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Abstract
The municipality of Arnhem is looking for solutions to provide the residential homes’ heating demand sustainably. One solution for this could be solar thermal energy. However, this sustainable
energy source has one main problem. When using solar to provide the heating load of residential
buildings, there is an offset between the production and the demand for heat. When wanting to
supply a significant share of the heat demand by solar thermal energy, energy storage is crucial.
During this study, the techno-economical viability of low-temperature aquifer thermal energy storage, combined with a heat-pump and solar thermal energy, is investigated by looking at the ability
to supply heat of a district heating network for the neighborhood of the Hoogkamp in Arnhem.
The results show that the proposed setup can be used for the production of the heat. However, a
large heat-pump is required when this system supplies all heat to the network, thus making the
project’s cost high. A tank thermal energy storage system reduces the required installed capacity
of the heat-pump. This buffer can be used to provide heat during peak hours. A gas boiler can be
used to supply a share of the heat demand on the coldest days, making the required heat-pump
size smaller. As the gas boiler only provides a small fraction of the thermal energy, this will have
a limited effect on the CO2 emission.
The results show that when a small section of the solar thermal collector field provides heat directly
to the district heating network on sunny moments electricity can be saved. As. the heat-pump is
no longer needed when the heat is provided directly to the district heating network, which reduces
electricity consumption. However, the effect is limited, as this can only be done on the days with
high radiation. As the average temperature of the collectors goes up, the efficiency goes down.
Therefore, a larger collector field is needed to supply all the heating demand.
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INTRODUCTION

Introduction

With the Klimaatakkoord[36], the Dutch government set the ambition to provide the heating demand for buildings in a sustainable manner. Solar thermal energy is an essential source to meet
this heating demand. An issue with this heat source is the offset in timing between the production and demand of the heat[22]. For the seasonal storage of this heat, Aquifer Thermal Energy
Storage(ATES) is a solution.
The company of IF Technology is specialized in geothermal energy and ground-based thermal
energy storage. Initially, ground-based thermal energy storage was mainly used for buildings with
high cooling demand. Nowadays, the need for sustainable heating and cooling is getting a more
significant role in society, and sustainable heat production is cheaper than several decades ago.
Therefore, IF Technology is focusing more on large scale district heating projects, these networks
have a relatively large heating demand compared to the cooling load meaning that they need a
heat source. Solar thermal energy is such a heat source.
This study aims to develop a techno-economical assessment method for a solar thermal collector field(STCF) in combination with low-temperature ATES to provide heat to a district heating
network(DHN). A model is developed where the system is analyzed to perform this analysis. This
model can be used to optimize the dimensions of the individual components within the energy
system. There is investigated what the optimal operation strategy is of the system. The validation
of the model is done with a case study. Currently, this case study is under development by IF
Technology. For this case study the possibilities for sustainable heat production for the Hoogkamp
in Arnhem is investigated. IF technology developed a plan for this to combine a STCF and ATES
to provide the heating demand of a DHN for this neighbourhood.
With this study, IF Technology is not only aiming to increase the understanding of this specific
setup. But also develop a broad toolset to simulate different configurations. Hette Vlieger made
a start with this during his master Thesis[41]. He looked at geothermal heat in combination with
high-temperature ATES. The sub-model to calculate the pressure drop in the ATES is based on
his study. Simultaneously with this study, Jens Arntz performed an analysis of high-temperature
ATES combined with solar thermal energy. The model used to simulate the STCF is developed
together with him.
This chapter introduces the different concepts used in the case study. At the end of this chapter,
the goal of this study is defined. Chapter 2 describes the setup used during this project. Next,
the methods and models used in this study are explained. Followed by, the results, conclusion,
discussion, and further work.
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Solar heating of households

Figure 1: The normal irradiance over the year for different cities, these cities have more or less
the same latitude as Arnhem. Therefore, the irreadiance is expected to follow the same pattern
over the year in Arnhem.[9]
Figure 1 shows the normal irradiance for different places, including Amsterdam. The heat production of a solar thermal collector is mainly dependent on the irradiance. Therefore the output
of heat peaks in the summer and is at its lowest in the winter months. The production of solar
thermal collectors varies a lot over the day as well. Figure 2 shows the gas demand per dwelling
for different mean outdoor temperatures. There can be observed that the daily heat demand,
for which the gas usage is a good indicator, for houses becomes more substantial when the temperature decreases. As the average temperatures are low in the winter months and high in the
summer months, the average heat demand is little in the summer and high in the winter. These
patterns indicate an offset between production and demand when solar thermal collectors are used
for domestic heating.

Figure 2: The hourly gas demand for an average British dwelling [45].
When one is aiming to provide a large share of the heat load with solar energy, storage is needed
[5]. In small scale systems for domestic heat and hot water production, a hot water storage tank
can be used to compensate for the fluctuations over the day. With this system, a large share of
the heat demand can be delivered with solar heat during the summer. However, during winter,
the percentage of solar heat becomes small or even zero on the cold days with very little sun [8].
Therefore, seasonal storage is needed as well; ATES can be a solution for this.

2
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District heating Networks

District heating networks are used to distribute heat from large producers; in this case, the solar
field to the end-users. The larger scale leads to several scale-ability advantages. Thus, the costs of
storage are much lower, and the peaks in heat demand are relatively smaller, as not all households
use their hot water and turn on their heater at the same time. Of course, there are peaks in
demand during the morning and in the evening. However, there will be some offset between the
different households.

1.3

Solar thermal collectors

Figure 3: Efficiency curves of several solar collector types[37].
Multiple types of collectors are used to convert radiation into thermal energy. Figure 3 shows the
efficiencies for different operating conditions of several collector types. Flat plate collectors are
a realistic option. As they both have the right operating temperature and high efficiency at the
temperatures on which the collectors operate. Flat plate collectors are already used a lot due to
there high price/performance ratio[34]. In this study, a centralized flat plat solar collector field is
used. An alternative is to make use of decentralized solar collectors. However, this is out of scope
for this study.

1.4

Low temperature aquifer thermal energy storage

R.McKenna et al.[22] state that thermal energy storage is needed to achieve large shares of solar
heating. There are several solutions for large scale thermal energy storage used worldwide. The
four most important storage concepts are tank thermal energy storage, pit thermal energy storage,
borehole thermal energy storage, and ATES. There are also some other storage techniques like
phase change materials, thermochemical storage, and sorption storage. Especially on a large scale,
these techniques are still in an experimental phase. Therefore, these techniques are out of scope
for this study. ATES is usually the cheapest alternative, but this technique can only be used
if the subsurface’s hydro-geological and hydro-chemical characteristics are suitable [34]. For the

3
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location that is used for the case study, it is known that the soil is suitable for ATES; therefore,
this technique is used [40].

Figure 4: Basic working principle of a bi-directional ATES system[3].
Figure 4 shows the basic working principle of a bi-directional ATES system. An ATES system
consists of at least one cold well and one hot well. The system can run in two modes of operation,
summer and winter operation. During summer operation, water is pumped from the cold to the
hot aquifer. This water flows alongside a heat exchanger cooling down the system, increasing the
water temperature on the well side of the heat exchanger. The hotter water is injected in the hot
well to load it with thermal energy. Which is used to produce heat during the winter.
During winter operations, water is pumped from the hot to the cold well flowing alongside a
heat exchanger. This time the thermal energy is subtracted from the well side of the heat exchanger, making the heat available at the user side. Most often, a heat-pump is used to increase
the temperature making it useful for heating purposes. The cold water that is available at the
well side of the heat exchanger is injected into the cold well reducing the groundwater temperature in the aquifer. This colder groundwater is used for cooling purposes during summer operation.
Legal requirements most often state that the ATES systems must run more or less in balance
over the years to protect the soil conditions[15]. Meaning that the same amount of heat must be
subtracted during winter operations as there is injected during summer operations. Extra heat can
be subtracted or added to the soil using heating or cooling devices to achieve the energy balance.
The heat flow rate of the ATES (Q̇AT ES ) [W] is determined with the following equation[4]:
Q̇AT ES = φρCp ∆T

(1)

where:
φ represents the flow rate in the system[m3 /h]
kg
ρ represents the density of water [ m
3]
Wh
Cp represents the specific heat at constant pressure for water [ kgK
]
∆T represents the temperature deference between the injection and extraction temperatures [K].
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As ρ and Cp are constants of water and ∆T is limited by the well temperatures, the most important
manner to make variations to the loading and unloading power of the ATES is by controlling the
flow rate. The maximum flow rate in an aquifer well has a physical limit. Therefore, the only way
to create a higher heat flow rate is by having more ATES doublets. These additional wells will,
of course, increase the construction costs of the project. One doublet of low-temperature aquifer
thermal energy storage cost about 150.000 euros. ATES works with several temperatures for hot
and cold wells. In general low-temperature storage and high-temperature storage. The advantage
of low-temperature thermal energy storage is that the energy losses are relatively small. Another
significant advantage is that the efficiency of solar collectors is much higher when the operating
temperature is low, as shown in Figure 3. The main disadvantage is that a heat-pump is necessary
to increase the temperature to a temperature that is useful for the district heating. This heat-pump
will have a significant impact on the electricity usage of the system. For high-temperature thermal
energy storage, the opposite is true. Aside from that, the high-temperature aquifer thermal energy
storage cost is much higher, which is explained by the fact that all parts must be resistant to high
temperatures. It is very case-specific, which of these two techniques is most suitable. For the scope
of this study’s low-temperature ATES is chosen.

1.5

The Hoogkamp case study

During this project, a case study is performed on a potential district heating network for the
Hoogkamp in Arnhem. The Hoogkamp is a neighborhood in Arnhem consisting of 750 households.
Most of the buildings are terraced and semidetached houses. Figure 5 shows the structures in the
area. The colors in the chart represent the building years. IF Technology performed a study on the
potential of a solar thermal collector field in combination with low-temperature aquifer thermal
energy storage and a heat-pump to provide the heating demand of this neighborhood through a
district heating network. The concept is discussed in the remainder of this section.

Figure 5: The dwellings in the Hoogkamp and their building year.[40]
1.5.1

Concept

The general concept is displayed in Figure 6 in the next chapter. As indicated there, the STCF
will provide heat at a relatively low temperature. That is used to supply a heat-pump, which will
increase the temperature so that it is useful for the district heating network. If the STCF produces
more heat than is used by the heat-pump the remainder of the heat is stored in the ATES, when
there is a shortage of heat it can be subtracted from the ATES.
An idea to further optimize this concept is to use tank thermal energy storage as a short-term
thermal buffer, one at the aquifer side of the network and one at the district heating side. The
buffer on the aquifer side of the network can be used to store heat when the production of the
STCF is peaking. This heat can then be added to the ATES when production is low. In this
5
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way, all heat during peak production can be stored without installing an enormous capacity at the
ATES. The buffer on the district heating side of the system is used to reduce the required maximal
power of the heat-pump. It can be done because the buffer can partly deliver the short term peaks
in the heat demand. Reducing the peak demand on the heat-pump.
1.5.2

Back of the envelope calculations

Back of the envelope calculations are performed, to get a general indication of the sizes of the
different system elements. First of all, the required electricity and the required heat to supply the
heat-pump is calculated. The total heat demand of the district heating network is used for this
calculation. According to the preliminary study performed by IF technology, it is 14225MWh[40].
The coefficient of performance(COP) of the heat-pump is estimated to be 4. So now we can
estimate the electricity usage of the heat-pump and the heat needed to supply the evaporator. The
following equations are used to do this:
QDHN
COP

(2)

QDHN ∗ (COP − 1)
COP

(3)

EHP =

Qevap =

where:
EHP represents the electricity consumption of the heat-pump[Wh].
QDHN represents the heat demand of the district heating network[Wh].
COP represent the coefficient of performance of the heat-pump[-].
Qevap represents the heat demand of the evaporator[m].
The calculations provide an outcome of a total heat demand of the evaporator of 10668MWh
and electricity usage of 3556MWh. As all heat to supply the evaporator is coming from the STCF,
a reasonable estimation of the size of the collector field can be made by dividing the heat demand
by the annual production per square meter of collector area. The yearly production of 1 square
meter of solar thermal collector panel is estimated to be 800KWh per year. Therefore the total
area of solar panels installed becomes 13335m2 .
Next, the required installed capacity of the heat-pump and the ATES is determined. For this,
the maximum heat demand of the district heating network is used, according to the preliminary
study of IF technology this is 7.8MW[40]. As desired for the system to be 100% electric, the
peak demand must be delivered directly by the heat-pump, meaning that the installed capacity is
7.8MW if no buffers are used. If we assume that the production of the STCF is zero when the peak
of the demand is present, the ATES must be able to deliver 5.85MW. If one assumes that this is
delivered with a temperature difference of 10◦ C the volume flow rate can be determined by means
3
of Equation 1. It tunes out to be 505 mh . According to the preliminary study, the maximum flow
3
rate in one well is assumed to be 80 mh . Therefore, the number of wells needed is estimated to be
7 doublets.
As previously explained, a buffer can be used to improve this concept. It is assumed that the
maximum daily heat demand is 100MWh, to get a first estimation of what a buffer can do to
reduce the required installed capacity of the heat-pump. This means that the average thermal
load that the heat-pump must deliver on that day is 4.2MW, and therefore the number of wells is
reduced to 5 doublets, which is a 3.6MW reduction compared to not having a buffer. Meaning a
significant cost saving as a thermal buffer is much cheaper compared to the heat-pump.
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The research goal

The goal of this study is to increase the understanding of the usage of a solar thermal collector field
in combination with low-temperature aquifer thermal energy storage to provide the heat demand
of a district heating network of the Hoogkamp utilizing a heat-pump. Both the technical and
economic viability of the system is investigated. This increased understanding should help the
decision-makers of the project to determine the best configuration of the system, looking at both
environmental and the economic impact of the project. To do this, the configuration, as explained
in the next chapter, is investigated. The effects of the different elements are determined to find
the system’s optimal setup. The following sub-questions are answered to find the best setup:
• What is the effect of the high-temperature buffer, and what is its optimal size?
• What is the effect of the low-temperature buffer, and what is its optimal size?
• What is the effect of using a share of the solar thermal collector for direct heating of the
district heating network side of the system, and what is the optimal fraction of the field for
the direct supply?
• When should this direct delivery be used?
• What is the effect of using different average outdoor temperatures to determine the demand
curve used for the design of the renewable system?
• What is the required installed capacity of the heat-pump to make sure that all heat can be
delivered by the renewable system on the design day?
• How many doublets are needed for the aquifer thermal energy storage?
• What aperture area of solar thermal collector field should be installed to make sure that the
aquifer thermal energy storage is running in balance?
• What is the effect of a low participation degree for the project from the households in the
neighborhood?
• What is causing the most significant uncertainty’s in the performance of the system?

7

2

2

THE PROPOSED SYSTEM LAYOUT

The proposed system layout

During this study, the system layout, as indicated in Figure 6 on the next page, is investigated. It
consists of 6 main parts, namely, A solar thermal collector field, a heat-pump, an aquifer thermal
energy storage, a low-temperature buffer, a high-temperature buffer, and a gas boiler. As shown
in the figure, the setup consists of two zones, the district heating side, and the aquifer side. The
heat-pump connects these two zones. The goal of the district heating side of the system is to
provide heat to the district heating network at 70◦ C. This heat can be supplied by 4 elements:
the heat-pump, the high-temperature buffer, the direct delivery section of the STCF, or the gas
boiler. The aquifer side of the system aims to provide the heat required by the evaporator of the
heat-pump. The STCF produces this heat. To compensate for the offset between demand and
production of the heat, the ATES is used. The low-temperature buffer is used to store heat when
the STCF production is peaking.
The utilization of the system differs between summer and winter. The solar thermal collector
field consists of two parts: a direct delivery field and a low-temperature field. During summer,
the direct delivery share of the field is used to supply the district heating side of the network
directly when its output power per square meter would be above a certain threshold(q̇switch ). The
remainder of the field is operated at a lower temperature, as indicated in the figure. If the output
power is below q̇switch , the direct delivery share of the field is operated at the low temperature and
connected to the aquifer side of the system. Here summer is defined as the period between the
first of April and the first of October. During the remainder of the year, the whole solar thermal
collector field delivers heat at a lower temperature to the aquifer side of the system.
The buffer on the district heating side of the network has two purposes. During winter, the
function of the buffer is to reduce the peak demand on the heat-pump. This reduction is achieved
by loading the buffer until the temperature at the low-temperature side of the buffer is 55 ◦ C.
When the heat demand of the district heating is more substantial as the installed heat-pump capacity, the buffer is unloaded to supply the remainder of the heat. The water is flowing from the
return of the district heating network through the buffer and then through the heat-pump to make
sure that the district heating network’s supply temperature is 70 ◦ C.
During summer, the buffer is used for storing peaks from the direct delivery share of the solar
thermal collector field. The remainder of the heat is stored in the buffer when the heat production
of the field is more substantial as the demand. The buffer is unloaded as soon as the demand is
more substantial as the production.
The condenser and the evaporator indicated in the figure form the heat-pump. The heat-pump
transfers the heat from the aquifer side of the system to the district heating side of the system.
During the winter, the heat pump is working at its installed capacity until the cold side of the hightemperature buffer is 55◦ C. When this is the case, the heat-pump is supplying all heat demand
of the district heating network. Of course, it is never supplying more as the installed capacity.
When the demand is more, it is delivered by the buffer or the gas boiler. During the summer,
the heat-pump delivers the heat that cannot be delivered by the direct delivery share of the solar
thermal collector field or the buffer.
The gas-boiler is used as a backup to supply the heat when the other systems have to less capacity. The gas boiler is installed in parallel with the other systems. The gas boiler is also used
as a backup system when the conventional system is failing or is in maintenance. Therefore, the
installed capacity of the gas boiler must cover the full demand of the district heating network.
The aquifer thermal energy storage compensates for the offset between the production and demand for heat. Heat is stored in the aquifer when the demand of the evaporator is smaller as
the production of the solar thermal collector field. The opposite is done when the demand for the
evaporator is higher as the solar thermal collector field production.
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THE PROPOSED SYSTEM LAYOUT

The buffer on the aquifer side of the system is loaded when the solar thermal collector field produces more heat as the aquifer can store. This heat is stored when the aquifer has extra capacity
left. It is made sure that this is only done when the output temperature of the buffer is above
15◦ C. By doing this, it is made sure that the aquifer is loaded at a high enough temperature.

Figure 6: This figure shows a simplified representation of the setup used during this study. The
installation consists of two zones, the district heating side(in the red box), and the aquifer side
(in the blue box). The heat-pump connects the two zones. The figure shows the evaporator and
condenser of the heat-pump. These two parts form the heat-pump. The two elements are connected
through the medium of the heat-pump. The figure does not show the connection. The temperatures
in the figure are indications the actual temperatures can vary around these values. The arrows
indicate the flow direction in the system. Note that no arrows are present by the ATES and the
buffers. The flow direction in these systems depends on whether the ATES or buffer is loaded or
unloaded. The ATES wells indicated in the figure also contain the well pumps. In the red box, one
can see that the heat supplied to the district heating network can come from 4 elements: the heatpump, the direct delivery share of the STCF, the high-temperature buffer, or the gas boiler. The
high-temperature buffer is loaded with heat delivered directly by the STCF or by the heat-pump. The
direct delivery share of the STCF can both be connected to the aquifer side and district heating side.
The connection with the aquifer side is not shown in the figure. The link is made by combining the
direct delivery share in parallel with the remainder of the STCF. The aquifer side of the system
aims to provide the heat to the evaporator of the heat pump. The STCF provides this heat. The
ATES is used to store the heat to compensate for the offset between demand and heat production.
When the STCF production is peaking, the buffer can be used as short-term storage of energy.
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Methodology

The following steps are taken to answer the research questions. First of all, a stakeholder analysis
is performed. To determine the desires of the parties that have an interest in this project. Next,
the performance indicators used to describe the system’s performance are determined. Next, the
optimizations explained in Section 3.4 is performed. For these optimizations, the model, as defined
in Chapter 4, is used. The first optimization is used to determine the required installed heat-pump
capacity and number of ATES doublets for the system to provide all the heat on the design day
without using the gas boiler. The second optimization is used to determine the required STCF area
for the system to run in thermal balance. Here the variations that are applied to determine the
effects of the different elements in the system are given. The results of the optimization and model
are used to determine the performance indicators of the system. Next, an analysis of the results
of the optimization is performed. In Chapter 5, the base case is analyzed. This analysis does
also contains a sensitivity analysis to find out which parameters are causing the most significant
uncertainties. Next, the different optimizations are analyzed in Chapter 6.

3.1

Stakeholder analysis

There are multiple stakeholders in this project. In general, the stakeholders can be divided into
three groups: The homeowners, the government, and the financier. These stakeholders all have
there desires and needs from the project. First of all, the homeowners, their requirement is reliable
and cheap heat. Some homeowners would like to reduce there environmental footprint and are
therefore interested in the CO2 savings. however, this does not hold for all.
The aim of the government for this project is to reduce the CO2 production. By doing this,
they want to make sure that they meet with all the international agreements. The government
does also provides a large share of required financial means through subsidies. They want to use
their financial means as efficiently as possible to reduce the environmental footprint. They are
interested in the amount of subsidy that is used per kg of CO2 savings.
The financing party is mostly interested in making a profit. Therefore they are interested in
the investment cost and the internal rate of return they can generate with the project.

3.2

The Performance indicators

The performance indicators used to describe the performance of the systems are listed below.
The list makes a distinction between energetic and economic indicators. Note that the energetic
indicators are of interest to the government, as they give more detail in the energy and CO2
savings. The financing party is interested in the investment cost and the internal rate of return,
and the homeowners are interested in the cost for the end-users.
• Energetic indicators
–
–
–
–
–

Seasonal performance factor(SPF)
Gas-fraction
CO2 2020
CO2 2030
Energy balance ratio

• Economic indicators
– Investment cost
– Internal rate of return(IRR)
– Cost for the end user
The remainder of this section explains the definitions of these performance indicators and why
they are essential. The energetic performance indicators are defined. Next, the general economic
calculations and parameters are introduced, also explaining the economic indicators.
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Seasonal performance factor
The seasonal performance factor is used to describe the performance of heating and cooling devices.
It gives a good indication of how efficient the system is. The seasonal performance factor can be
calculated through the following equation:
SP F =

Qdelivered
QP rimary

(4)

Where:
Qdelivered represents the delivered heat to the households in a year[Wh].
Qprimary represents the used primary energy to deliver the heat[Wh].
The primary energy consumption used by the system consists of both gas and electricity. The
energetic gas consumption is the volume of gas burned in a year multiplied by the higher heating
value. The annual electricity consumption consists of the sum of the use of the heat-pump, the
solar thermal collector field, the aquifer thermal energy storage, and the district heating network.
The first three are calculated in the model, as explained in Chapter 4. The electricity consumption
of the district heating network itself is determined in the preliminary study of IF technology. It
turned out to be 203MWh per year[40]. The sum of both gas and electricity consumption forms
the primary energy demand.

Gas-fraction
The gas-fraction is used to get a fast indication of the amount of heat production that is not
electrified. If a system is highly electrified it is easier to make it more sustainable by utilizing
green energy. The following equation is used to calculate the gas-fraction:
gas − f raction =

QGas−boiler
QDHN

(5)

Where:
QGas−boiler represents the amount of heat delivered by the gas boiler[Wh],
QDHN represents the amount of heat delivered to the district heating network[Wh]

CO2 2020
To see how much CO2 emission is saved, first, the amount of CO2 in the current situation is
determined. Here for the gas consumption of the Hoogkamp, which is equal to 1497119m3 is
2
multiplied by the CO2 density of gas 1.77 kgCO2
m3 [40][7]. This calculation results in a total CO
production of 2.7 ∗ 106 kg per year for the current situation. Next, the CO2 production in kg per
year of the new situation is calculated through the following equation:
mCO2 = Vgas ∗ Cgas + Eelc ∗ Celc

(6)

where:
Vgas represent the volume of gas used in a year[m3 ],
kg
Cgas represent the CO2 density of gas [ m
3 ],
Eelc represent the electricity consumption per year [W h],
kg
Celc represent the CO2 density of electricity [ W
h ].
kg
−6 kg
For 2020 Cgas is 1.77 m
3 and Celc is 475 ∗ 10
W h [7].

CO2 2030
The ambition of the Dutch government is to make the energy mix in the Netherlands more
sustainable[36]. Therefore it is expected that the CO2 density of the energy sources will reduce in
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the coming years. The Gasunie estimated that in 2030 11% of the gas mixer would consist of green
gas[12]. As the production and usage of green gas have no net CO2 production, the CO2 density
kg
of the gas mixture is reduced to 1.58 m
3 by 2030. According to the ’klimaat en energieverkenning
kg
2019’ the CO2 density of electricity is reduced to 280 ∗ 10−6 W
h by 2030[27]. The calculation of
Equation 6 is performed again to get a better understanding of how this reduction influences the
CO2 reduction of the project. The changes in these factors will lead to a reduction of the CO2
emissions when the project is executed. But, the CO2 production of the current situation will also
be reduced. In 2030 it will be 2.4 ∗ 106 kg when conventional heating mechanisms are used.

Thermal imbalance
The result of the optimization of the area of the solar thermal collector field is that the aquifer is
running in a thermal balance. Due to the uncertainties of the input parameters, the aquifer thermal
energy storage can be stared running in a thermal unbalance. Energy balance ratio, as defined by
W. T. Sommer et all.[33], is used to describe this imbalance. This ratio is used to determine the
effects of the parameter variation on the system. The following equation can determine the energy
balance ratio:
Qheating − Qcooling
(7)
EBR =
Qheating + Qcooling
where:
Qheating represents the thermal energy extracted from the aquifer[Wh],
Qcooling represents the thermal energy injected in the aquifer[Wh].
Note, that an EBR of zero means that the system is running in thermal balance. A positive
EBR means that more heat is injected as there is extracted from the aquifer. A negative EBR
means that more heat is extracted as there is heat injected. Changing the ground water temperature by means of running in unbalance can have a negative effect on the soil conditions. Therefore,
most regulators state that the system must run in a long term thermal balance. Most regulators
say that it must be within 10%[15].

3.3

Financial calculations

In this section first the income of the project is discussed. This income consist of the subsidies and
the payments form the house owners. Next, the investment cost and the annual cost are determined.
After that, the financing strategy is introduced. Last, the remainder of the performance indicators
are explained.
Subsidies
For most renewable energy project subsidies are required to make it financially attractive for the
investors. For this project, two types of subsidies are used. First, the SDE+ for solar thermal
energy is used. The parameters for the subside are given in the table below.
Table 1: The SDE+ subsidy for solar thermal collectors in the Netherlands[43]
Parameter
Base amount
Correction amount
Max. full load hours
Duration

Value
80 Meuro
WH
28 Meuro
WH
600 hours
15 years

For our collector field the number of 600 full load hours is always reached. Therefor the subside
per square meter of collector field is: 0.7∗(80−28)∗600
= 21, 84 meuro
2 Y ear [43].
1000
The second subside that is used for this financial framework is the subsidy for ’Proeftuinen
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aardgasvrije wijken’. This subsidy is granted by the Dutch government to speed up the transition to renewable sources. The subsidy will consist of a sum of 8500 euro per household[40].
Income from house owners
Aside from the subsidies the income form the project will consist of the energy bill paid by the
costumers. The district heating network will consist of 750 households. These households pay both
a fixed tariff and a price for the amount of heat that is subtracted form the network. The ’Autoriteit
Consumenten en Markt’ set an maximum tariff for district heating networks as displayed in Table
2. These prices are used for the financial calculations performed during this study.
Table 2: The Tariff for district heating in the Netherlands[39]
Parameter
Cost of heat
Fixed Tariff
Measurement Tariff
Rent Delivery set

Value
26,06 euro
GJ
469,17 Yeuro
ear
26,63 Yeuro
ear
126,19 Yeuro
ear

Investments cost
The capital expenditure (CAPEX) of this project consist of the price for the build of the district
heating network and the heating plant, the engineering and design costs, and unforeseen cost. For
this project it is assumed that the costs for engineering and design are 6% of the building cost, the
unforeseen costs are estimated at 10% of the building cost of the project. The building cost of the
different elements in the project are shown in the table below. The cost of the STCF as shown in
the table consist of all cost for the field including panels, ducts, pumps, and heat exchangers. The
costs for the district heating Network and the delivery sets consist of all elements after the water
leafs the heating plant. Including, ducts, pumps, valves and the home delivery systems. The cost
for the ATES consist of the drilling of the wells and the filters, these cost do not include the ducts
between ATES and the heat plant and the pumps. These cost are included in the mechanical parts.
The next part of the investment are the mechanical parts. This category consist of the heat-pump,
heat exchangers, ducts, valves, the building, the controller, and the cost for the electric circuit.
It is assumed that the same price can be used for the high-temperature and the low-temperature
buffer. The gas-boiler price includes all cost for the installation of the gas boiler, including the gas
pipe. The total investment cost or CAPEX of the project consist of the sum of all the elements
multiplied by 1.16 to include the engineering and unforeseen cost.
Table 3: The construction cost of the different elements in the system.
Element
STCF
District Heating Network
Delivery set
ATES
Mechanical parts
Buffer
Gas boiler

Cost
293,99 euro
m2 [19]
4.950.000 euro [40]
euro
3800 DeliverySet
[40]
euro
150.000 Doublet
[40]
euro
1,14 WinstalledHP
[19]
capacity
euro
200 m3 [38]
euro
0,065 Winstalledgasboilercapacity
[19]

Maintenance & operational cost
The annual cost or the Operating expense (OPEX) of the system consist of two parts. First of all
the maintenance cost of the loss elements, second of all the energy costs for running of the system.
The electricity cost are 53 euro per MWh and the gas price is 21.31 euro per MWh higher heating

13

3.3

Financial calculations

3

METHODOLOGY

value [19]. The cost for maintenance and other cost are listed in the table below. Obviously the
OPEX consist of the the sum of the energy bill and the maintenance cost of all the elements.
Table 4: The operational cost of the different elements in the system.
Ground cost
STCF maintenance
ATES maintenance
buffer maintenance
Mechanical parts maintenance
District heating network
delivery sets maintenance
Gas boiler

3200 euro per year [40]
2,79 euro
m2 per year [19]
euro
7.000 doublet
per year [40]
2 % of initial investment per year [38]
euro
per year [19]
0,026 Winstalledgasboilercapacity
18.500 euro per year[40]
euro
per year[40]
261,42 deliveryset
euro
0,021 Winstalledgasboilercapacity
per year [19]

Financing strategy
Table 5: The financial indicators used during this study
Indicator
depreciation period
tax boundary bracket
corporate rate bracket 1
corporate rate bracket 2
project period
inflation rate
interest
Loan period
equity share

short
DP
TBB
CRB1
CRB2
PP
IR
i
LP
ES

value
15 years
200.000 euro [1]
19 % [1]
25 % [1]
30 years
2 % [19]
1.5% [19]
15 years
30% [19]

Now the CAPEX, OPEX and the income are known the cash flow will be calculated. The initial
investment has an equity share of 30% meaning that that investor pays 30% of the original investment cost. The remainder of the cost are paid either by the subsidy ’Proeftuinen aardgasvrije
wijken’ or a loan. The loan therefore consist of 70% of the initial investment minus the subsidy. It
1 th
is assumed that this loan is a linear mortgage. Meaning that the payment will be 15
of the total
loan every year. Aside from that the interest equal to 2% of the total loan is paid. Next the cash
flow flowing into the project can be calculated, As:Cashin(t) = (turnover + subsidy) ∗ (1 + IR)t .
Where the turnover consist of the sum of all the energy bills for the costumers and the subsidy
consist of the SDE+ subsidy. The second term of the multiplication is there to compensate for the
inflation. Here t represents the time in years.To determine the amount of tax that must be paid by
the project owner first the taxable income is determined. This is done by means of the following
equation:
taxableincome(t) = cashin(t) − OP EX(1 + IR)t − depreciation − interest(t)

(8)

Next the tax is determined by means of the following equation:
tax(t) = T BB ∗ CRB1 + (taxableincome(t) − T BB) ∗ CRB2

(9)

Note that this equation only holds when the taxable income is larger as the tax boundary bracket.
When this is not the case the tax is equal to the to the taxable income multiplied by CRB1. Next,
the annual cash-flow of the project is calculated as:
C(t) = cashin(t) − tax(t) − loanpayment − OP EX(1 + IR)t − interest(t)

(10)

Note,that this equation does not hold for the first year when the installation is build. Than the
cash flow is equal to the original investment multiplied by minus one.
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Internal rate of return
The internal rate of return is an important measure for the profitability of an project. The required
internal rate of return for these kind of projects is 11%[19]. This means that investors will probably
be interested to finance the project if the internal rate of return is above 11%. Note that the internal
rate of return that is calculated here is the IRR for the investor. The IRR can be calculated by
means of the cash-flow. To do this IRR in Equation 11 must be chosen in such a way that the net
present value(NPV) is equal to zero at the end of the project period.
NPV =

PP
X
t=1

C(t)
=0
(1 + IRR)t

(11)

Cost for the end user
To make sure that a large share of the households in the neighbourhood is participating in the
project it is important that the cost for the end user are acceptable. To find out if this is the case
first the monthly cost of the current situation are estimated. The cost for the current situation
consist of the energy bill and the depreciation of the gas boiler. For this calculation it is assumed
that a gas boiler cost 1500 euro on average and the depreciation period is 15 years[47][48]. The
boiler must also be maintained during its life time the cost for the maintenance are 100 euro per
year on average [46]. In the Hoogkamp an average household is using 2250 m3 gas per year[40].
The gas bill will consist of two parts, the annual cost of 250,67 euro and a gas price of 0,80 euro
per m3 . The average monthly cost for heating in the current situation are:
M onthlyheatingcost =

100 + 250, 67 2250 ∗ 0, 80
1500
+
+
= 187, 56euro.
15 ∗ 12
12
12

(12)

The cost for the end user at the new situation can be determined by an average annual heat
consumption per household of 17,6 MW. The prices for the consumer are listed in Table 2. Now
the monthly cost for a heating in the new situation can be calculated as:
M onthlyheatingcost =

469, 17 + 26, 63 + 126, 19 17, 6 ∗ 26, 06
+
= 188, 91euro.
12
12

(13)

As one can see the price difference between the two situation is negligible for the average consumer.
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The optimization strategy

Figure 7: The optimization scheme used during this study, the first section, is used to optimize the
installed heat-pump capacity. The second section determines the required STCF area. Note that
the weather data is only used in the second optimization. For the first optimization, it is assumed
that the radiation is zero, and the design temperature is used to determine the heat demand of the
DHN.
An optimization scheme is developed to determine the required heat-pump capacity, number of
ATES doublets, and the STCF area. This optimization consists of two optimizations, as indicated
in Figure 7. The first optimization determines the required size of the heat-pump and the number
of ATES doublets. To do this, the Simulink model executed with a small installed heat-pump
capacity of 1MW and the demand curve for the design temperature for five days. During this
simulation, it is assumed that no heat is supplied directly to the district heating network side of
the system, making sure that the heat-pump can provide all heat on the design day. How the
Simulink model itself works is explained in Chapter 4. After the simulation, there is a check to
determine if the gas boiler is used. When this is the case, the heat-pump installed capacity is
increased with 0.5MW. This process is repeated until the gas boiler is no longer used. The number
of doublets in the aquifer thermal energy storage is coupled directly to the heat pump’s installed
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capacity. This coupling is made through the following equation:
Nwells = roundup(

Q̇HP −max
COP − 1
∗
)
Cp φmax ρ∆T
COP

(14)

Where
Q̇HP −max is the installed capacity of the heat pump[W].
Wh
].
CP is the specific heat of water[ kg∗K
3

Φmax is the maximum mass flow in a well. 80[ mh ] for the hoogkamp case.
kg
ρ represents the density of the water[ m
3 ].
∆T represents the temperature difference between injection and extraction, for this calculation
10[◦ C] is used.
COP represents the estimated coefficient of performance of the heat pump, for this calculation 4.2
is used.
To make sure that a significant share of the heat produced by the solar thermal collector field
can be stored the minimum number of doublet that the aquifer thermal energy storage must have
is set to 5. The next optimization determines the required aperture area of the solar thermal
collector field. The simulation is performed for five years using the NEN:5060:2018 weather data
as an input[26]. After the simulation, the net heat load during the last year on the aquifer thermal
energy storage is determined. After that, the solar thermal collector field area is adjusted using
the following equation:
QAT ES
(15)
AST CF,new = AST CF,old −
qST CF
where:
AST CF represents the aperture area of the solar thermal collector field[m2 ].
QAT ES represents the net annual heat load on the aquifer thermal energy storage[Wh].
h
qST CF represents the annual heat production of the STCF per square meter[ W
m2 ].
The required collector area is determined by repeating these two steps until the change in the
collector area is less than 2.5m2 . After that, the Simulink model is run one more time, and the
post-processing is performed. During the post-processing, the performance indicators are determined, as explained in Section 3.2.
The optimization scheme is performed on the base case to determine the system’s performance
and how it can be optimized. The base case consists of the setup, as explained in the previous
Chapter. The installation optimized in this case consists of a low-temperature buffer of 200m3 ,
and a high-temperature of 1500m3 . The direct delivery share of the solar thermal collector field
consists of 20% of the whole collector area, which during the summer is used to supply the district
heating side of the system directly. This supply is done when the output power is above q̇switch , for
W
◦
C is used, to determine the size
which 300 m
2 is used in the base case. A design temperature of 0
of the heat-pump. The installed capacity of the gas-boiler is always 11.2MW to make sure that it
can deliver all the heat demand of the network. The results of this optimization are analyzed in
Chapter 5. Aside from that, a sensitivity analysis is performed to determine the most significant
uncertainties for the project.
A variety of sizes are selected for each element, in order to find out what the effects are of the
different elements and design conditions in the system. The dimensions for the system elements are
changed without changing the other elements. Firstly, the volume of the low-temperature buffer
is assigned values between 0m3 to 1000 m3 with steps of 200m3 . Secondly, the high-temperature
buffer volume is set from 0m3 to 3000m3 with steps of 500m3 . Next, the direct delivery share of
the solar thermal collector field is variated with steps of 10% from zero tor 50% of the field. Next,
W
W
W
the control parameter q̇switch is set from 100 m
2 to 500 m2 with steps of 100 m2 . Last, the design
◦
temperature is set from -15 to 15 C.
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Model

The model must be able to tell us how much electricity and gas is consumed by the system during
the year to determine the outcomes of the performance indicators. Aside from that, the model
must determine the net heat load on the ATES during a year as this is needed for the optimization
of the STCF area as explained in the previous section.
A Simulink model is used to do this. Figure 8 shows the general set up of the model. Note
that the lines in the figure represent data flow. The model consists of seven sub-models and two
controllers. Note that the model forms a continuous cycle, which is typical for Simulink models.
Section 4.1 explains the time steps, the weather data, and the simulation time used in the model.

Figure 8: The flowchart of the Simulink model used for the optimization of the element sizes. The
arrows in this figure represent the data flow between the different sub-models. The most important
results of the model are the electricity and gas consummations of the different elements. These
consumption are stored in the sub-models and not indicated in the figure to make sure that it
remains understandable. Note that the simulation has no beginning and end; this is due to the fact
that the simulation is a continuous circle. This circle is ended after the simulation time is past.
How long this is explained in the next section.
The sub-models and controllers must be able to perform the following tasks. The DHN model
must be able to determine the heat demand from the district heating network. This demand is
dependent on the weather data and the time. The STCF model must be able to determine the
thermal output of the STCF for different operating temperatures. Aside from that, this model
must be able to calculate the electricity usage of the STCF.
The gas boiler model must be able to calculate gas usage during the simulation, depending on
the amount of heat produced by the boiler. The heat-pump model must be able to determine the
electricity usage and the heat required by the evaporator. These energy usages are dependent on
the heat demand and the inflow and outflow temperature of the condenser and evaporator.
The high- and low-temperature buffer are model using the same model. This model must be
able to tell the temperature on the high- and low-temperature side of the buffer. The mass flow
and the inflow temperature of the buffer are used to determine these temperatures. The electricity
consumption of the short-term buffer is neglected as this consumption is expected to be several
orders lower than the total electricity consumption.
The ATES must be able to do two things: determining the output temperatures of the hot and the
cold well and the electricity consumption of the system. To do this, it uses the mass flow, and the
input temperature in the ATES are used. The controllers connect the different sub-models. These
18

4.1

Weather data, time-step and simulation time

4

MODEL

controllers must make sure that each sub-model knows what the input parameters are. Making
sure that the energy is coming from or is going to the element, as explained in Chapter 2. This
chapter will describe the used sub-models and controllers. It will also give a description of the
results of the sub-model’s section. At the end of this chapter, a sensitivity analysis based on the
model parameters is performed.

4.1

Weather data, time-step and simulation time

The weather data used for the simulation is different for the two optimizations. For the first,
the optimization, as described in Section 3.4, the weather data contains the design temperature.
During these simulations, the production of the solar thermal collector field is set to zero. This
ensures that all heat can be delivered on these design days by the combination of the heat-pump
and the high-temperature buffer. For the other simulations, the NEN:5060:2018 is used. The
NEN:5060:2018 contains representative climatic data to determine the energy performances of
buildings. Aside from that, it can be used to design the heating, ventilation, and air conditioning
devices in a building[26]. However, it is not developed to simulate solar systems.
The amount of solar irradiation is not consistent in the whole of the Netherlands. Therefore,
using this data for the design of the system can lead to over or under dimensioning of the solar
thermal collector field. According to Dmitry Surugin, the performance of PV systems is underestimated when the NEN:5060:2018 is used. Since the amount of irradiation is relatively low
in the reference year[35]. The performance of solar thermal collectors is largely dependent on the
irradiation. Therefore it is interesting to see what the effect is of the used weather data file. Validation of the used weather data is performed to understand the effect of the used weather data better.
The NEN:5060:2018 has a sample time of 1 hour. The time step of one hour is commonly used in
the literature to perform simulations with solar thermal collectors [8][31][13]. It is expected that
most of the district heating network fluctuations in the demand profile can be described on an
hourly level. But, According Zondag [49], the maximum mass flow in each time step should be
limited to make sure that the change in energy content of a segment is less as 5% of the total energy content of the segment, for the proposed model of the buffers and the aquifer thermal energy
storage. To make sure that this is the case for both the ATES temperature model and the buffers
the number of times steps per hour is used is the maximum of the following equations:
ṁbuf f ermax
msegment ∗ 0.05

(16)

φwellmax ∗ Cp
2
π ∗ rsegment
∗ Haquif er ∗ Csoil ∗ 0.05

(17)

Ntimesteps =

Ntimesteps =

Where:
ṁbuf f ermax represents the maximum flow rate in or out of the buffer.[kg/h]
msegment represent the water mass en each segment of the buffer.[kg]
3
φwellmax represents the maximum volume flow rate in a aquifer well. [ mh ]
rsegment The radius of the first segment of the ATES model. [m]
Haquif er The height of the aquifer. [m]
Wh
Csoil represents the volumetric thermal capacity of the soil[ K∗m
3 ].
Wh
CP represents the specific heat of water[ m3 ∗K ].
Equation 16 must be solved for both the hot and the cold buffer. When this is done again,
the maximum number of time steps must be used for the model. The model makes use of a subhourly time step, but the update interval of the weather data is only once per hour.
It takes a few years before the temperature in the aquifer is stabilized. One wants to look at
the situation where the temperature is stabilized to calculate the performance indicators. It is
assumed that this is after about five years. Therefore, the simulation is run for five years. Still,
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only the result of the last year is used to optimize the solar thermal collector field sizes and the
performance indicators. For the optimization of the heat pump-size a simulation time of 5 days is
used to develop the demand curve. This means that the heat pump’s installed capacity can supply
the district heating network’s heat demand for five design days without using the gas boilers when
the buffer is fully loaded at the beginning of the simulation.

4.2

DHN model

The district heating network model must be able to determine the heat demand of the network.
The pressure losses in the network are out of scope for this study as they are the same for all
there scenarios and, therefore, not expected to change the outcome of the study. The electricity
consumption of the DHN is 203MWh, according to IF technology[40]. To represent the heat
demand for every time-step the article: ’Decarbonising domestic heating: What is the peak GB
demand?’ [45]. This study looked at the heat demand of an average Britain household depending
on the average daily temperature. This data analysis provided us with a way to calculate the heat
demand for an average dwelling depending on the temperature. This can be done by means of the
following equations:
Q̇households (t) = 2 ∗ ηboiler ∗ N D ∗ P r(t, Tmean ) ∗ (−6.71 ∗ Tmean + 111)f orTmean < 14.1

(18)

Q̇households (t) = 2 ∗ ηboiler ∗ N D ∗ P r(t, Tmean ) ∗ (−1.21 ∗ Tmean + 33)f orTmean > 14.1

(19)

where:
ηboiler represents the efficiency of a gas boiler [-]
N D represents the number of dwellings[-]
P r(t, Tmean ) represents the profile value depending an time and the daily temperature[-]
Tmean represents the daily mean temperature[◦ C].
The profile values can be found in the article. This profile values Will result in the demand
curve as indicated in Figure 2. According to the preliminary study, the annual heat demand of
the households is 13200MWh, the number of households used for this calculation is normalized
so that the annual demand from the households meets this demand. The heat demand is limited
by the delivery power of the delivery sets installed in the households. The sum of this power is
11.1MW for the Hoogkamp[40]. Note that this is more as the 7.6MW used for the back of the
envelope calculations. This difference can be explained by the fact that the back of the envelope
calculation assumes a 70% reduction since not all households ask the peak demand simultaneously.
The heat demand of a district heating network is higher as the heat demand from the buildings in
the network as there are heat losses in the network itself. The obtain a good estimation of the heat
losses in this network heat loss coefficient (CLoss ) for both the hot and the cold side of the network
are determined. The following equations are used to calculate the heat transfer coefficient(K)[ mW
2K ]
for high and low quality insulated pipes[21]:
Khigh (D) = 0.1088 ∗ D−0.619

(20)

Klow (D) = 0.7676 ∗ D−0.341

(21)

where:
D represents the diameter of the pipe [m].
For this study, it is assumed that the network contains high quality insulated pipes. Now the
heat transfer coefficient is known the heat loss coefficient of a section of the network can be calculated through the following equation:
Closs = π ∗ D ∗ L ∗ K
where
L represents the length of the pipe [m].
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When the heat loss coefficients of all the pipes in the network are known, the total heat loss
coefficient on the supply side of the network (ClossSupply ) can be calculated as the sum of the heat
loss coefficients of all the pipes between the DHN supply and the consumers of the heat. The same
holds for the heat loss coefficient of the return side of the network (ClossReturn ), but then the sum
of all the pipes between the consumers and the plant is used. For this calculation, the dimensions
for the pipes in the DHN, as listed in Table 6 are used. When this is known, the following equation
can be used to calculate the heat losses:
Q̇loss = ClossSupply ∗ (TSupply − TSoil ) + ClossReturn ∗ (TReturn − TSoil )

(23)

Where:
TReturn represents the temperature on the return pipes of the DHN [40◦ C]
TSupply represents the temperature on the supply pipes of the DHN [70◦ C]
TSoil represents the soil Temperature [11◦ C]
The total heat demand of the DHN(Q̇DHN )[W ] for every time step can now be calculated by means
of:
Q̇DHN = Q̇loss + Q̇Households
(24)
Table 6: The dimensions of the pipes present in the district heating network.[40]
Diameter [m]
0.4
0.25
0.2
0.08

Length [m]
1200
720
4920
4920

Results and validation
Figure 9 shows the demand pattern that is created when the NEN:5060:2018 weather data is used.
In the figure, one can see that the heat demand of the DHN consists of a constant heat loss and a
varying heat demand from the households. In Figure 10, one can see the monthly heat demand.
Note that the demand is high in the winter and low during the summer.

Figure 9: The calculated demand pattern of the Figure 10: The monthly heat demand of the DHN
DHN network.
according to the model.
To find out more about how well our DHN-model is able to represent the heat demand of the district heating network, the demand profile of Ypenburg 2016 is used to validate the profile produced
by the DHN-model. Ypenburg is a neighborhood in Den Haag existing of about 9700 households.
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The houses are built between 1990 and now. As the houses are built more recently as the houses in
the Hoogkamp, it can be expected that the insulation of the houses is much better. To validate the
model, the simulation is run with the weather data of Hoek Van Holland for 2016. To compensate
for the differences in the number of households, the Measured data of Ypenburg is normalized over
the annual demand of the model.
Figure 11 shows the sorted energy demand of the DHN for both the model and the measured
data. In this figure, one can see that the peak demand predicted by the model is somewhat higher
as the measured peak demand for Yhpenburg. The trend of the model shows, in general, more
relatively low and relatively high demands. This error can have many causes. The following issues
can form the cause: either the houses in Ypenburg are better insulated as the average British
household. This could cause the heat demand on cold days to be overestimated. The other explanation can be that the model does not take the weather of the previous day into account; this
could cause differences due to the thermal capacity of the houses. But also by the fact that the
difference in demand profiles for weekdays and working days are not taken into account.

Figure 11: The sorted demand for both the DHN-model and Ypenburg in 2016. Note that the
DHN-model results in a demand profile with a higher peak demand. This difference can be caused
either by an error in the model or by the fact that the heat demand is influenced by the degree of
insulation in the houses at Ypenburg.
Figures 12 and 13 show the demand profiles of a winter and a summer week. Note that again
the trends are the same but there are some differences in the profiles. One can conclude that the
calculated demand pattern does not deliver a perfect representation of the demand from the DHN
of Ypenburg. However, it does show the same trends and is therefore used for this study.
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Figure 12: The hourly demand profile for a winter Figure 13: The hourly demand profile for a summer week.
week.

4.3

STCF model

The STCF model represents the solar thermal collector field. The input parameters of the model
are the constants of the collectors used, the dimensions of the collector field, the in and output
temperature, and weather data for every time step. The model must be able to determine the heat
production and the electricity consumption of the STCF.
Thermal energy
To determine the efficiency of solar heating collector the EN 12975 standard is commonly used.
This is a testing method, with this method the constants solar collector characteristics can be
determent by means of the following equation[18]:
Q̇col
= F 0 (τ α)en Kθb Gb + F 0 (τ α)en Kθd Gd − c6 uG∗ − c1 (Tm − Ta ) − c2 (Tm − Ta )2
Acol
−c3 u(Tm − Ta ) + c4 (EL − σTa4 ) − c5

dTm
dt

where:
F 0 (τ α)en represents the zero loss efficiency [−]
Kθd represents the incidence angle modifier (IAM) for direct radiation [−]
Kθb represents the incidence angle modifier for diffuse radiation [−]
W
Gb represents the beam radiation direct to the collector plane [ m
2]
W
Gd represents the diffuse radiation on the collector plane [ m2 ]
W
G∗ represents the globel radiation on the collector plane [ m
2]
W
EL represents the long wave radiation onto the collector plane [ m
2]
W
σ represents the Stefan-Boltzmann constant [ m2 K 4 ]
Ta represents the ambient temperature [K]
Tm represents the mean collector temperature [K]
c1 represents the Heat loss coefficient at (Tm − Ta ) = 0 [ mW
2K ]
c2 represents the Temperature dependence of the heat losses [ mW
2K2 ]
c3 represents the Wind speed dependence of the heat losses [ mJ3 K ]
c4 represents the long-wave irradiance dependence of the heat losses[−]
c5 represents the effective thermal capacitance of the collector [ mJ2 K ]
s
c6 represents the wind dependence of the zero loss efficiency [ m
]
m
u represents the wind speed [ s ]
Q̇col represents the thermal power output of the collector [W ]
Acol represents the aperture area of the collector [m2 ]
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For most commercially used solar panels only the incident angle modifier, F 0 (τ α)en , and the conout
stants c1 , c2 and c5 are determined. The mean collector temperature is given by: Tm = Tin +T
,
2
where Tin is equal to the temperature at the input of the collector [K] and Tout is equal to the temperature at the outflow of the collector [K]. According to Bengt Perers and Chris Bales, neglecting
the therms for wind losses and long-wave radiation losses is acceptable for glazed solar thermal
collectors. They developed a well-tested model that makes use of the following equation[28]:
Q̇col
dTm
= F 0 (τ α)en Kθb Gb + F 0 (τ α)en Kθd Gd − c1 (Tm − Ta ) − c2 (Tm − Ta )2 − c5
Acol
dt

(26)

The model uses this equation to determine the output power of the collectors. But as the collectors
in the field must be connected to the ATES or the DHN, the output power of the collector field
is reduced by the losses in the pipes. The exact value for the heat losses in this piping network
is hard to determine as they are very dependent on the detailed design of the field. But to get a
good estimation of the pipe losses it is used the there is an area of the pipes of 1.43m2 per m2 of
collector area and an average pipe diameter of 0.125m[10]. It is assumed that the pipes are well
insulated; the heat transfer coefficient (K) is calculated with Equation 20. Now the total heat loss
coefficient of the solar field can be calculated by means of:
Clossf ield = Acol ∗ 1.43 ∗ K

(27)

It is assumed that most of the pipes are buried therefore, the heat loss in the pipes (Plossf ield ) can
be calculated as:
Tin + Tout
− Tsoil )
(28)
Q̇lossf ield = Clossf ield ∗ (
2
Obviously, the field is not used when the output power of the field is negative. Therefor the total
power output of the field (Q̇f ield ) is given as:
Q̇f ield = max[0; Q̇col − Q̇lossf ield ]

(29)

The constants used for the solar thermal collector during this project are given in Table 7.
Table 7: The constants for the heat panels used in this study.[16]
Constant
η0 [-]
c1 [ mW
2K ]
c2 [ mW
2K2 ]
K0 [-]
K10 [-]
K20 [-]
K30 [-]
K40 [-]
K50 [-]
K60 [-]
K70 [-]
K80 [-]
K90 [-]

Value
0.857
3.083
0.013
1
0.99
0.99
0.98
0.96
0.91
0.82
0.53
0.27
0

Electricity demand
Even though solar thermal energy is seen as a sustainable energy source, some primary energy is
used. This energy use is due to the fact that a pump is needed to provide the circulation needed
to transport the heat from the panels to the storage or district heating network. To get a good
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estimation of the energy consumed by the field first, the Flow rate (φ) is determined by means of
the following equation:
φ=

Q̇
ρCp (Tout − Tin )

(30)

The electrical power of the pump (PP ump ) needed to provide this circulation is given by the
following Equation:
PP ump =

φ ∗ ∆P
ηpump

(31)

Where:
∆P represents the pressure drop[P a]
ηpump represents the pump efficiency [−].
The pressure drop over the field consist mainly of three parts, the pressure drop over a collector,
the pressure drop over the heat exchanger, and the pressure drop in the piping network. The
pressure drop over the field is largely dependent on the detailed design of the network. As the
detailed design of the STCF is out of scope for this study, it is assumed that the ratio of hydraulic
W
[25], and that the pumping efficiency is 0.6. Knowing this the electrical
to thermal power is 1.3 kWhyd
th
power usage of the pump can be calculated as:
PP ump =

Q̇f ield ∗ 1.3
1000 ∗ ηpump

(32)

Results and verification
For verification the solar thermal collector field model is correctly implemented, first of all, a
comparison of the result between the ScenoCalc tool and the used model is made. The ScenoCalc
tool is used to provide the NEN 12975 standard of solar output[14]. First of all, the results of
the model for a mean collector temperature of 19.5◦ C using the NEN5060:2018 weather data are
determined. The results of this simulation are plotted in Figure 14 as one can see in this figure,
the error is so small that no difference can be seen between the two models in this figure. The get a
better indication of the error, the difference between the two models is plotted in Figure 15. Note
that the Simulink model has almost always a slightly larger outcome. This is not a problem for
this study as it is several orders of magnitude lower as the absolute production. Figure 16 shows
the monthly production according to the model. Note that the production is low in winter and
high in the summer. The timing is opposite compared to the demand of the DHN.

Figure 14: The calculated production per square Figure 15: The difference in thermal production
meter according to the ScenoCalc and the between he ScenoCalc and the Simulink model.
Simulink model. Note that no differences can be Note that the differences are several orders lower
seen between the two models. For this figure the as the production it self. For this figure the
NEN5060:2018 weather data is used.
NEN5060:2018 weather data is used.
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Figure 16: The calculated monthly production per square meter according to the used model when
the NEN5060:2018 weather data is used.
The table below displays the annual production of 1 square meter collector area according to the
Sencal model and the Simulink model. It also shows the heat losses in the field. As expected, the
heat losses increase when the field temperature increases.
Table 8: The results of the Simulink model and the ScenoCalc model utilizing the NEN5060:2018
weather data.
Tmean [◦ C]
h
Simulink model panel [ mkW
2 year ]
h
ScenoCal mkW
2 year ]
kW h
Error [ m2 year ]
h
Simulink model STCF [ mkW
2 year ]
kW h
Qloss [ m2 year ]
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56
465
465
0.342
422
43

26.5
724
724
0.457
698
26

19.5
800
799
0.475
782
18
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Heat-pump model

Figure 17: Cycle configuration of a simple one-stage heat-pump process and the principle sketch of
a temperature heat load diagram [17]
This sub-model aims to determine the heat demand from the source and the electrical energy usage
of the heat-pump. For heat-pumps, the coefficient of performance(COP ) for heating is an indicator
of the efficiency of the heat-pump. The COP indicates how much thermal energy is delivered on
the hot side of the heat-pump with a certain amount of electric energy. Once the COP is known,
the electrical energy usage of the heat-pump can easily be determined by means of the following
equation:
Q̇con
Pelc =
(33)
COPh
Where
Q̇con represents the heat demand on the condenser [W ]
COP represents the coefficient of performance of the heat-pump [−]

As conservation of energy must hold the heat demand on the cold side can be calculated through:
Q̇evap = Q̇con − Pelc

(34)

The COP of a heat-pump is an essential characteristic of a heat-pump. Most producers of heatpump give it on speak sheets. Unfortunately, most of these spec sheets only provide it for specific
input and output temperatures . The Theoretical maximum COP of any heat-pump is given by
COPLorenz as developed by Lorentz in 1894 [20]. COPLorenz can be calculated by means of:
COPLorenz =

T̄H
T̄H
=
T̄H − T̄L
∆T̄lif t

(35)

Where:
T̄H represents the entropic mean temperature of the heat sink[K]
T̄L represents the entropic mean temperature of the heat source [K]
∆T̄lif t represents the mean temperature lift which can be expressed as ∆T̄lif t = T̄H − T̄C [K].
To calculate the entropic mean temperature of the heat source and sink, one can use Equations 36
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and 37 [30], respectively. Where TH,i , TH,o , TC,o , and TC,i are the input and output temperatures
[K] of the sink and the source of the heat exchanger, as shown in Figure 17.
T̄L =

TC,o − TC,i
ln TC,o − ln TC,i

(36)

T̄H =

TH,o − TH,i
ln TH,o − ln TH,i

(37)

The Lorenz COP represents the theoretical maximum COP. But there are always losses. The actual COP is, therefore, lower. In the article ’heat-pump COP, part 2: Generalized COP estimation
of heat-pump processes.’ Jonas Jensen et all developed a formula that can make a reasonable estimation of the actual COP of a heat-pump at specific temperatures. This formula is as follows[17]:
COP = COPLorenz

∆T̄r,H +∆T̄pp
T̄H
∆T̄r,H +∆T̄r,C +2∆T̄pp
∆T̄lif t

1+
1+

ηis,c (1 −

ωis,e
) + 1 − ηis,c − fQ
ωis,c

(38)

where:
∆T̄P P represents the pinch point temperature difference, which is caused by the finite size of the
heat exchanger [K]
∆T̄r represents the refrigerant temperature difference, caused by the limited ability of the refrigerant to integrate with the sink and source [K]
ηis,c represents isentropic compressor efficiency[-]
ωis,e
ωis,c represents the ratio of the work between compression and expansion[-]
fQ represents the compressor heat loss ratio[-].
The refrigerant temperature difference on the source side of the heat-pump(∆T̄r,C ) can be calculated by[17]:
∆Tr,C = 1/2(TC,i − TC,o )

(39)

The refrigerant temperature difference on the sink side of the heat-pump(∆T̄r,H ) can be calculated
with linear approximation[17]:
∆T̄r,H = a(TH,o − TC,o + 2∆Tpp ) + b∆Tsink + c

(40)

where:
∆Tsink the temperature difference on the sink side of the heat-pump[K].
a, b, andc are constants for the linear approximation [−]
ω

) can be calculated with linear
The ratio of the work between compression and expansion ( ωis,e
is,c
approximation as well as can be seen in[17]:
ωis,e
= a(TH,o − TC,o + 2∆Tpp ) + b∆Tsink + c
ωis,c

(41)

The temperature difference on the sink side can be calculated with:∆Tsink = TH,i − TH,o . During
this study, the constants as given in Table 9 are used to describe the heat-pump.
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Table 9: The constants used for the heat-pump model [17]. The constants for the linear approximation represent Ammonia.
Constant
∆Tpp
ηisc
fq
a∆T̄r,H
b∆T̄r,H
c∆T̄r,H
a ωis,e

Value
2
0.88
0.2
0.20
0.20
0.016
0.0014

unit
[K]
[-]
[-]
[-]
[-]
[-]
[-]

-0.0015

[-]

0.039

[-]

ωis,c

b ωis,e
ωis,c

c ωis,e
ωis,c

Results and validation
The heat-pump model used for this study is developed by J K Jensen et.al[17]. According to there
study, the accuracy of this model is about 10%. To see if the model is implemented correctly and
if good estimations are made for the constants used in the model, the model results are compared
with the calculation that Johnson Controls made for this case. The results are compared in Table
10. Note that there are small differences between the model and the manufactures specifications,
but this error is well within the model accuracy of 10 %. For this validation, the constants, as
indicated in Table 9, are used. As the model seems correct, it is used for this study. For the
sensitivity analysis, an uncertainty of 10% is used for the heat-pumps coefficient of performance.
Table 10: Comparison between the COP for manufacturer specifications and the results of the
model.
Situation
Tinevap [◦ C]
Tinevap [◦ C]
Tincon [◦ C]
Tincon [◦ C]
COP Johnson Controls
COP Model

4.5

1
18
8
40
70
4.0
3.8

2
12
4
40
70
3.7
3.6

3
25
15
40
70
4.5
4.4

4
25
14
40
70
4.4
4.3

5
40
28
40
70
5.9
6.0

Buffer model

The thermal buffer is modeled as a stratified water vessel. The model must be able to keep track
of the temperatures that are present at the top and bottom of the vessel. To do this, a model, as
explained by Zondag [49] is used. This model divides the vessel in a certain number of segments
over the height of the vessel. This is a very simplified model that assumes that the temperature
in each segment is perfectly divided. It also assumes that temperature only mixes by flow for
loading and unloading the vessel. Thermal losses by conduction are not taken into account. The
temperature in the segment can then be calculated by means of:
T(t,i) = T(t−1,i) −

ṁCp (T(t−1,i) − T(t−1,i−1) )dt
αi

(42)

ṁCp (T(t−1,i) − T(t−1,i+1) )dt
(43)
αi
Where the first equation holds when the buffer is loaded and the second equation holds when the
buffer is unloaded.
T(t,i) = T(t−1,i) −
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T represents the temperature in the layer [◦ C].
t means at the current time step and t − 1 means at the previous time step.
i represents the segment number. If i becomes zero or larger as the number of segments the temperature will become equal to the injection temperature of the buffer.
ṁ represents the mass flow in [kg].
α represent the thermal mass[ WKh ]
The thermal mass of each segment is given by:
αi = msegment ∗ Cp

(44)

Where
Wh
CP represents the specific heat of water[ kg∗K
].
msegment represents the water mass in a segment [kg].
To make sure that the buffer will stay stratified, the input flow rate must be limited. The main
reason for this is that the mixing of the hot and the cold water must be limited. According to
ISSO-publication 81, the Reynolds number must stay below 1750 to make sure stratification is
present[42]. The Reynolds number can be determined through:
Re =

v∗h∗ρ
µ

(45)

Where:
v represents the velocity of the flow[ m
s ]
h represents the height between the inlet and the buffer wall[m].
3
ρ represents the density of the water ms .
µ represents the viscosity of water.
For the calculations it is assumed that the buffer consist of a round vessel with a height of 5[m].
Now this is known the radius of the vessel can be calculated as:
s
Vbuf f er
Rbuf f er =
(46)
π ∗ Hbuf f er
where:
Vbuf f er represents the volume of the buffer[m3 ]
Hbuf f er represents the height of the buffer [m]
according to cite the ISSO-publicatie 81 the diameter of the inlet is half of the diameter of the
buffer vessel itself[42]. Therefore the diameter of the inlet(Dinlet ) is equal to Rbuf f er . Now the
maximum mass flow rate in the buffer(ṁbuf f ermax ) can be calculated by means of:
ṁbuf f ermax = π ∗ Dinlet ∗ v ∗ h ∗ ρ

(47)

where:
Dinlet represent the diameter of the inlet[m]
v represents the velocity of the flow[ m
s ]
h represents the height between the inlet and the buffer wall[m]
kg
ρ represents the density of water[ m
3]
For the modeling of the short-term thermal buffer, several assumptions are made. First of all,
it is assumed that the thermal losses through the wall of the tank are negligible. The heat losses
for the worse case are estimated to find out if this is an acceptable assumption. To do this, a buffer
of 2000m3 is used. As said, the buffer is a cylinder with a height of 5m. The area of the top and
V
the bottom of the buffer can be calculated by: A = H
, which will result in an area of 400m2. The
q
A
radius is given by R =
π , resulting in a radius of 11.28m. Therefore the total area becomes
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A = Atop + Abottom + 2 ∗ R ∗ π ∗ H = 1154m2. The heat loss of the buffer is given by
Q̇ = U A ∗ (Tbuf f er − Tsoil ) = 55727W

(48)

where:
W
U represents the heat transfer coefficient [0.69 Km
2 ] [23]
This will result in a total annual heat loss of 488MWh when the buffer is always totally 70◦ C,
which is about 4% of the total heat demand of the households in the district heating network,
which is significant. Therefore heat losses can not be neglected and should be implemented in the
system. Of course, this is the worse case for the heat loss, as it assumes that the buffer is always
fully loaded. Therefore, the actual annual heat loss will be much smaller. But it would still have
a significant effect on the performance of the system. Therefore, heat loss is also implemented in
the system.
To do this the surface area of each segment is calculated by simple geometric calculations as
explained in the previous paragraph. After that Formula 48 is used to determine the heat loss
in that segment. Next the temperature in each layer is reduced at the end of each time step by
∆Tlossi which can by calculated by means of the following equation:
∆Tlossi =

Pi ∗ ∆ttimestep
αi

(49)

where:
Q̇i represents the heat loss in each segment [W ]
∆ttimestep represents the time-step used in the model[1/h].
α represent the thermal mass of each segment[ WKh ]

Figure 18: A perfectly stratified, practical, and a fully mixed buffer[44].
The buffer model now still assumes that there is stratification between the layers used in the
model. No mixing is taking place when the buffer is not loaded or unloaded. Meaning that the
buoyancy effect is neglected. Aside from that, conduction between the different layers in the system
is neglected. It is also assumed that the different layers are perfectly mixed. This means that the
number of layers that are used in the model determines the degree of stratification. For our model,
4 layers are used. But it is important to check with the designer of the buffer if this is a correct
representation of the used buffer tank.

Results and verification
To get a general idea of how the model is functioning, a simple simulation is performed. This
should also show that there are no errors in the implementation of the code. For this simulation a
buffer with a volume of 1500m2 is used. The height of the buffer is 5 m, and the radius 9.8m.The
whole buffer is at 40◦ C at the beginning of this simulation. At the start, the buffer is loaded
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at the maximum mass flow rate for 10 hours. After that, a pause is held for 10 hours, and last
the buffer is unloaded for 10 hours at the maximum mass flow rate. The temperatures of every
segment during this simulation are shown in Figure 19. As expected the temperature of the first
segment increases rapidly after the stared of the simulation. The other segments follow after some
time. This is what one would expect as they only heat up after segment above is heated. During
the ideal period a really small lost of temperature can be seen in all segments. That this decrease
is small is expected as the vessel is really large meaning that the surface area is small compared
to the volume.

Figure 19: The results of the test as described above. Note that the first segment’s temperature is
the output temperature of the buffer when it is unloaded, and the temperature in the last segment
is the temperature when the buffer is unloaded. During the ideal period, there is a slow reduction
of the temperature. This reduction is so small that it is practically invisible in the figure.

4.6

ATES model

The ATES model consists of two parts. The first part calculates the output temperature of the
aquifer thermal energy storage. The second part estimates the energy usage of the system.
Temperature model
The transport of heat in the aquifer is dominated by convection and conduction. Conduction
happens in both radial directions and to the top and bottom of the aquifer. The flow dominates
convection due to the water that is pumped in and out of the aquifer. Convection due to the
buoyancy effect is neglected, as the temperature differences are relatively low. The groundwater
flow is also neglected to make sure that a simplified model can be used. This is needed to make
sure that the model can be coupled with the Simulink model and has an acceptable calculation
time. This could lead to some errors. Therefore, it is advised to check the result by means of
conventional tools used to determine the aquifer’s output temperatures. Aside from this, the heat
losses during injection and extraction are neglected. Especially when the flow rates are low, this
is a rough assumption.
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Figure 20: The Grid used for the modeling of the ATES system. The dashed lines indicate the
center of the thermal mass. The full lines indicated the boundaries of the grid cells.
To model the temperature in the aquifer the same method as for the thermal buffer is used but
now with a cylindrical grid as shown in Figure 20. Where the dashed line equals the center of the
thermal mass, and the solid line indicates the boundary of the grid cell. It is assumed that the
temperature is constant over the height of the aquifer, there for only one grid cell is used in the
z-direction. The radius of the outside boundary of each element is given by the following equation:
ri = 2 ∗ relement ∗ i

(50)

Where relement represents the radius of the first element[m], which is determined by the modeler.
The thermal mass of each grid cell can be determined by means of the following equation:
2
α(i) = Csoil ∗ Vi = Csoil ∗ Haquif er ∗ π ∗ (ri2 − ri−1
)

(51)

where:
Wh
Csoil represents the volumetric thermal capacity of the soil[ K∗m
3 ].
3
Vi represent the volume of the grid cell[m ]
Haquif er represents the height of the aquifer[m].
ri represent the radius of the grid cell i [m].

For every time step equation 42 or 43 is solved for every grid cell. With the boundary condition,
that temperature of the last grid cell is always equal to the soil temperature and temperature when
i becomes zero is equal to the injection temperature of the well. This resulted in the temperature
when only diffusion was present. The next step is to compensate for the conduction. conduction
happens in 4 directions, namely, via the top and bottom of the aquifer, and to the grid cell on
the inside and the grid cell on the outside. The amount of heat transported by conduction trough
both the top and bottom of the aquifer for each grid cell is given by[24]:
Q̇top−bottom,i = haquif er−boundary ∗ A ∗ (Tsoil − T(t,i) )

(52)

where:
haquif er−boundary represents the heat transfer coefficient at the top and bottom of the aquifer [ mW
2K ]
A represents the surface areas between the grid cell and the top and bottom of the aquifer [m2 ]
Tsoil repents the natural soil temperature[◦ C].
The heat transfer coefficient can be calculated by the method explained in Section 4.3 of Fundamentals of Heat and Mass Transfer [2]. To determine the heat flow rate by means of conduction
from on grid cell trough a other, it is assumed that grid cells can be represented as thermal masses
at the center line of the grid cell. Therefore, the heat flow rate due to conduction between grid
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cell i and j is given by the following equation [2]:
Q̇conductioni,j =

2πHaquif er Ksoil (T(t,i) − T(t,j) )
ln( rrji )

(53)

Where:
Haquif er represents the height of the aquifer [m]
W
]
Ksoil represents the thermal conductivity of the soil [ mK
The total heat gain or loss is due to conduction of each grid cell is given by:
Q̇i = Q̇conductioni,i−1 + Q̇conductioni,i+1 + Q̇top−bottom,i

(54)

This equation does not hold for the first and the last grid cell. as said the last grid cell is always
equal to the natural ground temperature and is therefor not calculated. For the first grid cell the
Pconductioni,i−1 term is equal to zero. Next, the temperature of each grid cell is compensated at
the end of each time step with:
∆Tconductioni =

Q̇i ∗ ∆ttimestep
αi

(55)

The constants used for this model are shown in Table 11.
Table 11: The constants used in the ATES temperature model.
Constant
Wh
Csoil [ K∗m
3]
haquif er−boundary [ mW
2K ]
W
Ksoil [ mK
]
Haquif er [m]
Tsoil [◦ C]
relement [m]

Value
528 [29]
0.13 [2]
3.0 [29]
40 [40]
11 [40]
10

Results
Figure 21 shows the temperature in the ATES for the first 5 years of the simulation. As expected
the temperature in the first layer fluctuates a lot. When one get further away from the well the
temperature gets closer to the soil temperate.
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Figure 21: The temperature in the different cells of the simulation the ATES simulation for the
base case.
Electricity demand
Water must be pumped from one well to the other. Therefore, a pump is placed in all wells. These
pumps are one of the major electricity users in the system. To determine how much energy these
pumps are using first, the pressure drop between the two wells must be determined. The pressure
drop consists of 5 major parts the sum of these pressure drops forms the total presser drop between
the two wells. The five significant presser drops are discussed next. Gas pressure is one of the
major contributors to the pressure drop. Pressures in the underground are high. This will result
in phase changes from certain substances in the water when the pressure is reduced when reaching
the surface. To prevent this, the pressure is kept high by means of throttle valves. It is estimated
that pressure of around 1.5 bar is needed to prevent the formation of gas.
Two other contributors to the pressure drop are the injection and extraction pressure losses. These
pressure losses can be calculated by means of Darcy’s law[6]:
∆P =

φ∗µ
rr
∗ ln( )
2∗π∗k∗h
rw

(56)

where:
φ represents the volume flow rate[m3 /s]
µ represents the viscosity of water which is 1 ∗ 10−3 [P a ∗ s]
k represents the permeability of the soil for the Hoogkamp case 10 ∗ 10− 10[m/s]
h represents the height of the aquifer for the Hoogkamp case is 40[m]
rr represents the radius of the well for the Hoogkamp case 0.25[m]
rw represents the radius of the reservoir estimated to be 140[m]
The pressure drop over the heat exchanger is assumed to be a constant of 0.5 bar. The last
cause of a pressure drop is the pressure drop in the tubes that connect all the elements. This
pressure drop can be calculated by means of the Darcy-Weisenbach equation[11]:
∆P = f

L ρ ∗ v2
∗
d
2

Where f is the friction factor [-]
L the length of all the tubes which is assumed to be 500[m]
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D the diameter of the tubes which is assumed to be 0.1[m]
ρ the density of water 998[kg/m3 ]
v the velocity of the flow [m/s]
The friction factor is dependent on the Reynolds number, which can be calculated through:
Re =

ρvD
µ

(58)

Where
µ is the viscosity of water which is 1 ∗ 10−3 [P a ∗ s]
D the diameter of the tubes which is assumed to be 0.2[m]
ρ the density of water 998[kg/m3 ]
v the velecity of the flow [m/s]
Now the friction factor can be described by means of the Blasius correlation[11]:
f = aRE −n

(59)

With a=64 and n=1 if Re < 2100
a=0.316 and n=0.25 if 2100 < Re < 105
a=0.186 and n=0.2 if 105 < Re < 2 ∗ 106
The pressure drop can be calculated as the sum of these 5 factors. Now the total pressure drop
is known the electricity usage can be calculated by means of Equation 31. For this study, it is
assumed that the flow is perfectly distributed over all wells and that the pump efficiency is equal
to 0.6[-].
Results
To see if this model is indeed behaving as expected, the electricity consumption and the pressure
drop over the flow rate are plotted in the figure below. Not that the electricity consumption is
increasing with a higher-order as the pressure drop. The curves show indeed the trend that can
be expected. Unfortunately, no data or other models are available to do further validation.
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Figure 22: The electricity usage of the ATES and pressure drop over the flow rate.

4.7

Gas boiler model

The gas boiler model aims to determine how much gas is used during the simulation. The total
heat demand of the gas boiler is determined in the main model. When the heat demand is known,
the amount used during the simulation can be calculated as:
Vgas =

Qgas−boiler
ηgas−boiler ∗ HHVgas

(60)

Where:
Qgas−boiler represents the heat demand on the gas-boiler [Wh]
ηgas−boiler the gas boiler efficiency[-]
h
HHVgas the higher heating value of gas [ W
m3 ]
A gas boiler efficiency of 0.9 is used for this study. For the higher heating value of gas, it is
h
assumed that dutch natural gas is used. This results in a higher heating value of 9250[ W
m3 ]for
gas[32].

4.8

The controllers

Two controllers are used to determine how the heat demand of the district heating network is
provided and where the heat produced by the solar thermal collector field is stored. The controllers
ensure that the system, as explained in Chapter 2, is simulated. The controllers must be able to
determine the energy flows, the mass flows, and the temperatures that are the inputs of the different
sub-model, as indicated in Figure 8. The temperatures are all calculated through mass-based
averaging. The following temperature must be used by this process: the output temperature of
the STCF is always 27 ◦ C for the low-temperature field and 71 ◦ C for direct delivery. The minimal
inflow temperature of the low-temperature field is 12◦ C, and for the direct delivery, it is 40◦ C. A
temperature loss of 1◦ C is applied to compensate for the finite size of the heat exchanger. It is
also made sure that the aquifer’s temperature difference is always 10 ◦ C, and that the maximum
injection temperature of the cold well is 10◦ C. The supply and the return temperature of the
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DHN are always 70 and 40◦ C respectively. The remainder of this section will explain how it is
determined where the heat is going to or coming from . When the temperatures and the heat flow
rates are known, the mass flow rates are easy to calculate.
high-temperature controller

Figure 23: The flowchart of the decision process used to determine how the energy is flowing in the
system. This figure shows the high-temperature controller. The first step of the process checks if
the buffer is used to reduce the peak load on the heat-pump or to store peaks from the solar thermal
collector field. Next, it is checked if there is energy left to store in the buffer or if there is extra
energy required from the buffer. Last it is checked if the temperature of the buffer is not too hot to
make sure that the heat-pump is running efficiently.
The flow chart of the high-temperature controller is shown in Figure 23. The modes indicate how
energy is flowing. The next paragraphs discuss what the different modes mean and how they
control the flow.
Mode 1 is used when the system is in summer operation, and the field production of the direct
delivery share of the solar thermal collector field is smaller as the total heat demand of the district heating network. When this mode is used, all the heat provided by the direct delivery share
of the solar thermal collector field is used to supply the district heating network directly. The
high-temperature thermal buffer is unloaded. The remainder of the heat is provided by the heatpump. If the heat-pump capacity is too small to do this the rest is provided through the gas-boiler.
Mode 2 is used when the system is in summer operation, and the field production of the direct delivery share of the solar thermal collector field is larger as the total heat demand of the
district heating network. When this is the case, the district heating network’s heat demand is
supplied by the solar thermal collector field. This means that the heat-pump and gas boiler are
not used. The heat that is not supplied to the district heating network is stored in the buffer.
Mode 3 and 4 are used when the system is in winter operations, and the heat-pump can supply all
the district heating network’s heat demand. When this is the case, the district heating network’s
heat demand is provided directly by the heat-pump, meaning that the gas boiler is not used. The
difference between mode 3 and 4 is that when the temperature of the cold side of the buffer is below
55 degrees, the remainder of the heat-pump capacity is used to load the buffer. This is no longer
done when the temperature is above 55 degrees as this will result in low efficiency of the heat-pump.
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Mode 5 is used when the heat-pump cannot supply all the heat demand of the district heating
network. When this is the case, the heat-pump is operated at maximal capacity. The remainder
of the heat is delivered by the buffer. When the buffer can’t provide all the heat demand, the gas
boiler is used.
Low-temperature controller

Figure 24: The flowchart of the decision process used to determine how the energy is flowing in
the system. This figure represents the low-temperature controller. First, it is checked if all the heat
can be delivered directly from the solar thermal collector field. After that, it is checked if the heat
can be delivered by the buffer.
Figure 24 shows the controller used to determine how the energy is flowing on the aquifer side of
the system. Mode 1 is used when all the heat that is needed by the evaporator of the heat-pump
can be provided directly by the solar thermal collector field. When this is the case, all heat is
provided directly to the evaporator. The remainder of the heat is stored in the aquifer thermal
energy storage. If this means that the maximum flow rate of the aquifer thermal energy storage is
exceeded, the remainder is stored in the buffer. When the buffer is full or loaded at its maximum
flow rate the heat is lost.
If the heat production of the solar thermal collector field is smaller as the heat demand of the evaporator mode 2 and 3 are used. Mode 2 is used when the output temperate of the low-temperature
buffer is still above 15◦ C. When this is the case, the buffer is unloaded at its maximum capacity.
The buffer is providing the heat to the evaporator. The aquifer thermal energy is loaded or unloaded to ensure a thermal equilibrium in the system. Mode 3 is used when to buffer is unloaded.
When this is the case, all the heat that is not delivered by the solar thermal collector field is
subtracted from the aquifer thermal energy storage.

4.9

Sensitivity analysis of the model parameters

The sensitivity analysis of the model parameters consists of 3 parts, namely the sensitivity due to
the time convergence, grid size, and the time step. Table 12 shows the element sizes and control
parameters used in the base case. During the sensitivity analysis, the model parameters are varying
from their standard values; the remainder of the model settings are kept as in the base case.
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Table 12: The element sizes and control parameters of the base case.
Parameter
Volume of the high-temperature buffer
Volume of the low-temperature buffer
Direct delivery share of the STCF
q̇switch
Installed capacity of the heat pump
Installed capacity of the gas boiler
Number of ATES doublets
Area of the STCF

Value
1500
200
20
300
4.0
11.2
5
14321

Unit
m3
m3
%
W
m2

MW
MW
m2

Time convergence
The table below shows the performance indicators’ results if 5 or 6 years of simulation time are used
to determine performance indicators. There are some changes in the results of the performance
indicators. But as these differences are limited in size, one can speak of a more or less converged
system after five years. Figure 25 shows the SPF of the system over the first ten years of usage.
Note that the SPF is increasing in the first few years. This increase is caused by the fact that the
soil temperature of the hot ATES well is rising. This increase is a good representation of what will
happen in the real system. However, for this study, only the results from the 5th year are used to
describe the system’s performance. As the effects on the outcome are limited, and it is making the
calculations more manageable, and it is reducing the calculation time as one does not need to be
simulated for 30 years.

Figure 25: The calculated SPF over the first 10 years for the base case. Please note that the Y
axis does not stared at zero.
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Table 13: The results for the performance indicators if 5 or 6 year of simulation time are used to
determine performance indicators.
Simulation time
Seasonal performance factor
Gas-fraction
CO2 2020
CO2 2030
Investment cost
Internal rate of return

5 years
3.05
0.15%
kg
2.05 ∗ 106 year
kg
1.21 ∗ 106 year
21 ∗ 106 Euro
8.50%

6 years
3.06
0.15%
kg
2.03 ∗ 106 year
kg
1.20 ∗ 106 year
21 ∗ 106 Euro
8.51 %

Grid size
The simulation is performed with a grid size that is two times as small, to find out if the grid size
of the ATES temperature model used in the model is fine enough. The results for the performance
indicators and are listed in Table 14. The results of the performance indicators did not change.
Therefore, one can state that the grid size is small enough. One could even debate that a large grid
size could have been used, making the simulation less computationally expensive. The simulation
of the system for five years takes about 32.22 seconds on a six-year-old laptop when a grid size of
5m is used. When a grid size of 10m is used, this is slightly reduced to 32.12. So the grid size is
not having a significant influence on the calculation time.
Table 14: The results for the performance indicators if the grid size is changed.
Grid size
Seasonal performance factor
Gas-fraction
CO2 2020
CO2 2030
Investment cost
Internal rate of return

5m
3.05
0.15%
kg
2.05 ∗ 106 year
kg
1.21 ∗ 106 year
21 ∗ 106 Euro
8.50 %

10 m
3.05
0.15%
kg
2.05 ∗ 106 year
kg
1.21 ∗ 106 year
21 ∗ 106 Euro
8.50 %

Time step validation
To see if the time step that is used in the model is causing a significant error, the simulation is
performed again, but now with a time-step that is two times as small. This change results in the
outcomes of the performance indicators, as listed in Table 15. The performance indicators are not
changing significantly. Therefore, a time-step of 1/10th hour is accurate enough and used for the
simulations.
Table 15: The results for the performance indicators for the base case simulation and if the time
step is halved.
Time step
Seasonal performance factor
Gas-fraction
CO2 2020
CO2 2030
Investment cost
Internal rate of return

1/10 hour
3.05
0.15%
kg
2.05 ∗ 106 year
kg
1.21 ∗ 106 year
21 ∗ 106 Euro
8.50 %
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1/20 hour
3.06
0.15%
kg
2.04 ∗ 106 year
kg
1.20 ∗ 106 year
21 ∗ 106 Euro
8.50 %
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Base case results

This chapter will provide a detailed analysis of the base case results. At the end of this chapter, one
can find a sensitivity analysis related to the model input parameters. It shows what parameters
are essential to consider when further work is performed on this subject. Aside from that is shows
the effects of the uncertainty in the weather data.
Table 12 in the previous chapter shows the result of the optimization for the heat-pump capacity, number of ATES doublet, and the STCF area of the base case. The table below shows the
performance indicators for this setup. By examining the results, it is observed that this system
is producing almost all heat utilizing the renewable system. The gas boiler produces only a tiny
fraction of the heat. Comparing the CO2 production of the system with the current situation, one
can see that there is 0.65 ∗ 106 kg of CO2 saved a year, which is 24% of the total emission. As
the energy sources used for the system get cleaner, the CO2 reduction will further reduce in 2030
to 1.19 ∗ 106 kg per year, which is 50%. The average price that consumers pay for the heat is not
significantly more than the cost of heating in the current situation. However, the relatively low
IRR indicates that it might be challenging to find an investor for this project.
Table 16: The performance indicators of the base case.
Performance indicator
Seasonal performance factor
Gas-fraction
CO2 2020
CO2 2030
Investment cost
Internal rate of return
Cost for the end user

Value
3.05
0.15
2.05 ∗ 106
1.21 ∗ 106
21 ∗ 106
8.50
189

Unit
%
kg
year
kg
year

Euro
euro
month

Figure 26 shows the fraction of the primary energy consumed by each element. The figure shows
that most of the energy that is consumed by the system is provided as electricity. A very small
fraction of the energy demand is provided as natural gas. Most of the energy is consumed by the
heat-pump.

Figure 26: The primary energy consumption of the main elements in the base case system. Note
that the energy usage of the heat-pump, DHN, STCF and ATES is electric energy. The energy
usage of the Gas-boiler is natural gas.
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Figure 27 shows the sources of the heat that is delivered to the district heating network. Most of
the heat is delivered directly by the heat-pump, the buffer does also supply significant a share of
the heat. This heat is of course indirectly coming from the heat-pump or the solar collectors. The
remainder of the heat is delivered directly by the gas-boiler or the solar collectors.

Figure 27: The source of the heat that is delivered to the district heating network. The heat coming
from the high-temperature buffer is of-course actually supplied by the heat-pump or by direct delivery
from the STCF.
Figure 28 shows where the heat produced by the solar thermal collector field is going to. Observed
is that with this setup not all heat produced by the STCF is stored or used, this results in a loss
of heat.

Figure 28: The locations where the heat produced by the STCF is going to. The heat that is
direct delivered is either used to supply the district heating network directly, or used to load the
high-temperature buffer.
Table 17 indicates the build up of the investment cost at the beginning of the project and the
annual cost for maintenance and energy bills based on the prices of year one. A large part of the
investment and maintenance cost lays in the district heating network it self. The remainder of the
cost lays within the different parts of the heat plant.
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Table 17: The Capital Expenditure for the construction and development of the project, and the
Operating Expenditures for the first year of operation of the system. The cost are split up to the
different elements. The OPEX contains both the maintenance cost and the energy cost.
Part
DHN
Mechanical parts
STCF
ATES
High-temperature buffer
Low-temperature buffer
Gas boiler
Unforeseen
Engineering
Total

CAPEX [euro]
7.800.000
4.300.000
4.226.435
750.000
300.000
40.000
730.995
1.814.743
1.088.845
21.051.020

OPEX [euro]
322.770
309.688
53.406
35.000
6000
800
23.6670
964.335

This project is dependent on subsidies. To determine if the government is using the available
money for CO2 reduction measures effectively when this project is subsidized as explained, the
subsidy intensity of the CO2 reduction is determined this intensity calculated by dividing the
provided subsidy for the project by the saved CO2 . The 2030 CO2 reduction is multiplied by the
project period to determine the saved CO2 . It is resulting in a subsidy intensity of 309 euros per
ton of CO2 , which is on the high end compared with the SDE+ subsidies[19]. However, one must
take into account that the sustainable heat production of older households is a challenge, as they
require high-temperature heat.

5.1

Sensitivity analysis

This sensitivity analysis focus on the uncertainties in the input parameters of the project. The
first part focuses on variations of the results of the different sub-models and input parameters.
Next, the effect of the number of users that are participating is determined. Lasts, the impact of
the used weather data is discussed.
5.1.1

Sensitivity and uncertainty analysis related to the model input parameters.

A Sensitivity and uncertainty analysis is performed to find out what the effect is of errors in the
different sub-models and input parameters. The demand curve of the households in the district
heating network used in this study is a rough estimate of the actual demand curve. To find out if
error in this demand curve can have a significant effect on the outcome of this study, a sensitivity
analysis is performed on the demand curve. It consists of three parts. The sensitivity of the
total heat demand. The sensitivity on the temperature dependency of the daily heat demand, and
the sensitivity on the daily profiles. The first parameter variation increases or decreases the heat
demand of the households by 10%, as shown in Figure 29 to find out what the effect is of an error
on the total annual heat demand of the households.
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Figure 29: The different demand curves to investigate the sensitivity to the total heat demand of
the households.
Next, a variation is applied that causes a change in the temperature dependency of the heat
demand without changing the total demand in a year. To do this, the sensitivity of the heat
demand towards temperature increases and decreases by 10%. After that, the heat demand is
multiplied by a factor to ensure that the total heat demand remains the same in a NEN:5060:2018
year. This variation results in the demand curve variation as seen in Figure 30.

Figure 30: The different demand curves to investigate the sensitivity to the temperature dependency
of the heat demand of the households.
The last change that is applied on the demand curve is on daily profiles. To find out how dependent
that the solution is on the exact shape of the daily profile, the heat demand during the peak hours
increases or decreased by 1% of the daily heat demand. These peak hours are from 7 in the morning
up until 9 o clock, and from 16 up until 20 o clock. During the remainder of the day, the heat
demand is changed by 0.5% of the daily heat demand to ensure that the total heat demand remains
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the same. For a day with a mean outdoor temperature of zero degrees, this results in the demand
curves, as shown in Figure 31.

Figure 31: The different demand curves to investigate the sensitivity to the height of the daily
peaks. For a mean outdoor temperature of zero degrees.
The other variations that are applied during this parameter variation are listed in Table 18. The
effects on the SPF of this parameter variation are given in Figure 32. The SPF is influenced
significantly by the variations that have an effect on the COP of the heat-pump. These variations
are the output temperature of the hot ATES well, the COP of the heat-pump it self, and the supply
and return temperature of the DHN. Aside from that variation of the temperature sensitivity of
the heat demand has an effect on the SPF. This can be explained by the fact that more energy is
delivered by the gas-boiler when the demand at low-temperatures becomes more. The effect that
the variations have on the energy balance ratio and the CO2 production is shown in Appendix A.
It can be seen that there are several changes that have an significant effect on the energy balance
ratio. A combination of these factors can lead to a imbalance of more then 10% in the ATES
system which would mean that the system is running outside the permit. The effect on the CO2
production is more or less the same as the effect on the SPF.
Table 18: An overview of the variations applied during the sensitivity analysis.
Parameter
STCF heat production
STCF electricity usage
Heat-pump COP
Supply temperature of the DHN
Return temperature of the DHN
∆Theatexchanger
TAT ES−hot
ATES electricity usage

minimum
-10%
-10%
-10%
60
30
0.5
-2
-10%
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average
0
0
0
70
40
1.0
0
0

maximum
+10%
+10%
+10%
80
50
1.5
2
+10%
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Figure 32: The results of the parameter variation on the SPF of the system. Note that both
increasing and decreasing the total heat demand does negatively influence the SPF.
Figure 33 shows the results of the parameter variation on the IRR. The results scale more or less
with the results for the SPF with on big exception, namely, the total heat demand. This exception
is obvious as this will also lead to more income as it will increase the energy bills of the households.
Therefore, a higher heat demand will have a large effect on the IRR.

Figure 33: The results of the parameter variation on the IRR of the system.
The gas boiler capacity is assumed to be 11.2MW. By doing this, it can function as a complete
backup system for heat production. However, this does hurt the project cost. The financial calculation is performed again with a gas boiler capacity of 7.2MW to determine how much better
the business case can be. Using a gas boiler of 7.2MW will ensure that the combination of the
gas boiler and the heat pump can supply all heat to the DHN. This smaller gas-boiler does not
significantly effect the investment cost. However, the IRR increases to 10.2% due to the reduced
maintenance cost.

5.1.2

Effect of the Share of household participating

An other big uncertainty is the amount of housholds that will be participating in the project. To
find out how the share of households that are participating in the project influences the system’s
performance. The optimization is performed again, but now with a fraction of 0.7, 0.8, and 0.9
of the households participating. For these optimizations, it is assumed that the household’s heat
demand reduces with the same factor as the number of houses connected to the DHN. The DHN
itself will be the same network with the same sizes for the piping. Keeping the dimensions the
same will ensure that households can be connected in a later stadium without large projects in the
neighborhood streets. The number of connections is reduced, which will reduce the total cost of
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the home delivery sets.
The new STCF area, the installed capacity of the heat-pump, and the number of ATES doublets are calculated by performing the optimization again. The remainder of the element sizes are
kept the same as for the base case. The project’s annual income is reduced by the fact that less
revenue is generated from the energy bills. The initial subsidy is lower as the subsidy ’aardagas
vrije wijke’ depends on the number of households participating.
The results of this optimizations are shown in Table 26 in Appendix A. The table shows that
a reduction of the amount of participants leads to a smaller STCF area and a less installed heatpump capacity. It also leads to a small reduction in the seasonal performance factor, as can be
seen in Figure 34, making the system less effective in reducing CO2 emissions. But, the most
important problem of a low amount of participants is that it will significantly effect the internal
rate of return, as can be seen in Figure 35. This can be explained by the fact that the cost per
household goes up where as the income per household remains the same. This shows that it is
crucial to have a large share of the households participating in the project.

Figure 34: The effect of the amount of participants on the SPF of the system. Note, that the y
axis does not start at zero.

Figure 35: The effect of the amount of participants on the IRR of the project.
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Weather data

Figure 36: The calculated demand of the DHN when the weather data of the last 20 years is used.
Another source of error is the weather data. The simulation is performed with both the NEN:5060:2018
weather data and the measured data in Arnhem from 1999 until 2019. For the weather data of
Arnhem, the data retrieved from the KNMI is used. Unfortunately, no data of Arnhem itself is
available. Therefore, the data measured in Deelen is used. The weather data is used to perform
a check on the effects that the weather has on the model. Table 19 shows the results. In this
table, there is observed that there is a significant change in the results. The main reason the
performance indicators are different is that the heat demand for the Arnhem 1999-2019 weather
data is greater, as shown in Figure 36. Note that there is not only a difference in the average but
also large differences over the years.
Table 19: The results for the performance indicators for the base case system with NEN5060:2018
and Arnhem 1999-2019 weather-data.
Weather data
Seasonal performance factor
Gas-fraction
CO2 2020
CO2 2030
Investment cost
Internal rate of return

NEN5060:2018
3.05
0.15%
kg
2.05 ∗ 106 year
6 kg
1.21 ∗ 10 year
21 ∗ 106 Euro
8.50%

Arnhem 1999-2019
3.02
0.7%
kg
2.14 ∗ 106 year
6 kg
1.27 ∗ 10 year
21 ∗ 106 Euro
9.26%

To find out if the use of NEN5060:2018 results in a good estimate for the heat production of the
STCF a two step validation is performed. First of all it is checked if the NEN5060:2018 gives the
same result as determining the average production over the last 20 years in the Bilt. As one can
see in Figure 37 the production of the STCF varies over the years, it can also be seen that the
production according to the NEN5060:2018 is slightly lower as the 20 year average. In Figures 38
the same figure is shown for Arnhem. Here one can see that the average results for Arnhem are
much closer to the NEN:5060:2018 as the results for the Bilt. As the average production in Arnhem
is close to that of the NEN:5060:2018 and it is the standard for simulations regarding calculations
addressing heat demand it is assumed that the NEN:5060:2018 can be used for the simulation.
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Figure 37: The STCF production per square meter. For the NEN5060:2018 and the Bilt for the
last 20 years.

Figure 38: The STCF production per square meter. For the NEN5060:2018 and Arnhem for the
last 20 years.
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Design optimizations

In this chapter, the design optimizations are discussed. First, the effect of the high-temperature
buffer is presented. The next section indicates the impact of the low-temperature buffer. The
following section focuses on the best implementation of the direct delivery of the STCF. The last
part focuses on the usage of a gas boiler to supply the peak demand of the DHN. This variation is
made through a change in the design temperature.

6.1

Effect of the high-temperature buffer

Table 27 in Appendix B shows the results of the optimization for different sizes of the hightemperature buffer. A high-temperature buffer will reduce the required heat-pump size, leading
to lower investment cost and a higher IRR. But, the thermal losses in the buffer will reduce the
energetic performance of the system. The first steps in the size of the buffer will have a significant
effect on the required heat-pump size, but once the buffer becomes above 1500m3 , the change
becomes small. Figure 39 shows the effect of the high-temperature buffer on the required heatpump capacity. It is advised to use a buffer of at least 1000m3 , as this will drastically improve
the project’s economic viability. However, the buffer does not have a significant effect on the CO2
reduction that can be reached by the project.

Figure 39: The effect of the high-temperature buffer on the required heat-pump capacity. Note, that
the y axis does not start at zero.

6.2

Effect of the low-temperature buffer

Table 28 in Appendix C shows the results of the optimization for different sizes of the lowtemperature buffer. Looking closely at the results in the table, one can see that the performance
indicators are not significantly changed by using a low-temperature buffer. There is observed that
the required area of the STCF to run in a thermal balance goes down for a small buffer. When
the buffer gets too big, the required STCF size will increase again. The heat losses in the buffer
can explain this increase. The effect of the buffer on the required STCF area is given in Figure 40.
The effect of a low-temperature buffer is minimal. Therefore it is not an important element in the
final design.
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Figure 40: The effect of the low-temperature buffer on the required STCF size. Note that the y axis
does not stared at zero and that the effect are small compared to the total field size.

6.3

Effect of direct delivery from the STCF

Table 20 show the effect of the used fraction of the STCF on the required element sizes. Table 21
shows the effect his has on the the performance indicators. Observed is that increasing the fraction
of the field used for direct delivery will improve the energetic performance of the system. But it
does also mean that the required STCF area will increase. This will result in a reduction of the
economic performance of the system. But, for a small fraction of the field used for direct delivery
the extra cost for the STCF are compensated by the reduced energy usage.
Table 20: The required element sizes according to the optimization fraction of the STCF that is
used for direct delivery.
Fraction direct
delivery [-]
Installed capacity of the heat
pump[MW]
Number
of
ATES doublets
Area of the
STCF [m2 ]

0

0.1

0.2

0.3

0.4

0.5

4.0

4.0

4.0

4.0

4.0

4.0

5

5

5

5

5

5

13855

14041

14321

14733

15168

15677
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Table 21: The performance indicators for the different fraction of the STCF that is used for direct
delivery.
Fraction direct
delivery [-]
Seasonal performance factor [-]
Gas-fraction [%]
kg
CO2 2020 year
kg
CO2 2030 year
Investment cost
[Euro]
Internal rate of
return [%]

0

0.1

0.2

0.3

0.4

0.5

3.02

3.05

3.05

3.06

3.07

3.07

0.15
2.07 ∗ 106
1.21 ∗ 106

0.15
2.05 ∗ 106
1.21 ∗ 106

0.15
2.05 ∗ 106
1.21 ∗ 106

0.15
2.04 ∗ 106
1.21 ∗ 106

0.15
2.04 ∗ 106
1.21 ∗ 106

0.15
2.03 ∗ 106
1.21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

8.52

8.53

8.50

8.45

8.41

8.36

Table 22 shows the effect of the used value of q̇switch on the required element sizes. Table 23 shows
the effect this has on the performance indicators. Using a low value for q̇switch results in a better
energetic performance. But like for the field size using direct delivery, a lot results in the need for a
larger STCF for the system to run in balance. This will slightly reduce the economic performances
of the system. It is debatable if the limited CO2 savings of direct delivery are word the extra
complexity that it will bring to the system. When direct delivery is used, it is advised to use a
value of 200W for q̇switch and a relatively small fraction of the field for it.
Table 22: The required element sizes according to the optimization for the different values of q̇switch
to change to direct delivery
W
q̇switch [ m
2]
Installed capacity of the heat
pump[MW]
Number
of
ATES doublets
Area of the
STCF [m2 ]

100

200

300

400

500

4.0

4.0

4.0

4.0

4.0

5

5

5

5

5

14626

14453

14321

14211

14053

Table 23: Performance indicators for the different values of q̇switch to change to direct delivery
W
q̇switch [ m
2]
Seasonal performance factor [-]
Gas-fraction [%]
kg
CO2 2020 year
kg
CO2 2030 year
Investment cost
[Euro]
Internal rate of
return [%]

6.4

100

200

300

400

500

3.08

3.07

3.05

3.05

3.05

0.15
2.03 ∗ 106
1.20 ∗ 106

0.15
2.05 ∗ 106
1.20 ∗ 106

0.15
2.05 ∗ 106
1.21 ∗ 106

0.15
2.05 ∗ 106
1.21 ∗ 106

0.15
2.06 ∗ 106
1.21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

8.50

8.50

8.50

8.51

8.51

Effect of the design temperature

Table 24 shows the effect of the used design temperature on the required element sizes. Table
25 shows the performance indicators for these designs. The table shows that a higher design
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temperature leads to a lower required installed heat-pump capacity. This reduction in capacity
reduces the investment cost of the system. However, using a higher design temperature also leads
to a more substantial fraction of the heat delivered by the gas-boiler. From the table, a conclusion
can be drawn that a design temperature of -5◦ C results in all heat being delivered by the renewable
system. Even though this is the case for the NEN:5060:2018 weather data, this is not always true.
If the simulation is performed again with the Arnhem weather data between 1999-2019, a small
fraction of the heat is still delivered by the gas-boiler at the design temperature of -10 and -5◦ C.
Therefore, a design temperature of -15◦ C should be used to deliver all heat by the electric system.
There is a trade-off between CO2 reduction and the economic performance of the system. This
trade-off is shown in Figure 41. In the figure, one can see that if one wants to have a fully electrified
system, there will be no good business case. However, if one goes for the best business Case, the
CO2 reduction will be minimal. There is a trade-off between cost an CO2 reduction the decision
on where the priority is for the project lays by the stakeholders.
Table 24: The required element sizes according the the optimization for the different design temperatures to determine the heat-pump size.
Design temperature
[◦ C]
Installed
capacity of the heat
pump[MW]
Number of ATES
doublets
Area of the STCF
[m2 ]

-15

-10

-5

0

5

10

15

8.0

6.5

5.0

4.0

2.5

1.5

1.0

7

6

5

5

5

5

5

14221

14336

14454

14321

12761

9325

7041

Table 25: The performance indicators for the different design temperatures to determine the heatpump size.
Design temperature [◦ C]
Seasonal performance factor [-]
Gas-fraction [%]
kg
CO2 2020 year
kg
CO2 2030 year
Investment cost
[Euro]
Internal rate of
return [%]

-15

-10

-5

0

5

10

15

3.08

3.07

3.06

3.05

2.47

1.60

1.28

0
2.03 ∗ 106
1.20 ∗ 106

0
2.04 ∗ 106
1.20 ∗ 106

0
2.05 ∗ 106
1.21 ∗ 106

0.15
2.05 ∗ 106
1.21 ∗ 106

9.2
2.14 ∗ 106
1.33 ∗ 106

34
2.45 ∗ 106
1.71 ∗ 106

51
2.68 ∗ 106
2.00 ∗ 106

26 ∗ 106

24 ∗ 106

22 ∗ 106

21 ∗ 106

19 ∗ 106

16 ∗ 106

15 ∗ 106

2.28

4.37

6.80

8.50

11.48

13.97

15.47
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Figure 41: The trade-off that has to be made when determining the design temperature. Choosing
the most sustainable option will not leave any place for a viable business case. But choosing for
the best business case will not provide a significant CO2 saving.

55

7

7

CONCLUSION

Conclusion

The model developed during this study is used to determine the energetic performances of different
setups. These setups combine solar thermal collectors, ATES, tank thermal energy storage, and a
heat-pump to provide heat for a district heating network. If this system cannot provide the district
heating network’s heat demand, a gas-boiler supplies the remainder of the heat. An optimization
method uses this model to determine the required installed heat-pump capacity and solar thermal
collector field size. The optimizations ensure that the heat demand can always be met on the
design days, and that the ATES is running in a thermal balance. Performance indicators describe
the techno-economical performance of the different systems.
The base case developed during this study shows that a CO2 reduction of 0.65 ∗ 106 kg per year
can be reached, which is 24%. By 2030 this reduction will increase to 1.19 ∗ 106 kg per year, which
is 50%. The system used to obtain this reduction consists of a high-temperature buffer tank of
1500 m3 , a low-temperature buffer tank of 200 m3 , an installed heat-pump capacity of 4.0MW, 5
ATES doublets, and a STCF area of 14321m2 . 20% of this field is used for direct supply when the
W
filed production is above 300 m
2 . This system has a total investment cost of 21 million. Resulting
in an internal rate of return of 8.5% for the investor.
The most significant uncertainties in the system’s energetic performances are caused by the required supply temperature of the network, the uncertainty in the COP of the heat pump, and
the outdoor temperature sensitivity of the heat demand of the households in the district heating
network. The financial uncertainty is mainly caused by the total heat annual demand of the households. This uncertainty is caused by the fact that this has a substantial effect on the project’s
revenue. The significant influence of the energetic performance will also lead to a change in financial uncertainty as it leads to a change in the project’s energy bill. If only a small share of the
households in the neighborhood are connected to the DHN, the system’s economic and energetic
performances will be negatively influenced. However, the total cost for heating does not change
for the consumers; this should make it easier to convince them to participate.
The use of a high-temperature buffer reduces the required heat-pump capacity to produce all the
heat demand on the design day. The is buffer supplies the heat during the morning and afternoon
peaks, which is effectively reducing the peak demand on the heat-pump. This reduced heat-pump
size leads to a lower investment cost and a better internal rate of return for the project. Especially
for small buffers, this is done without influencing the energetic performances significantly.
The use of a low-temperature buffer tank will reduce the required solar thermal collector area
because more heat from the collectors can be stored when the production is peaking, meaning less
heat is lost. However, The effect is limited and it only holds for a buffer tank of 400m3 or less.
When a more significant buffer thank is used, the heat losses in the tank itself become substantial.
Direct delivery of heat by the STCF to the district heating network side of the system can save
some electricity. This reduction will lead to a small CO2 saving. However, as the efficiency of
the STCF goes down when the temperature is increased, the system will need more solar thermal
collector panels for the system to run in a thermal balance. If only a small fraction of the field
is used when the heat production is large, it will not lead to lower economic performance. The
reduced energy cost then covers the extra cost for the STCF.
The temperature used to develop the demand profile used for the determining of the heat-pump
capacity has a significant effect on the required installed capacity. Reducing the design temperature will lead to a more expensive system; this will lead to a low internal rate of return. However,
using a high design temperature will lead to a significant fraction of the heat to be delivered by the
gas boiler. This increased gas consumption will lead to more CO2 emissions of the system. This
increase is especially the case when the fraction of renewable energy in electricity becomes bigger.
A trade-off must be made between CO2 savings and the financial viability of the project.
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Discussion and continuation

This study obtained new insights into the techno-economic viability of the proposed setup. However, there are still some subjects that are not covered by this study. The demand pattern used
to describe the district heating network’s heat demand is based on the current gas demand of the
neighborhood; however, when more homeowners take energy savings measures, the annual heat
demand can reduce. The same can happen when climate change leads to milder winters. There is
observed in the parameter variation that this can significantly reduce the economic viability of the
project. Therefore, it could be useful the estimate this change in demand in the future to check if
the business case is still viable. When this is not the case, one could also think of connecting other
houses after several years when the heat demand is reduced.
It is essential to check the following factors before the detailed design of the project is made.
First of all, check if the project gets the subsidy ’Proeftuinen aardgasvrije wijken’. This subsidy is
uncertain as only a limited number of these subsidies will be reworded. Next, an investor must be
found, especially as the investor’s internal rate of return is limited when a low design temperature
is used; this can be a tricky task. According to the SDE+ document, the IRR must be 11%[19];
however, this can only be reached if a relatively high design temperature is used. This high design
temperature will increase the gas consumption, and with that, reduce the chance of obtaining the
subsidy ’Proeftuinen aardgasvrije wijken’.
Checking the share of the households that is willing to participate in the project is crucial. A
reduced number of participants is terrible for the business case. Even though the price of heating
will remain more or less the same, a fraction of the neighborhood must invest in new cooking
devices, which is caused by the fact that the households are disconnected from the gas grid. This
investment could make it harder to convince them to participate in the project.
For this project, a general inflation rate of 2% is used. However, it is uncertain that the inflation rate for maintenance costs, heat-prices, electricity prices, and gas prices are all the same.
The variation of the price indexations of these different costs and incomes can affect the project’s
internal rate of return. The same holds for the exact prices for different elements in the system.
The sensitivity analysis shows that reducing the input temperature of the DHN results in energy
savings. Therefore it could be interesting to see if it is possible to reduce the input temperature
when the demand is low. However, it must be validated whether the temperature at which the
heat is delivered at the homes is still sufficient when this is executed. The sensitivity analysis also
indicates that it would be interesting to reduce the gas boiler size. However, it must be checked if
the system can always deliver the heat demand when this is done.
Several sub-models are used during this study; most of them are validated. However, the model of
the ATES is not verified as the data was not available. It is advised to do this before the results
of this study are used. By means of an intermodel comparison with HST, that is used by IF technology. It is also good to reduce some uncertainties by asking manufacturers to their experiences
with the performance of the different elements.
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Results sensitivity analysis

The figures in this appendix show the results of the parameter variation for the EBR and the co2
emission. Table 26 shows the effect of the amount of users participating in the project.

Figure 42: The different demand curves to investigate the sensitivity to the temperature dependency
of the heat demand of the households.

Figure 43: The different demand curves to investigate the sensitivity to the temperature dependency
of the heat demand of the households.

Table 26: The required element sizes according to the optimization and performance indicators for
different shares of the households participating.
Participation degree
Installed capacity of the heat pump[MW]
Number of ATES doublets
Area of the STCF [m2 ]
Seasonal performance factor [-]
Gas-fraction [%]
Investment cost [Euro]
Internal rate of return [%]
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0.7
2.5
5
10152
2.92
0.63
16 ∗ 106
2.93

0.8
3.0
5
11532
2.99
0.36
17 ∗ 106
6.11

0.9
3.5
5
12924
3.02
0.22
19 ∗ 106
7.41

1.0
4.0
5
14321
3.05
0.15
21 ∗ 106
8.50

B

B

HIGH-TEMPERATURE BUFFER

High-temperature buffer

Table 27 shows the results of the optimization for different sizes of the high-temperature buffer.
Table 27: The required element sizes according to the optimization and performance indicators for
the different sizes of the high-temperature buffer.
hightemperature
buffer
volume[m3 ]
Installed
capacity of
the
heat
pump[MW]
Area of the
STCF [m2 ]
Number
of
ATES
doublets
Seasonal
performance
factor [-]
Gas-fraction
[%]
CO2
2020
kg
year

CO2

2030

kg
year

Investment
cost[Euro]
Internal rate
of return [%]

0

500

1000

1500

2000

2500

3000

6.0

4.5

4.0

4.0

4.0

3.5

3.5

14140

14257

14247

14321

14384

14254

14316

6

5

5

5

5

5

5

3.09

3.06

3.06

3.05

3.05

3.01

3.01

0.20

0.28

0.29

0.15

0.07

0.06

0.05

2.01 ∗ 106

2.03 ∗ 106

2.04 ∗ 106

2.05 ∗ 106

2.05 ∗ 106

2.06 ∗ 106

2.06 ∗ 106

1.18 ∗ 106

1.20 ∗ 106

1.20 ∗ 106

1.21 ∗ 106

1.21 ∗ 106

1.22 ∗ 106

1.22 ∗ 106

23 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

5.77

7.97

8.68

8.50

8.33

9.07

8.89

62

C

C

LOW-TEMPERATURE BUFFER

Low-temperature buffer

Table 28 shows the results of the optimization for different sizes of the low-temperature buffer.
Table 28: The required element sizes according to the optimization and performance indicators for
the different sizes of the low-temperature buffer.
Volume
of
the
Lowtemperature
buffer [m3 ]
Installed capacity of the heat
pump[MW]
Number
of
ATES doublets
Area of the
STCF [m2 ]
Seasonal performance factor [-]
Gas-fraction [%]
kg
CO2 2020 year
kg
CO2 2030 year
Investment cost
[Euro]
Internal rate of
return [%]

0

200

400

600

800

1000

4.0

4.0

4.0

4.0

4.0

4.0

5

5

5

5

5

5

14850

14321

14247

14320

14384

14554

3.05

3.05

3.06

3.06

3.06

3.06

0.15
2.05 ∗ 106
1.21 ∗ 106

0.15
2.05 ∗ 106
1.21 ∗ 106

0.15
2.04 ∗ 106
1.21 ∗ 106

0.15
2.04 ∗ 106
1.21 ∗ 106

0.15
2.04 ∗ 106
1.21 ∗ 106

0.15
2.05 ∗ 106
1.21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

21 ∗ 106

8.49

8.50

8.45

8.40

8.34

8.28
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