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Figure 25: Energy above transformer limit for ASHPs with on-off control and natural gas auxiliary heaters, no overload took
place
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Figure 26: Energy above transformer limit for ASHPs with modulating control and natural gas auxiliary heaters, no overload
took place
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Figure 27: Energy above transformer limit for ASHPs with on-off control without DHW

B.4 Overload duration plots
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Figure 28: Energy above transformer limit for ASHPs with on-off control
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Figure 29: Energy above transformer limit for ASHPs with modulating control
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Total overload duration for on_off GSHPs with DHW, 2.7% home EV chargers,7 public EV chargers, 30.0% PV and 3.0% dynamic contracts
10th-90th Percentile

Figure 30: Energy above transformer limit for GSHPs with on-off control

0% 20.0% 40.0% 60.0% 80.0% 100%
HP adoption

0

20

40

60

80

100

Ov
er

lo
ad

in
g 

Du
ra

tio
n 

of
 tr

an
sf

or
m

er
[%

]

Total overload duration for mod GSHPs with DHW, 2.7% home EV chargers,7 public EV chargers, 30.0% PV and 3.0% dynamic contracts
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Figure 31: Energy above transformer limit for GSHPs with modulating control
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Figure 32: Energy above transformer limit for ASHPs with on-off control and resistive electric auxiliary heaters

0% 20.0% 40.0% 60.0% 80.0% 100%
HP adoption

0

20

40

60

80

100

Ov
er

lo
ad

in
g 

Du
ra

tio
n 

of
 tr

an
sf

or
m

er
[%

]

Total overload duration for E_hybrid_mod ASHPs with DHW, 2.7% home EV chargers,7 public EV chargers, 30.0% PV and 3.0% dynamic contracts
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Figure 33: Energy above transformer limit for ASHPs with modulating control and resistive electric auxiliary heaters
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Total overload duration for G_hybrid_on_off ASHPs with noDHW, 2.7% home EV chargers,7 public EV chargers, 30.0% PV and 3.0% dynamic contracts
10th-90th Percentile

Figure 34: Energy above transformer limit for ASHPs with on-off control and natural gas auxiliary heaters, no overload took
place
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Total overload duration for G_hybrid_mod ASHPs with noDHW, 2.7% home EV chargers,7 public EV chargers, 30.0% PV and 3.0% dynamic contracts
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Figure 35: Energy above transformer limit for ASHPs with modulating control and natural gas auxiliary heaters, no overload
took place
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Figure 36: Energy above transformer limit for ASHPs with on-off control without DHW
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