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Abstract

This study aims to find ways to optimize the district heating network side of a high temperature
community heating system powered by decentralised solar collectors and seasonal thermal energy
storage (STES). Since the development of such systems is rapidly emerging in the Netherlands, the
importance of gaining knowledge on the optimization of the distribution side has abruptly become
significant.

After a review of literature, six network configurations are conceived which have the potential to
improve system performance compared to a base scenario. The base scenario consists of a 2-line
network with a fixed supply temperature where the decentralised solar collectors feed in over the
heating network. The six alternative network configurations all aim to improve system performance
by lowering the temperature of consumed and/or produced heat. Lowering the temperature in the
heating network reduces heat losses and decreases heat pump utilization. Lowering the operational
temperature of the solar collectors increases their efficiency. The strategies explored by the different
configurations include variable supply temperatures, a 4-line network (where the solar collectors
do not feed into the heating network), and ways to mitigate temperature constraints imposed by
domestic hot water production regulations.

As a case study, the neighborhood ’Karwijhof’ in the village Nagele is used. In this neighborhood,
24 consumers will make the switch to a solar+storage district heating system with a revolutionary
STES design proprietary to the company HoCoSto. They will be frontrunners in the city Nagele,
which is to become one of the greenest cities in the Netherlands as part of a government-funded
pilot program.

In order to assess their performance, all six configurations and the base scenario are modelled
in a Matlab/Simulink environment. The system performance is measured in terms of levelised cost
of heat (LCOH) and seasonal coefficient of performance (SCOP). Additionally, they are compared
to a scenario where the dwellings are outfitted with individual high temperature air to water heat
pumps instead.

Apart from directly trying to find ways to optimize the district heating side of the system, a key
objective of this study is also to construct an elaborate model of a STES+distributed solar district
heating system. The study shows that alterations to the network side can lead to lower overall costs
of a district heating network with decentralised solar collectors and seasonal energy storage. Two
measures were found to be effective. Making the supply temperature variable (and dependent on
the ambient temperature) reduces pipeline thermal losses and reduces heat pump utilization. The
transition from a 2-line network to a 4-line network where the solar collectors are connected to
the buffer using a separate network was found to significantly increase solar collector efficiency,
especially in winter. The combination of these two measures reduces the LCOH by 4.5 %. In a
situation where an additional constraint is applied, which is that the SCOP should be at least 5, the
combination of these two measures still achieves the lowest LCOH. An important observation is that
slightly oversizing the buffer volume and solar area significantly increases the SCOP while having a
very small impact on LCOH.

When comparing the improved community solar heating system with a scenario where every
house is heated with an individual heat pump instead, it is found that the community solar sys-
tem achieve a 15.7 % lower LCOH while having a SCOP of 4.4 compared to just 2.75 for the heat
pump scenario. In the development of future community solar plus storage heating systems, it is
recommended that the solar collectors should not feed in to the heating network, but are to be con-
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nected to the STES through a dedicated network instead. Additionally, having a variable supply
temperature in the network is adviced. When ecological aspects are considered important, slightly
oversizing the buffer and amount of solar collectors are key in increasing the SCOP.
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Nomenclature

The next list describes several abbreviations and symbols that will be later used within the body of
the document

Abbreviations

AOI Angle of incidence

C APE X Capital Expenditure

COP Coefficient of Performance

D H I Diffuse horizontal irradiance

D HS District Heating System(s)

D HW Domestic Hot Water

D I N Deutsches Institut für Normung, a German normalisation institute

DN Nominal Diameter

DN I Direct normal irradiance

G H I Global horizontal irradiance

H HV Higher heating value

K N M I Koninklijk Nederlands Meteorologisch Instituut, or Royal Netherlands Meteo-
rological Institute

LCOH Levelized Cost Of Heat

N E N Nederlandse Norm, a Dutch normalisation institute

OE M Original Equipment Manufacturer

OPE X Operational Expenditure

PE Polyethylene

PU R Polyurethane

SCOP Seasonal Coefficient Of Performance

ST ES Seasonal Thermal Energy Storage

U TC Coordinated Universal Time

W ACC Weighed Average Cost of Capital

X PS Extruded polystyrene
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2 Contents

Subscripts

0 Refers to steady state zero loss efficiency

1 Bottom of buffer

2.5m/s Refers to fluid velocity of 2.5 m
s

50 Refers to 75/65/20 operation of radiators

a Asymetrical

amb Ambient

auxi l i ar y Auxiliary

B Beam radiation

bathr oom Bathroom

boi l er B Refers to DHW concept B

boi l erC Refers to DHW concept C

bot Bottom of buffer

bu f f er Buffer

C ar not Carnot, refers to operation at Carnot COP

D Diffuse radiation

demand Demand

D H I Diffuse horizontal irradiance

D HW Domestic hot water

el ec Electric

evapor ator Evaporator

f low Charge and discharge flow through buffer

g Soil

HE Heat Exchanger

heati ng Heating

house House

HP Heat pump

i Insulation of pipe

i n Inlet

i ni Initial
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i nner Inner, refers to diameter

j acket Jacket of a twin pipe

ki tchen Kitchen

L Longitudinal

m Mean

mi xi ng Mixing flow, from cold side of network to supply

net wor k Network

nodes Nodes of buffer

out Out

outer Outer, refers to diameter

PE Polyethylene

peak Peak

pumped annual Annually pumped

PU R Polyurethane

r etur n Return

s Symmetrical

shel l Shell of building

si de Side of buffer

sol ar Solar

sol ar l oop Solar loop, the separate network

steel Steel

suppl y Supply

T Transverse

top Top of buffer

wi n Window

Greek Symbols

α Thermal Diffusivity [ m2

s ]

β Parameter describing the insulation of the pipes [-]

η Efficiency [-]

κ Solar collector tilt from horizontal [0]
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λ Heat transfer coefficient [ W
m∗K ]

φ Solar collector azimuth (clockwise, south being 0) [0]

σ Stefan-Boltzmann constant [-]

τα Effective transmittance-absorptance product [-]

τ Window transmittance [−]

θ Angle between collector surface and beam irradiance [0]

Roman Symbols

∆T Temperature difference [K ]

ṁ Massflow [ kg
s ]

Q̇ Thermal conductive power [W ]

A Surface area [m2]

a Length of the buffer [m]

b Width of the buffer [m]

C Electricity consumption expenditures [e]

Cp Heat capacity [ J
kg∗K ]

D Half the distance between supply and return pipes in ground [m]

d Diameter [m]

f Shading factor [-]

F ′ Solar collector efficiency [-]

G Irradiance on surface [ W
m2 ]

H Burial depth of district heating pipelines [m]

h Heat loss factor for heat loss problems [-]

head Head [m]

I Irradiance on horizontal surface[ W
m2 ]

K Incidence angle modifier [-]

M Operation & maintenance expenditures [e]

mc Thermal heat capacity [ J
K ]

P Power[W ]

q Heat loss in the problem of pipe losses [ W
m ]

r Radius [m]
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s Insulation thickness [m]

T Temperature [K ]

u Wind speed in [ m
s ]

U A Heat transfer coefficient [ W
K ]

X Investment expenditures [e]





1
Introduction

In the fight against climate change, the Dutch government has vowed to replace current natural
gas-based heating systems in buildings for more environmentally friendly alternatives.

The need to convert hundreds of thousands of buildings annually, and its accompanying in-
centives, have sparked a pursuit for low carbon heating systems. A system relatively novel to the
Netherlands, is one where solar thermal energy is used to provide the built environment with its
heating needs.

When such a system is to provide a large portion of the total heating load, energy storage is
needed in order to cope with the seasonal mismatch between supply and demand. Until recently,
few of these projects were developed due to prohibitively high costs of the high temperature sea-
sonal thermal energy storage (STES). However, the introduction of a new STES design by the com-
pany HoCoSto has diminished costs to a point where economic feasibility is achieved for a variety
of projects.

While HoCoSto’s solar-plus-storage concept has been tried and tested for several use cases such
as individual houses, sport accommodations and schools, arguably the most promising application
is the combination with small district heating systems (DHS). In such a system, several consumers
would be connected to a central STES by a DHS. This study focuses on decentralised generation,
where the consumers generate thermal energy with solar collectors on their own roofs.

The concept of having a solar heating network with high temperature STES, offers the appealing
benefit that the DHS could operate at a relatively high temperature, mitigating the need to con-
vert participating buildings to be suited for low temperature heating (as is the case for many other
low carbon heating concepts). However, having high temperatures in the network has three major
downsides:

• Heat losses in the DHS increase

• Higher supply temperatures means more exergy needs to be generated by a heat pump (when
the buffer temperature is below the supply temperature, a heat pump needs to supply exergy)

• The solar collectors have to operate at higher temperatures, decreasing their efficiency

This study aims to improve the performance of decentralised solar+storage district heating sys-
tems while maintaining the possibility to work with high temperature heating systems. The per-
formance of the system is measured in LCOH, or levelised cost of heat. LCOH takes into account
all costs, discounted for the weighed average cost of capital (WACC), divided over the discounted
consumption. The result is an energy cost expressed in e

kW h . Chapter 5 further elaborates on the
LCOH.

7



8 1. Introduction

The improvements potentially leading to a lower LCOH will be sought in (partially) mitigating
one or more of the three issues enumerated above. After careful examination of current literature in
Chapter 2, several possible mitigation options are laid out in Chapter 3. In total, seven different net-
work configurations are considered. The general design and layout of these systems are elaborated
on in Chapter 4.

In order to compare the different configurations based on LCOH, they are simulated for several
years in a Matlab/Simulink environment. Chapter 5 discusses the model and its components, and
Chapter 6 covers how the technical performance is translated into an LCOH.

Additionally, to compare how the systems financially hold up to alternative heating systems,
they are compared to a scenario where the houses are heated by individual air to water heat pumps.
A simple model of a single house and heat pump is introduced in chapter 7.

Finally, the comparison between the systems is made in Chapter 8. First, the systems are scaled
based on buffer size and solar area for the lowest LCOH. Additionally, all systems are also sized
for the lowest LCOH with the additional constraint that the SCOP must be at least 5. This is done
because it is reasonable to assume that ecological constraints will be applied in the adoption of
such systems. The SCOP, or seasonal coefficient of performance, is defined as the ratio between the
annual consumed thermal energy by the consumers and the total electricity consumption by the
entire system. The SCOP is assumed to be a good measure of ecological impact of the system.

The most promising configurations will be further elaborated on. For these systems, a break-
down of the LCOH is given, and special attention will be paid to the differences in heat losses, elec-
tricity consumption and solar collector efficiency.

As a test case, the neighborhood Karwijhof in the village Nagele is evaluated. This village has
been assigned by the Dutch government to be a showcase area for innovative sustainable energy so-
lutions. As a part of that project, a solar plus storage district heating network is under consideration
for the Karwijhof.

While pursuing a low LCOE, social acceptance is strongly taken into account throughout the
research. High comfort levels are to be guaranteed to consumers, while physical space occupation
and work required inside dwelling is to be minimized.

Limitations regarding the presented approach include:

1. The networks are projected on a quite specific demand and network layout scenario, other
scenarios might yield different outcomes

2. The resulting LCOH are highly dependent on component pricing (e.g. the price per m3 of
buffer), which is subject to future changes and potentially errors in estimates

3. Some Simulink submodels will have to be simplified, e.g. the thermal stratification in the
storage buffer

4. The study is made without taking subsidies into account. These can obviously quickly shift
the economics of various configurations and systems.

Research Goals
Summarizing the section above, the main question is: "How can a district heating network be

optimized for operation with decentralised solar collectors and seasonal thermal energy storage?"
The answer to this general question is sought by resolving the following research questions:

• What changes could be made to the district heating system which can potentially lower the
total cost of energy?

• For a base scenario and every possibly improved system, what is the optimal sizing of the solar
collectors and buffer volume to achieve the lowest cost of energy?

• Which of the compared systems actually achieves the lowest cost of energy?
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• Why does this system achieve lower costs and what is the cost breakdown?

• Can this system compete on cost with individual air to water heat pumps?

The research questions above are solved only with reducing the cost of energy in mind. Addi-
tionally, a scenario is also considered where the system has to have a SCOP of at least 5. For this
scenario, the research questions above are answered again, while imposing the constraint of having
to reach the SCOP of 5.





2
Literature Review

This research aims to optimize the distribution network side of solar based district heating systems
(DHS) with seasonal heat storage. This chapter aims to identify the most relevant research done on
this subject. In section 2.1, research on DHS in general is covered, while in section 2.2 research on
solar based DHS is explored. In section 2.3, the modelling of DHS systems is examined, and finally,
in section 2.4 the heat consumption of dwellings is attended to.

2.1. District Heating Systems

District heating systems serve the purpose of delivering heat to consumers for space heating and do-
mestic hot water (DHW) preparation. It typically consists of three components: An energy source,
a distribution network, and more than one end-user. DHS have been deployed globally, with some
systems dating back several centuries. Due to the urge to replace fossil fuel based boilers, the de-
ployment of these systems is currently gaining momentum in several countries.
Over the past decades supply temperatures have seen a downward trend, with the most recent (4th
generation) DHS boasting supply temperatures well below 100 ◦C . According to Ecofys & Greenvis
[32], lower supply temperatures offer three advantages to conventional DHS: Firstly, it lowers heat
losses in the network; Secondly, it allows for the use of a wider range of materials; and finally it
enables higher energy source efficiencies. However, there are two constraints regarding lower sup-
ply temperatures: Firstly, the network has to be able to supply enough heat to keep the residences
warm, secondly, a sufficient supply of domestic hot water (DHW) has to be secured while comply-
ing with legionella laws.
Most studies done on DHS focus on low temperature networks. Elmegaard et al. [8] compare energy
and exergetic efficiency and annual heating costs for low temperature DHS which utilize electricity
for supplementary heating of DHW (direct electric heating as well as heat pump solutions). The
lowest annual costs were achieved for conventional solutions at lowest possible temperatures. In-
dividual booster heat pumps turned out not to be cost effective.
A study done by Yang & Svendsen [36] compares return temperatures for different DHW prepara-
tion methods. It found that houses with supplementary direct electric heaters achieved lower return
temperatures than houses which utilize storage tanks. The difference found was 7.8 ◦C in winter and
5.8 ◦C in summer. Another study, also done by Yang & Svendsen [35], compares the LCOE of differ-
ent supplementary heating configurations for low temperature DHS. Configurations with storage
tanks, direct heat exchangers, and booster heat pumps were compared and the authors found the
most optimal configuration to be the one displayed in figure 2.1.

In this configuration, the DHW is heated by the district heating network to 40 ◦C using a plate
heat exchanger, and used directly for sanitary purposes. The DHW needed for kitchen use (which

11



12 2. Literature Review

Figure 2.1: Substation 4 [35]. DCW is domestic cold water, DH is district heating, SH is space heating

accounts for just 12.6% of the DHW volume demand according to Yang & Svendsen [35]) is heated
from 40 to 45 ◦C using an in-line electric heater. This configuration was not only found to yield the
lowest overall LCOH, but also results in low electricity peak loads since the flow and∆T of DHW flow
is low at 0.1 L/s and 5 K , respectively. The only restriction to this configuration, is that the minimum
supply temperature at the consumer level should be 45 ◦C , since the ∆T over the heat exchanger is
approximately 5 K . If the supply temperature at the consumer side can drop below 45 ◦C , the DHW
for sanitary purposes is also to be heated by the electrical heater.

Note that these studies originate from Denmark which generally has less strict legionella laws,
therefore, certain configurations may not be allowed in the Netherlands.

2.2. Solar District Heating
Some DHS use solar thermal panels to harvest solar energy as an energy source. Several studies have
covered the feed in of solar energy into a DHS. However, most studies focus on systems where solar
energy is responsible for a small fraction of the total supplied energy. Faninger [12] concludes that
small solar fractions can be quite easily achieved in Austrian district heating networks, mainly to
cover DHW demand in summer. He argues that the main barrier for high solar fractions is the lack
of low cost high temperature seasonal energy storage options. He also finds that low supply and
return temperatures are beneficial to the solar fraction, mainly because solar collectors are more
efficient at lower temperatures.

Van Miltenburg [31] underwrites the need for thermal energy storage in order to achieve sub-
stantial solar fractions. By running simulations in Simulink of district heating networks with solar
feed-in, several aspects of the system are evaluated. Many aspects of the solar based DHS such as
the solar collectors, pipelines, pumps etc. are thoroughly covered. While van Miltenburg’s research
models the distribution network to be a classic two-line network, it does note that a three-line net-
work could offer advantages to the system. The potential benefits of a three-line network to solar
based DHS are underlined by a report from Ecofys & Greenvis [32] as well as by Averfalk & Werner
[5], who point out that by using a three-line network the solar collectors can operate at higher effi-
ciencies, and that the heat storage buffer can be discharged to lower temperatures.

A paper by Sibbitt et al. [24] investigates the performance of a solar based DHS combined with
seasonal borehole heat storage in Canada, the Drake landing solar community. The DHS supplies
up to 97% of the space heating demand of 52 detached homes with solar energy. In this system, the
solar collectors are connected to the STES through separate pipelines in order to allow the collectors
to operate at ideal temperatures. Also, the supply temperature of the DHS is made dependent on
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the ambient temperature.

2.3. Modelling
This research aims to optimize the distribution side of a solar DHS with STES, and it aims to do so by
simulating and evaluating different systems. This section will cover the literature on the modelling
of DHS.

Most studies seem to use TRNSYS for modelling of district heating networks: It is used by Sib-
bitt et al. [24] to model the Drake Landing solar community, as well as by Flynn & Siren [13], who
use simulations to show that seasonal storage combined with thermal solar collectors can provide
solar fractions above 95% at various locations throughout Europe. Also, Urbaneck et al. [29] use
TRNSYS to conclude that low solar fractions (of around 10%) can be achieved easily in existing DHS
throughout Germany.

Another example of modelling software often used for district heating networks, is Modelica. It
is used for example by Rama et al. [23], who highlight the advantages such as being open source,
and having a large community-built library with a large selection of sub models.

While these software packages are very suited to model standard district heating networks, they
are less suited for applications where non-standard components are to be modelled. Since this
thesis explores adaptations in district heating networks which are not common, using a blackbox
modelling software package might not be optimal.

A more suited approach is to model the DHS based on physical models in general simulation
software, like Miltenburg [31] did with Simulink. Therefore, this approach is chosen.

Within this software, not every component has to be modelled from the ground up. Some com-
ponents can be based on existing MATLAB/Simulink libraries such as CARNOT (Conventional and
Renewable Energy systems Optimization Toolbox) as used by Stephan & Schebeck [26]. They ar-
gue that CARNOT is well suited to study complex DHS due to the wide range of user definable
components as well as the possibility to develop own components through its open source design.
Wemhoner et al. [34], who simulate a solar thermal system in Simulink using CARNOT, argue that
a large advantage compared to TRNSYS is that variable step sizes can be used, making it suited for
both long time simulations, as well as for very short simulations.

2.4. Domestic Heat consumption
The amount of energy consumed for building heating depends greatly on building properties such
as shell insulation, ventilation rate and window area and orientation. Fabriek [11] found that in
multi-zone models, compared to single-zone models, heating demand can vary up to 10% due to
different air couplings. It also states that internal heat gains, while very important for well insulated
houses, is less relevant in poorly insulated houses. Fabriek, as well as Purdy & Beausoleil-Morrison
[22] stress the importance of air infiltration, since small leaks can lead to large increases in heating
loads, especially in high-wind conditions.

Apart from building characteristics, energy demand for space heating also depends on the num-
ber of occupants and their behaviour. According to research by both Santin [15] as well as Fabriek
[11], space heating demand depends greatly on behaviour such as thermostat temperature settings.

The total heating load consists not only of space heating, but also of the production of domes-
tic hot water (DHW). According to Fuentes et al. [14] and van Vliet et al. [32], the share of DHW
production in the total heat demand of dwellings has been increasing for the past years due to
higher frequency and longevity of showers and reductions in space heating consumption (because
of improvements in insulation). Fuentes et al. [14] thoroughly explore DHW consumption profiles,
and offer an extensive literature summary on the differences in DHW consumption between demo-
graphic groups.
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2.4.1. Legislation on hot water supply
In the Netherlands, legislation is in place for the production and distribution of domestic hot water.
In order to comply with the ’bouwbesluit’ and ’drinkwaterbesluit’, tap water installations have to be
designed and installed according tot NEN 1006 (General design guidelines for potable water instal-
lations). These guidelines are published by the Dutch normalisation institute (NEN). The practical
consequences of this design code, are elaborated on in the ’waterwerkbladen’, published by KIWA
[17].

For the concept choice of domestic hot water preparation in a DHS, the most relevant points are
given in the following subsections.

Supply Temperature
The KIWA [17] command minimum temperatures at tap locations, which are as follows:

1. WB4.4A-2.1: The supply temperature at tap locations in dwellings without circulation has to
be at least 55 ◦C .

2. WB4.4A-2.2: The supply temperature at tap locations in dwellings with circulation has to be
at least 60 ◦C .

3. WB4.4A-2.3: The return temperature of DHW installations with circulations has to be at least
60 ◦C .

4. WB4.4A-2.7: The temperature at the tap locations can be lower than specified in WB4.4A-2.1
and WB4.4A-2.2 if the following conditions are met:

• The DHW preparation device is a heater without an internal hot water supply.

• The water volume from the device to the furthest tap location is less than 1 L.

• The geyser supplies one space, or several spaces destined for the same consumer.

• The tap locations are meant for personal hygiene.

Waiting times

1. WB4.4A-4.1 states that the maximum waiting time for DHW is 35 seconds. This requirement
holds for all tap points except for a bath or (dish)washing machine. The standard device wait-
ing time is set at 15 seconds.

Separation of primary medium and DHW
The production of DHW is done through a heat exchanger. The heat exchangers have to comply to
design code KIWA BRL-K656 [6]. Furthermore, heat exchangers meant for DHW preparation in a
system where the total nominal heating capacity exceeds 45 kW should have a double separation
between the primary medium and tap water according to KIWA WB4.4B-9/10 [17].

In practice, every DHS will have a nominal capacity far exceeding 45 kW , thus the heat exchang-
ers will have to be doubly separated.

DHW buffers
For DHW buffers which are not continuously at a uniform temperature of at least 55 ◦C (60 ◦C for
systems with circulation), a thermal disinfection is required at 60 ◦C for at least 20 minutes per week
(shorter times are allowed at higher disinfection temperatures).

Also, if the minimum supply temperatures (according to WB4.4A-2.1-3) cannot be met, an extra
heater will have to be installed to guarantee these minimum temperatures. The required buffer
volume and heater power can be calculated according to WB2.1E [17].
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System Configurations

Typical district heating systems (DHS) consist of three main components: An energy source, a dis-
tribution network, and more than one end-user. This thesis examines solar-based DHS with an
additional component: Seasonal thermal energy storage (STES). In the village Nagele, 24 buildings
will be connected to a small district heating network powered by decentralised solar thermal en-
ergy. At the center of this system rests a large seasonal thermal energy storage buffer supplied by the
company ’HoCoSto’.

The aim of this study is to optimize the district heating part of the system for operation in con-
junction with solar and storage. The performance of the system is measured in LCOH.

In order to optimize the distribution network for operation with energy storage and decen-
tralised solar collectors, several network configurations are dynamically modelled and compared.
This section gives an overview of the different network configurations.

Three main approaches are considered to improve overall system performance; Firstly, the im-
plementation of a four-line network so that the solar collectors do not feed into the heating network,
but have their own dedicated network instead; Secondly, an approach where the DHW systems of
consumers are altered in order to allow lower supply temperatures; Finally, the introduction of a
variable supply temperature based on the ambient temperature.

In total, seven different combinations are compared:

• 0-A: Base case, fixed supply temperature, 2-line network, DHW system A

• I-A: Variable supply temperature, 2-line network, DHW system A

• I-B: Variable supply temperature, 2-line network, DHW system B

• I-C: Variable supply temperature, 2-line network, DHW system C

• II-A: Variable supply temperature, 4-line network, DHW system A

• II-B: Variable supply temperature, 4-line network, DHW system B

• II-C: Variable supply temperature, 4-line network, DHW system C

All of these configurations have their advantages and disadvantages, this study aims to conclude
which one achieves the lowest overall costs while maintaining a high consumer comfort level.

Section 3.1 gives a general overview of the 2-line and 4-line configurations. Section 3.2 covers
fixed and variable supply temperatures, after which it goes on to explore three DHW supply methods
(concepts A, B and C) and their characteristics.

15
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3.1. Two-line and four-line networks
In this study, two main pipeline configurations are considered, both of which are shown in figure
3.1. In both configurations, three heat exchangers per consumer are used to achieve hydraulic sep-
aration between the network on one side, and the solar collectors, heating system, and DHW system
on the other side.

In system I, there are just two pipelines to which every consumer is connected. Through these
pipelines, heat is delivered from the buffer to the consumers, but also the solar energy generated
by the solar collectors is transported from the dwellings to the buffer. The biggest benefit of this
system is its simplicity and the resulting reduced installation costs since only two pipelines have to
be used. System II is unique in the way that it uses a separate network for the solar collectors, much
like the Drake Landing solar community in Canada as described by Sibbitt et al. [24]. The main
presumed benefit of this system is an increase in efficiency of the solar collectors since they can
operate at lower temperatures. Also, it eliminates the need of one circulation pump per consumer.
Of course, overall thermal losses from the pipelines would be higher as more pipelines are required.
The additional pipelines would also add to material and installations costs.

Figure 3.1: Two main network configurations. In configuration II, the solar collectors feed in to their own dedicated
network. In configuration I, the solar collectors feed in to the heating network, mitigating the need for this dedicated
network for the solar collectors.
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3.2. Supply Temperatures
As pointed out in chapter 1, the system benefits from low supply temperatures, as it results in de-
creased heat losses and lower electricity consumption by the heat pump. Also, low supply temper-
atures allow for the use of a wider range of materials and it results in lower return temperatures,
which lead to higher solar collector efficiencies.

The supply temperature is constrained by several factors: It needs to be sufficiently high to pro-
vide enough capacity for space heating, it needs to be high enough to produce DHW according to
Dutch legislation, and it is influenced by outlet temperature of the solar collectors.

The houses in Nagele are suited so that a supply temperature of 70 ◦C is sufficiently high to pro-
vide enough space heating power year round. However, required space heating power obviously is
greatly dependent on weather conditions and is therefore not equal throughout time. Because of
that, the supply temperature could be made weather dependent: For higher ambient temperatures,
the supply temperature could be lower than the 70 ◦C needed at low outdoor temperatures. As a re-
sult, average network temperatures can be reduced, yielding the advantages listed above. Note that
the 70 ◦C stated above is the temperature needed at the heating system level. Since heat exchangers
are used between the consumer heating systems and the district heating network (to protect the
DHS from fouling and to limit the negative effects of a potential leak), an additional ∆T has to be
added. The heat exchangers will be scaled so that the∆T at maximum power will be 3 K . Obviously,
this ∆T will be smaller for lower powers.

The main constraint in lowering supply temperatures, is the preparation of DHW, since mini-
mum temperatures need to be achieved in order to provide enough comfort and mitigate Legionella
growth.

The most common method of DHW preparation in district heating networks, is direct prepara-
tion through a plate heat exchanger. This method is described by DHW concept A below. Two other
concepts (B and C) are conceived which aim to reduce the minimum network supply temperature.

3.2.1. DHW concept A
DHW concept A is the preparation concept used in most district heating systems. A single heat
exchanger provides all hot water using the heating network as the sole energy source.

As discussed in detail in chapter 2, the minimum DHW supply temperature at tapping loca-
tions is 55 ◦C for non-sanitary purposes, while DHW for sanitary purposes can have temperatures
below that. The DHW will have to be prepared by a heat exchanger which is (according to regula-
tions) doubly walled. Therefore, a mean temperature difference over the heat exchanger of 5 K is
assumed (based on research by Yang & Svendsen [35]). Also, there will be (small) thermal losses in
the pipelines between the heat exchanger and tapping location. All and all, it is assumed that the
supply temperature of the network will have to be at least 6 K higher than the DHW temperature.
This would mean that the minimum network temperature at the heat exchanger is 61 ◦C .

A simple system like this is shown in figure 3.2, concept A. Summarizing, if this DHW prepa-
ration concept were to be used, the supply temperature of the network (at consumer level) would,
depending on ambient temperatures, vary between 61 and 73 ◦C .

The main advantages of this method are the simplicity (thus low costs), low physical space oc-
cupation, and unlimited DHW tapping. The main downside is that a relatively high supply temper-
ature is required year-round.

3.2.2. DHW concept B
Most of the time, ambient temperatures would allow the minimum supply temperature to be lower
than 61 ◦C . Since this constraint is set by the minimum DHW temperatures, methods are explored
to break this constraint.

As laid out in chapter 2.1, the temperature of DHW for sanitary purposes (which makes up 87.4%
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Figure 3.2: Three DHW preparation concepts. Concept A uses only a heat exchanger, requiring the outlet temperature of
the heat exchanger to be at least 55 ◦C . Concept B uses an electric heater to reheat the DHW for kitchen use, reducing the
required temperature at the outlet of the heat exchanger to 45 ◦C . Concept C uses an electric heater to reheat the DHW
for all purposes, further reducing the required temperature at the outlet of the heat exchanger. Thermostatic valves are
added to limit the outlet DHW temperature to the required level.

of total DHW demand) is allowed to be below 55 ◦C in residential environments. Concept B, shown
in figure 3.2, makes use of this exception by using an in-line heater to heat non-sanitary water to the
55 ◦C level. The minimum temperature for sanitary DHW is chosen to be 45 ◦C , as this seems to be
the highest temperature at which consumers shower/bathe.

One important component of this concept, is the thermostatic mixing valve after the electric
boiler. This allows the hot water tapping temperature to remain constant also for higher boiler tem-
peratures. This is important in Nagele, since space comes at a premium. By using the mixing valve,
the boiler temperature can be higher, which increases the stored energy. If the mixing valve was not
to be used, and mixing would be done at the tap, electrical energy consumption would be higher.

A downside to this concept is that the DHW tapping volume in the kitchen at 55 ◦C is limited.
However, kitchen tap water volumes are usually low, and tap water of at least 45 ◦C has unlimited
availability. Another downside is that electrical energy is used to heat DHW at times when the supply
temperature of the network is low. However, this is not the case year-round, and only the DHW for
non-sanitary purposes needs to be heated (by a maximum of 10 K ). The advantage is that network
temperatures can decrease for relatively high ambient temperatures. Taking into account the same
heat exchanger ∆T’s and pipeline losses as discussed above, the network supply temperature (at
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consumer level) can vary between 51 and 73 ◦C . The additional costs compared to DHW concept A
are low, since only a small boiler (in the order of 10-15 L) is needed.

3.2.3. DHW concept C
Much like DHW concept B, concept C aims to decrease the minimum network supply temperature
needed to satisfy DHW needs. Concept B is constrained by the 45 ◦C temperature needed for san-
itary purposes. This is resolved in concept C (shown in figure 3.2), where the sanitary water is also
heated by the boiler to reach the minimum service level. Again, thermostatic valves are used in or-
der to maximise the amount of energy taken from the network, and minimize the consumption of
electrical energy.

While theoretically there is no minimum network temperature for this concept since all DHW
energy can be supplied by the boiler, this would incur high electricity consumption. Also, there is
not enough physical space available at the consumers in Nagele to place sufficiently large boilers.
Therefore, the minimum DHW exit temperature of the heat exchanger is chosen to be 35 ◦C . The
reason being that, in combination with a relatively small 40 L boiler at 85 ◦C , 200 L of 45 ◦C DHW
can be produced, which is assumed to be a very comfortable amount for the consumers (the only
exception being a multi-purpose building, which can be outfitted with a larger boiler).

This concept goes further than concept B in achieving lower network temperatures at the cost
of higher electrical energy consumption at the consumer level and slightly higher costs of installa-
tion. Electrical consumption will be higher when network temperatures are low, but lower average
network temperatures have their benefits. In such a configuration, the network supply temperature
(at consumer level) can vary between 41 and 73 ◦C .

3.2.4. Supply temperatures of all systems

Figure 3.3: Supply temperatures for all DHW concepts as a function of ambient temperatures

DHW systems B and C are conceived in order to reach lower network temperatures than system
A allows. In figure 3.3, the supply temperatures of all three concepts are shown. It is clear that for
concepts B and C, the system can operate at lower supply temperatures. Note that these tempera-
tures are supply temperatures at the consumer level, therefore, upstream temperatures will have to
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be slightly higher in order to reach this.
In figure 3.4, the simulated supply temperatures for the year 2008 is shown for all three concepts.

Ambient temperature data from the KNMI [18] for the location Marknesse is used. Marknesse is
roughly 13 km from Nagele. When looking at the graph, it can clearly be seen that the peak sup-
ply temperature of 73 ◦C is rarely reached. While it appears that network B and C operate at much
lower temperatures most of the time, note that the temperatures displayed are the supply tempera-
tures assumed necessary to properly heat the buildings and provide their DHW. It is the minimum
temperature needed in the supply lines of the network at the consumers. Therefore, in the two-line
network where the solar collectors feed in over the same pipelines, the actual supply temperatures
will be higher at times. Especially at the end of summer when buffer temperatures (and thus so-
lar inlet temperatures) are high, the outlet temperatures of the solar collectors will be significantly
higher than the service level temperatures.

Figure 3.4: Simulated supply temperatures for all DHW concepts for the year 2008
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In this research, seven different district heating network configurations are conceived and simu-
lated in order to conclude which system achieves the lowest overall costs. Chapter 3 gives a quick
overview of the seven systems. This Chapter elaborates further on the layout and components of
how the systems could be installed in Nagele, the testcase location. Chapter 5 gives a more detailed
view of how the system is modelled.

4.1. Layout
In figure 4.1, the 24 participating consumers are shown as well as the space available for pipelines
and the buffer. The consumers can roughly be divided into three groups:

• Consumers 1-8: Smaller terraced houses as shown in figure 4.2.
• Consumers 9-23: Detached houses, some relatively small (as seen in figure 4.4), and some

larger (figure 4.5).
• Consumer 24: A former primary school (shown in figure 4.3) which currently functions as a

multipurpose community building (a children’s daycare among others).

Several layouts exist for district heating grids. The most common layouts are branched and
looped grids, both shown in figure 4.6. According to Li et al. [20], looped networks increase system
reliability at the expense of a higher investment. Hybrid layouts, or ’branched-looped networks’ as
shown in figure 4.6, are also possible. Pipeline topology directly affects the construction cost, heat
loss and pressure differentials of the system.

Due to the restricted nature of the project, which is clearly displayed in figure 4.1, there is not
much room for design alterations. The only possible network layout is branched, and the most
optimal buffer location is location no. 2, since that results in the lowest total pipeline length.

4.2. Consumer characteristics
In table 4.1, the annual gas consumption and roof area available for solar collectors is shown. Since
the dataset was not complete, some values for gas consumption were to be estimated. For the eight
terraces houses only the gas consumption for no.4 was available. The annual consumption of no.4
is 1355 m3 while the average for this type of dwelling is 1350 m3 according to Essent [1]. Since
no.2 to 7 are all exactly the same, their annual gas consumption is assumed to be equal. No.1 and
No.8 have more exterior wall area and are therefore assumed to have an annual consumption of
1600 m3, which is the average for this type of dwelling according to Essent [1]. No. 9, 11 and 21
are unique detached houses. However, since they were built in the same period and style as the
adjacent houses, it is assumed that the building characteristics are roughly equal. Therefore, their

21
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Figure 4.1: Participating consumers for the testcase project in Nagele [25], consumers 1-8 being smaller terraced houses,
9-23 detached houses, and 24 a school

Figure 4.2: Consumers 1-8 Figure 4.3: Consumer 24

Figure 4.4: Typical smaller house of group 9-23 Figure 4.5: Typical larger houses of group 9-23

consumption was estimated based on the consumption of the other detached houses of similar
size and shape. The annual gas consumption of most buildings is in line with average numbers
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Figure 4.6: Different types of district heating layouts [20]

according to Essent [1], with the exception of No.12, 16, 20 and 24, which have an exceptionally high
gas consumption. These dwellings will be recommended to improve their insulation. As a result,
it is assumed that their consumption will decrease by 20%. Additionally, buildings 1 to 8 will get
improved rooftop insulation, which is assumed to decrease consumption by 10%.

The houses, and especially the terraced ones, are quite limited in terms of physical interior
space. Therefore, the space occupied by indoor installations should be limited as much as possi-
ble. This is especially relevant for the placement of domestic hot water (DHW) buffers. Therefore,
the largest indoor installations considered in this study, are those of DHW concept C, where a 40 L
electric boiler is required. The physical space occupation for such a boiler is roughly equal to the
gas boilers which are to be removed.

4.2.1. Heat delivery
In district heating networks, delivery kits are used to deliver the heat from the network to the heat-
ing systems and DHW of the consumers. A schematic of a typical delivery kit is shown in figure 4.7.
These delivery kits have several tasks: Handling pressure differences between the distribution net-
work and space heating system, preparing DHW, regulating the∆T (through the flow), and metering
the consumption.

The preparation of DHW is done through a doubly walled plate heat exchanger. While delivery
kits exist without hydraulic separation between the DHS and space heating system (as is the case
in figure 4.7), the project in Nagele will use heat exchangers between the systems. There are two
reasons why hydraulic separation is implemented: Firstly, it prevents contamination and fouling
between the two systems (the old heating systems in Nagele will undoubtedly contain rust parti-
cles); Secondly, it greatly reduces potential damages and downtime in case of fluid leakage at the
consumer side. This is a serious concern, since system fluid leakages occur frequently in older heat-
ing systems. If hydraulic separation were not to be implemented, a single leak could theoretically
drain the entire system, resulting in serious downtime.

The heat delivery kit also includes a metering system which is used to measure the consumed
energy, which is then billed to the consumers. Standard delivery kits will be used for the DHW and
space heating needs. The solar feed-in will be done at the network side in front of the delivery kits.

4.3. Solar Collectors
The solar collectors which are to harvest the thermal energy for the system will be decentralised,
meaning they will be scattered across the rooftops from where they will feed in energy to the district
heating network. Only the solar collectors on the eight terraced houses (No. 1 to 8) will be coupled
and connected together to the DHS. This is possible since they share a single roof, and done in order
to simplify and reduce the costs of installation.
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Table 4.1: Consumer characteristics

4.3.1. Solar collector type
There are three main types of solar collectors on the market suitable for rooftop applications: Flat
plate, evacuated tube, and honeycomb collectors. Flat plate collectors are often praised for their
high annual gain and low costs, however, their output drops significantly for high temperature dif-
ferences between the working fluid and ambient temperature. Since the system operates at high
temperatures, the efficiency and thus gain of the plat plate collectors would be low, especially dur-
ing cold periods when heat demand is high (at these times, energy comes at a premium). This would
result in the need for both a large amount of solar collectors, as well as for a larger buffer.

Honeycomb solar collectors are a novel improved version of standard flat plate collectors. They
promise higher annual yields through lower heat losses, and offer relative high efficiencies at high
operating temperatures. However, these panels are prohibitively expensive for the project.

Therefore, the type of collector to be used in the project is the evacuated tube collector. The
working principle of regular vacuum tube collectors is shown in figure 4.8: The inner tube contains
a fluid which evaporates after being heated by the solar irradiance, the vapor then flows up and
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Figure 4.7: Typical unseparated consumer delivery kit for district heating systems [6]

transmits its thermal energy to the the header water by condensing in the heat pipe condenser af-
ter which the condensate flows down for the process to start over again. The tube consists of two
glass layers, the inner and outer layer, between which there is a vacuum space which offers thermal
insulation. While this is the most commonly used and best known type of evacuated tube collector,
the type used in Nagele works slightly differently. A ’direct flow’, or ’U-tube’ collector is used. This
type still consists of two glass layers with a vacuum in between, but no secondary fluid is used. In-
stead, the primary fluid flows directly through the tubes. The reason this type is used, is that regular
heat pipes require a minimum installation slope of 30 degrees since the vapor inside the tubes must
be able to flow upward. This minimum installation slope cannot be achieved in Nagele since (due
to the historical nature of the town) the collectors are to be installed as flat as possible in order to
preserve the architectural beauty of the town. Direct flow collectors have no minimum installation
angle. Another advantage of direct flow vacuum tubes is the increased efficiency, since the temper-
ature in the tubes can be lower because a ∆T between primary and secondary fluid is eliminated.

Figure 4.8: Working principle of a regular evacuated tube solar collector [9]
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An evacuated tube solar collector consists of several evacuated tubes connected to a single
header manifold. The specific type of collector assembly used is the Kloben industries ATON G1800
22-tube collector. This appears to be the most efficient high-temperature evacuated tube solar col-
lector on the market. Efficiency at high temperatures is important since available rooftop area is
constrained. There are several reasons why this collector achieves such high efficiencies: It utilises
concentrating reflectors behind the tubes, uses a very wide vacuum (space between inner and outer
tube), and is one of the few collectors with copper instead of steel tubes.

4.3.2. Installation
Since all rooftops are flat, the azimuth angle can be optimised. Therefore, the collectors will be
installed facing directly south in order to maximise yield. Because the square rooftops in Nagele
are aligned with wind directions, south facing collectors are aesthetically pleasing and result in high
fill factors (the percentage of the roof which is covered). As mentioned above, the collectors should
be visible as little as possible from the streets. For this reason, the zenith angle should be as low as
possible. The minimum installation angle is 15 degrees. This is the minimum angle at which the
concentrating mirrors at the back of the collectors get rinsed well during rain. The optimal zenith
angle at the location is 35 degrees. While decreasing this angle to 15 degrees would only result in
about 5% lower annual yield, the negative effects on the system will be larger. This has to do with
the yield distribution over the year. Installing the collectors at a lower angle will significantly reduce
yield during winter months, while slightly increasing yield during summer months. Therefore, lower
installation angles result in an increase in necessary storage volume, increasing the system costs.
When installation angles are free to be chosen, the optimum angle will be higher than 35 degrees,
since winter yield comes at a premium to summer yield. Nonetheless, the highest acceptable zenith
angle for this project is assumed to be 15 degrees.

In table 4.1, the available unshaded rooftop area of every consumer is given. Simple hand calcu-
lations show that collectors on the rooftops of the dwellings alone do not provide enough energy to
cover the entire demand. Fortunately, consumer number 24 (a re-purposed school building), has a
large unshaded roof and relatively low consumption. This can be used to compensate for the deficit
of the other consumers.

It would be more cost efficient to maximise the installation on the school, and not outfit every
dwelling with solar collectors, since large arrays are cheaper to install and maintain. But because the
basis of the concept is that, if possible, every consumer generates at least a part of its own energy
consumption, every consumers rooftop is outfitted with solar collectors. The solar array on the
school building is scaled so that the remaining demand is covered.

Table 4.1 shows that some consumers do not have unshaded roof area available, this is because
those buildings are already fully covered with solar PV panels. For the remaining buildings, the
maximum fill factor of the rooftops is assumed to be 70%, meaning that the highest amount of solar
collector area on every roof is 70% of the available gross area. Therefore, the maximum area of solar
collectors which is to be installed, is 1100 m2. At a fill factor of 70% and a relatively low zenith angle
of 15%, it is assumed there is no self shading.

4.4. Heat Pump
As much energy as possible is delivered directly to the consumers, however, when the buffer tem-
perature drops below the supply service level temperature, this is no longer possible. Therefore, a
heat pump is used to increase the exergy at times when it is necessary. Behind the heat pump, a
small secondary buffer is used to shave off peaks.

The heat pump is a water/water heat pump supplied by the company NRGTEQ. Because the
heat pump has a piston compressor, it remains efficient over a wider operational range. Therefore,
the heat pump is assumed to achieve 40% of Carnot efficiency at every operation point. The high
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temperature range from NRGTEQ is able to consistently provide supply temperatures of up to 80
◦C .

Consideration has been given to the option to outfit every consumer with an individual heat
pump instead of a single centralised heat pump. While decentralised heat pumps would allow for
lower network temperatures at times when the buffer temperature is low, a centralised heat pump
system is chosen for the following reasons:

• Large consumers of electricity pay significantly lower rates than small consumers, thus, elec-
tricity costs will be lower for a centralised system.

• The CAPEX of material and installation of a centralised heat pump system will be lower than
24 individual heat pumps.

• A central system contains less components and is easier to access, resulting in lower mainte-
nance costs.

• Because a central system can be made redundant, uptime will most likely be higher.
• A large central heat pump system will likely achieve higher efficiencies than small decen-

tralised pumps.
• Decentralised heat pumps would cause the need for more powerful grid connections.
• The implementation of decentralised heat pumps would complicate billing.
• Not every consumer has the physical space available required for a heat pump

The point about redundancy relates to the possibility of installing not a single, but several cen-
tral heat pumps. For example, three central heat pumps could be installed. This would have two
benefits: Firstly, a wide operational range can easily be achieved (e.g. 10% of power can be delivered
by operating one heat pump at 33% power); Additionally, there would be redundancy in the system,
lowering the possibility of downtime.

The aforementioned peak shaving buffer will be a standard cylindrical steel buffer in the central
installation building. Its purpose is to assist the heat pumps in coping with short peak demands.
These peak demands will most likely occur at the end of winter, when buffer temperatures are low,
as are ambient temperatures. Especially in the evenings, when consumers turn up their heating
and consume DHW, short demand spikes will be inevitable. An additional benefit of having a small
buffer behind the heat pump is the prevention of short cycling at times when the heat pump has
to operate below its minimum operational capacity. Short cycling does not only impair the perfor-
mance of the heat pump, but also reduces its lifetime.

4.5. Pipelines
The distribution network has two tasks: Transport heat from the buffer to the consumers, and trans-
port heat (generated by the solar collectors) back to the buffer. In this research, two different dis-
tribution network concepts are assessed: Firstly, a 2-line network where both tasks are carried out
by the same network; Secondly, a double ’4-line’ network where 2 pipelines take care of the heating
load, while 2 dedicated pipelines are used to transport heat from the solar collectors to the buffer.

4.5.1. Pipeline types
Typical district heating pipelines consist of three layers: An inner pipe with a surrounding insulation
layer, and a protective shell pipe. According to Miltenburg [31], the most commonly used pipe is
Steel-PUR-PE, with PUR being polyurethane and PE being polyethylene. However, according to
Averfalk & Werner [5], it is becoming common practice for small diameter sections to use twin pipes.
The single pipe is displayed by figure 4.9 (a), while the twin pipe is displayed by figure 4.9 (c). Figure
4.9 (b) displays a single pipe with additional vacuum panel insulation around the inner pipe. This
type of pipe is not covered in this research due to the high material costs.

In the system, both Single Steel-PUR-PE pipelines as well as twin pipelines are considered. It
is assumed that the twin pipelines are of the type MicrofleX, a pre-insulated underground flexible
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Figure 4.9: Different types of DHS pipes. (a) being a a classic single pipe encapsulated in PUR insulation, (b) resembles
(a), but has improved insulation directly around the inner pipe, often in the form of vacuum insulation, (c) consists of
both the supply and return pipe in a single jacket. All pipe types usually have a protective jacket, often made of PE

pipe system. The internal carrier pipes are stable, corrosion resistant, and can take continuous
temperatures of up to 85 ◦C , and up to 95 ◦C for short periods of time. The carrier pipes are made
from PE-Xa, a high density, cross-linked polyethylene resistant to chemical corrosion, and with a
non-permeable membrane to stop oxygen ingress [4]. The MicrofleX pipe system is available in a
wide choice of diameters and layouts (e.g. also quad pipe systems are available). In figure 4.10, a
quad pipe is shown.

Figure 4.10: Microflex quad pipeline [4]. Flexible pipe systems such as Microflex can reduce overall installation costs and
speed. A quad pipeline for instance could be used to supply consumers with both their heating and DHW needs directly.

Since the exit temperature of the solar collectors can reach temperatures above the maximum
allowed temperatures of the twin system pipelines, steel pipelines have to be used for the solar loop.
In the first (two-line) network configuration, where the solar collectors feed from the return to the
supply of the main network, both the supply and return will be steel-PUR-PE pipelines. In the 4-line
network, where the solar loop is separated, the solar loop is steel-PUR-PE, and the heating network
is made of Microflex twin pipelines.

4.5.2. Burial depth
The burial depth of the pipelines is decided based on local soil conditions. As can be seen in figure
4.11, the upper layer of the soil in Nagele consists of clay, with a layer of fine sand between 0.7 and
1.2 m depth. As the soil sample has been taken at the exact location of the project (Karwijhof), and
the heating grid is relatively small, it can be assumed that the sample is representative for the entire
heating grid.

In figure 4.12, the groundwater level of Nagele is show. It is clear that the groundwater level
is quite high, thus it is assumed that the ground surrounding the pipes is saturated. Hamdhan
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Figure 4.11: Ground composition in Nagele [28]. At the project location, the soil consists of a layer of clay up to 0.7 m
depth, then a layer of fine sand up to 1.2 m, clay again till 2.5 m, and then peat till 4.2 m.

& Clarke [16] found thermal conductivity values of 1.52 W
m∗K for saturated (China) clay, and 2.75

W
m∗K for saturated fine sand. However, it is hard to pin an exact value for thermal conductivity to
saturated clay and fine sand from literature due the vast amount of different specific types of clay
and sand. For example, van der Hoeven & Lablans [30] list thermal conductivity values of 1.0 W

m∗K
for clay and 2.0 W

m∗K for wet sand. Regardless, it can be said that clay in general has lower thermal
conductivity. Thus, if possible, the pipelines should be laid above 0.7 m in order to minimize losses.
Since typical burial depths of the distribution part of DHS is roughly between 0.6 and 1 m, a burial
depth of 0.6 m is assumed.

Figure 4.12: Ground water depth chart at the project location in Nagele [28], which shows the groundwater depth to
typically be between 0 and 2.5 m depth.
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4.5.3. Sizing
Energy in the network is transported from and to consumers through pipelines. The pipelines will
have to be dimensioned to the appropriate diameter which balances costs, heat losses, and required
pumping power. Generally, it can be said that CAPEX is directly related to the material, pipe diame-
ter and the amount of insulation of the pipelines. Heat losses depend on pipe diameter, insulation,
and soil conditions (depth, conductivity). The required pumping power is proportional to the pres-
sure losses caused by friction. This friction is dependent on pipe inner diameter, fluid flow speed
(which is proportional to the diameter) and surface roughness of the pipe.

For simplicity’s sake, the pipelines are sized by imposing a limit on the fluid velocity. In picking
an appropriate maximum fluid velocity, it is important to understand that peak power (and thus
peak fluid velocity) only rarely occurs in the network. The average power is much lower. Therefore,
the economic optimum peak fluid velocity will be relatively high. The pipelines are sized so that
this peak fluid velocity does not exceed 2.5 m

s . Note that pipe diameters are rounded up to the
nearest available diameter, so the real peak velocity will be much lower on most sections. The peak
flow rates are of course directly related to the peak power and temperature differences, as expressed
equation 4.1.

Two different network configurations are considered in this study: A steel 2-line heating network
where the solar collectors feed in to the heating network, and a 4-line network consisting of 2 PE
heating pipes and 2 steel solar pipes. The layout and sizing of the pipelines in these networks is
discussed below.

ṁpeak = Ppeak

Cp ∗∆T
(4.1)

Two-line network (configuration I)
The two-line network consists of two steel pipelines. The total required pipe length is 691 m.

In table 4.2, the available pipe diameters are shown. The table also shows the flow rate at a fluid
velocity of 2.5 m

s .
The peak power at every section is determined by either the maximum heating load (space heat-

ing + DHW) during cold days, or by the maximum solar yield during hot sunny days, since the solar
collectors feed in over the network. The∆T between supply and return for space heating is assumed
to be 20 K , while the ∆T for DHW preparation is assumed to be 50 K . The pump of every solar ar-
ray is chosen so that it can provide enough flow to keep the ∆T at a maximum of 30 K during peak
power. The DHW peak demand is assumed to be 1/4 th of the absolute peak, since not all consumers
will consume DHW simultaneously.

In figure 4.13, the resulting pipeline topology and dimensions of network I are shown. In total,
185 m of DN32, 165 m of DN25 and 341 m of DN20 is needed. The peak solar power is leading in
diameter selection on every section.

Table 4.2: Standard dimensions of pre-insulated steel-PE-PUR pipelines and calculated flow rates at 2.5 m/s [31]

Four-line network (configuration I)
The 4-line network consists of a PE heating network to satisfy space heating and DHW loads,

and a steel pipeline network to transport the thermal energy generated by the solar collectors to the
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Table 4.3: Standard dimensions of Microflex duo pipelines and calculated flow rates at 2.5 m/s [4]

buffer. Since the solar yield was leading for diameter selection of the steel pipelines in the 2-line
network, the steel network in the 4-line configuration wil be equally sized. Thus, the steel pipeline
layout for the 4-line network is shown in figure 4.13.

In table 4.3, general data about the PE pipelines is given. Similar to scaling the steel network,
the PE pipelines are scaled using the peak power in the network. The resulting topology is shown in
figure 4.14. Concluding, 75 m of DN40, 200 m of DN32, and 416 m of DN25 are needed.

Figure 4.13: Layout of the steel pipe network which shows
pipe diameters for every section.

Figure 4.14: Layout of the flexible twin pipe network which
shows pipe diameters for every section.

4.6. STES
The seasonal thermal energy storage (STES) to be used in the project in Nagele, is one supplied by
the company HoCoSto. It is a pit type of storage, with water as a heat carrier medium. In figure 4.15,
the structure of a STES is being placed. This patented aluminum frame allows HoCoSto to install
buffers quickly, and cheaper than any other thermal storage solution. Since the frame can carry
large loads, the space above the buffer can be used effectively, for example as a parking lot.

The space frame is constructed using aluminium tubes with an outside diameter of 25 mm and
a wall thickness of 1.5 mm. The layer height is 600 mm.

In figure 5.3, the shape of the buffer is depicted. For the buffer, it is ideal to have as much height
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Figure 4.15: HoCoSto STES structure being placed

as possible since this will benefit the thermal stratification. However, due to the soil conditions
in Nagele, digging deeper than about 4.5 m would incur large costs (large water pumps would be
needed during construction). Since the layer height is fixed at 0.6 m, the total height h is fixed at 3.6
m to allow 0.9 m above the buffer for insulation and a covering layer of soil.

While it would be possible to place several buffers and take advantage of the possibility to keep
them at different temperature levels, this is not the focus of this study.

Simple hand calculations show that the buffer size in Nagele will be about 1000-2000 m3. The
width has been fixed at 20 m, resulting in a length of roughly 20-40 m. The buffer will feature no
heat exchangers. Instead the system is open, meaning that the fluid inside the buffer will circu-
late through the DHS. The reason a system without heat exchangers was chosen, is that there will
always be a temperature difference over the heat exchanger resulting in a lower system efficiency.
Discharging the buffer is done by extracting fluid from the top of the buffer and returning it to the
bottom of the buffer. Charging is done the other way around.

The buffer system will be insulated on all sides using XPS (extruded Polystyrene) with a thermal
conductivity of 0.035 W

m∗K . The insulation thicknesses on the bottom, sides, and top will be 0.15,
0.25, and 0.4 m, respectively. Additionally, on top of the buffer there will be 0.5 m of soil. As per
experiment, for the buffer in Nagele there will be a thin layer of Argon gas laying directly above the
water level, however, the potential effects of this presumably insulating gas are not included in this
study.
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Matlab/Simulink Model

In order to assess which variations in the heating network will benefit the overall performance of
the system, the entire system is modelled in a Matlab/Simulink environment.

Apart from answers to the research questions, a key deliverable of this research is an elaborate
model of a district heating system with solar thermal generation and thermal energy storage. It is
imperative to obtain such a model in order to properly optimize the entire system. For instance, the
model could easily be utilized to quantify the benefits of additional pipeline insulation, additional
storage volume, or more efficient solar collectors. The entire model is constructed in coordinated
universal time (UTC). Note that UTC is not equal to Dutch time.

This chapter gives an overview of the model and its components. Section 5.1 covers the con-
sumers, 5.2 the solar collectors, 5.3 the buffer, 5.5 the pipelines, 5.6 the heat pump and 5.7 the con-
trol.

In the model, weather data is present for the period from 01-01-2008 till 31-12-2016. The results
presented in this study result from 5-year simulations run from 01-01-2008 till 31-12-2012. Because
it is important to have realistic buffer temperatures at the start of the simulation, the first year is not
used in the results.

5.1. Consumers
In order to simplify the model and reduce simulation times, the amount of consumers in the net-
work has been reduced from 24 to 6. The consumers, as shown in figure 4.1, are grouped in clusters.
The 6 clusters consist of:

• Cluster 1: Consumers 1 to 8

• Cluster 2: Consumers 9 to 12

• Cluster 3: Consumers 13 to 15

• Cluster 4: Consumers 16 to 20

• Cluster 5: Consumers 21 to 23

• Cluster 6: Consumer 24

The clusters are chosen to be as such based on the type and size of the dwellings, as well as their
locations. For every cluster, all heat flows (space heating, hot water demand and solar generation)
are simulated. As a result, the mass flow and inlet/outlet temperatures at every consumer level are
calculated.

33
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The annual energy consumption of the consumers has been derived from their gas consump-
tion, given in table 4.1. After subtraction of presumed reductions due to further insulation, as men-
tioned in 4.2, the annual energy consumption is simply calculated by multiplying the annual gas
consumption with the energy content of the natural gas, and the efficiency of a typical gas boiler.

The resulting annual energy consumption consists of the space heating demand and DHW en-
ergy demand.

Since the network is branched and bidirectional, fluid flows will occur directly between the solar
collectors and the space heating and DHW heat exchangers. Therefore, it cannot simply be assumed
that the inlet temperatures of the DHW and space heating heat exchangers are equal to the network
supply temperature, and neither can it be assumed that the inlet temperature of the solar collectors
is equal to the network return temperature. For that reason, the fluid temperatures at the consumer
level are calculated for each timestep depending on the fluid flows (and their inlet/outlet temper-
atures) through each of the three heat exchangers at the consumers, and the flow to or from the
network. For example, when the supply temperature of the network is 60 ◦C , the solar collectors
operate at an outlet temperature of 80 ◦C and 5 L

mi n , the DHW heat exchanger would have an inlet
temperature of 70 ◦C at 10 L

mi n . This is especially relevant for the solar collector efficiency, since it
is very dependent on the inlet temperature.

5.1.1. DHW consumption
The heating load consists not only of space heating, but also of the production of domestic hot water
(DHW). According to Fuentes et al. [14] and van Vliet et al. [32], the share of DHW production in the
total heat demand of dwellings has been increasing for the past years due to higher frequency and
longetivity of showers and reductions in space heating demand due to improvements in insulation.
Fuentes et al. [14] thoroughly explore DHW consumption profiles, and offer an extensive literature
summary on the differences in DHW consumption between demographic groups. For example,
household income is found to be strongly related to DHW usage profiles, while age and household
size show strong positive correlations with DHW consumption.

Based on this research, demand profiles are generated for all consumer clusters. The demand
is separated into three different categories: Showers, baths and tapping (kitchen etc.). The flow
rates expressed in L

mi n of 45 ◦C for showers and baths, and 55 ◦C for tapping. Variations are given
between households in time of occurrence, longevity, and flow rate. The means are based on DIN
1988-300 [14], which indicates that the average flow rates for shower heads, baths and sinks are 7.5,
9 and 4 L

mi n , respectively. The average drawn volume per household per day is 80, 20 and 28 L
d ay for

showers, baths and sinks, respectively.

The heat exchangers for DHW production are scaled so that at maximum power, the tempera-
ture difference over the exchanger is 5 K . Since Pmax =U A ∗∆Tmax , UA (in W

K ) is easily calculated.
In reality UA will vary for different flow rates, however, since the flow rate over the DHW heat ex-
changer always operates in roughly the same order of magnitude, these differences are assumed to
be negligible. The fixed UA value for every heat exchanger is used to calculate the mean temperature
difference over the heat exchanger for every timestep (e.g. if a heat exchanger’s UA is 500 W

K , and the
power is 2 kW , the ∆T will be 4 K ).

The heat loss in the pipelines of the consumers (between heat exchanger and tapping point) is
assumed to be 1 K . The cold water inlet temperature is set equal to the ground temperature at 1
m depth, since the uninsulated water pipelines lay roughly at that depth and thus assume approx-
imately the ground temperature. Hourly soil temperature data has been retrieved from the KNMI
for the location Marknesse, which is about 13 km from Nagele. It is found that the temperature will
vary roughly between 6 and 18 ◦C . Finally, it is assumed that massflows on both sides of the DHW
heat exchanger are equal.

In figure 3.2, the three different DHW concepts are shown. All three concepts are built into the
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same model. By means of a multiport switch controlled from the Matlab workspace, a DHW concept
can be chosen to model.

Boiler electricity consumption
One of the most important differences between DHW concepts, will be boiler electricity con-

sumption. The energy consumption of the electric boilers consists of both energy delivered and
heat losses. Since the boilers are kept at a constant temperature, the heat losses of the boiler are
introduced as a fixed loss. The loss equals 20 W for the small boilers, and 35 W for the big boilers.
The power delivered by the electric boilers is given by equation 5.1.

Equation 5.2 gives the power delivered by the boilers for DHW concepts B. This equation is based
on equation 5.1. In this equation, Tout is set equal to the hot water temperature in the kitchen,
Tki tchen .

The inlet temperature of the boiler is equal to the outlet temperature of the heat exchanger.
Because the mass flows on both sides of the heat exchanger are equal, the outlet temperature of the
DHW side of the heat exchanger is equal to the inlet temperature on the network side, THEi n , minus
the mean temperature difference over the heat exchanger.

The power delivered by the boiler for DHW concept C is given by equation 5.3. The power deliv-
ered to the bathroom is calculated using the same approach as equation 5.2, and subsequently the
power delivered to the kitchen is added with the term Pboi l erB

Note that the total power delivered is not equal to the electrical power consumption. Instead,
the electrical energy consumption is equal to the total power delivered plus heat losses of the boiler.

Pboi l er = ṁ ∗Cp ∗ (Tout −Ti n) (5.1)

Pboi l erB (t ) = ṁki tchen(t )∗Cp ∗ (Tki tchen(t )− (THEi n (t )− PHE (t −1)

U AD HW
)) (5.2)

Pboi l erC (t ) = ṁbathr oom(t )∗Cp ∗ (Tbathr oom(t )− (THEi n (t )− PHE (t −1)

U AD HW
))+Pboi l erB (t ) (5.3)

DHW heat exchanger power and mass flow
The power delivered by the heat exchanger is equal to the total DHW power, PD HWtot al , minus

the power delivered by the boiler, Pboi l er . this is shown in equation 5.4. The total DHW power is
defined by the temperature differences between the cold water inlet (equal to the soil temperature,
as elaborated on above) and the hot water outlet.

The mass flow on the network side of the DHW heat exchanger is equal to the power PHE , di-
vided by the ∆T and C p, shown in equation 5.5.

PHE (t ) = PD HWtot al (t )−Pboi l er (t ) =
((Tki tchen(t )−Tg (t ))∗ṁki tchen(t )+ (Tbathr oom(t )−Tg (t ))∗ṁbathr oom(t ))∗Cp −Pboi l er (t ) (5.4)

ṁHE (t ) = PHE (t )

(THEi n (t )− PHE (t )
U AD HW

−Tg (t ))∗Cp

(5.5)

5.1.2. Space Heating
For the component space heating, it is not only important to know the power required by the con-
sumers, but also the mass flows and temperatures of these mass flows. Therefore, a heating system
is modelled for every cluster. Figure 5.1 shows the energy balance which is made for the clusters.
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For each time step, the room temperature is updated using the heat flows in and out of the house.
Equation 5.6 represents this energy balance. The different components of this energy balance are
elaborated on below.

Thouse (t ) = Ti ni +
∫ t

0

Pheati ng (t )+Q̇D (t )+Q̇B (t )−Q̇shel l (t )

mchouse
d t (5.6)

Figure 5.1: Energy balance of a consumer, with the beam and diffuse solar gains, heat losses through the shell and heating
gains

Solar irradiance
In the Karwijhof in Nagele, all houses are aligned with wind directions, therefore, solar irradiance

only has to be calculated for four directions: North, east, south and west.
The beam and diffuse solar gain through the windows are given by equations 5.7 and 5.8. The

terms GB and GD are the beam and diffuse solar powers on the window surfaces in W
m2 . These terms

are calculated for every wind direction using the solar model also used for the solar collectors, which
is discussed in more detail in section 5.2. Subsequently, the total heat gain is calculated by multiply-
ing these terms with the window surface Awi n , transmittance τwi n and a shading factor fshadi ng .
The window surface areas and shading per dwelling have been estimated using Google street view.
The summed areas per cluster are shown in table 5.1.

Table 5.1: Window area for each cluster

Q̇B (t ) = fshadi ng ∗GB (t )∗ Awi n ∗τwi n (5.7)

Q̇D (t ) = fshadi ng ∗GD (t )∗ Awi n ∗τwi n (5.8)



5.1. Consumers 37

Shell heat losses
The shell heat losses are calculated using a linear heat loss coefficient U A, yielding a total heat

loss through the shell of Qshel l = (Thouse −Tamb)∗U A.
The model itself is used to find a proper value of UA. Since the solar gains, heating power re-

sponse and heat capacity of the house are defined, the only remaining variable leading to the annual
energy consumption is the heat loss through the shell. The annual energy consumption of the con-
sumers is known (through their gas consumption, as discussed before), and the DHW consumption
has been defined, the annual energy required for space heating can be derived using the model.

The gas boiler efficiency used to estimate the annual energy consumption is 90 % of the higher
heating value (35.17 M J

m3 ). This might seem on the low side given that HR104 boilers have a minimum
efficiency of 94 %, and HR107 boiler of 96 % of the HHV. However, these are rated efficiencies, which
are measured using return temperatures of 35 ◦C . The radiators as used in Nagele typically have
much higher return temperatures (which decrease the efficiency). Also, DHW production achieves
much lower efficiencies than the rated efficiency. Therefore, 90 % is assumed to be a conservatively
high estimate.

For the UA, an initial guess is made based on literature like Purdy & Beausoleil-Morrison [22] and
van Miltenburg [31]. Subsequently, the annual energy consumption (including DHW) calculated by
the model is compared to the gas-derived consumption. The UA is then adjusted accordingly. After
three iterations, an error of <1% was obtained for every cluster. The obtained UA values, shown in
table 5.2, remain in good accordance with literature.

Table 5.2: Obtained UA of every cluster

Heating power
For every cluster, a thermostat and heating system have been modelled. The thermostat settings

vary per cluster. Appropriate thermostat settings are included in the model to replicate morning
and evening peaks. When the interior temperature drops below the thermostat setting, the heating
system is activated. Because the network flow is to be limited, and the ∆T between supply and
return to be maximized, the system is made to have variable power (instead of an on/off system).
This is done by allowing the valve on the network side of the heat exchanger to be able to partially
open.

Obviously, the power of the radiators varies with inlet, outlet and ambient temperatures. This
is calculated using equation 5.9 according to BS EN442. It gives the heating power of the radiators
based on supply and return temperatures Ti n & Tr et and P50; The nominal heating power which
is defined as the power during 75/65/20 operation (75 ◦C inlet, 65 ◦C outlet, 20 ◦C ambient). The
radiator constant, n, is 1.33 for the standard panel radiators as installed in the Karwijhof.

Pheati ng (t ) = P50 ∗ (
Ti n(t )−Tr etur n(t )

ln( Ti n (t )−Tamb (t )
Tr etur n (t )−Tamb (t ) )∗49.32

)n (5.9)

P50 is estimated based on equation 5.10 from BS EN442. and the assumption that for an outdoor
temperature of -10 ◦C , the current heating systems are able to provide sufficient heating power to
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keep the dwellings at an interior temperature of 22 ◦C , while operating on a radiator supply temper-
ature of 70 ◦C and a return temperature of 50 ◦C . The obtained values for P50 are shown in table 5.3.
The flow over the heat exchanger is limited by the constraint that a∆T of at least 10 K between sup-
ply and return is to be achieved. This constraint prevents consumers near the pumps from taking
so much flow that consumers further from the pumps are unable to heat their homes.

P50 = (Tr oom −Tamb)∗U A∗ (
Ti n(t )−Tr etur n(t )

ln( Ti n (t )−Tamb (t )
Tr etur n (t )−Tamb (t ) )∗49.32

)−n (5.10)

Table 5.3: Obtained P50 of every cluster

5.1.3. Validation consumer model

The consumer model is pretty straightforward. Below, some aspects of the model are considered
and compared to literature in order to assess if the model obtains realistic data.

DHW consumption
The DHW consumption in L

year is in accordance to findings by Fuentes et al. [14]. Also, the

average daily energy consumption for the DHW according to the model is found to be 5.62 kW h
d ay per

household. This compares well with the European norm EN 16147:2011, which gives an indication
of 5.85 kW h

d ay for a medium sized European household.

DHW boiler electricity consumption
The electricity consumption of the boiler consists of standing heat losses, and the power deliv-

ered. For DHW concept B, the standing losses are 175 kW h
year , and the energy delivered is 32 kW h

year ,
which equates to about 1.6 % of the total DHW energy consumption. This seems low, but for con-
cept B, the electric boiler only has to supply a slight amount of supplementary heat to the kitchen
tapping water, which is about 12.6% of total DHW energy demand according to Yang & Svendsen
[36]. Therefore, the electric boiler supplies about 13 % of the DHW tapping energy, which seems
appropriate.

For concept C, the electric boiler also supplies a small part of the DHW energy for sanitary pur-
poses. The energy consumption according to the model is 133 kW h

year , or about 6.5 % of the total DHW
energy consumption. This seems reasonable since the DHW for sanitary purposes, which makes up
the bulk of the energy demand, only has to be heated a couple of degrees. The standing heat losses
are 307 kW h

year , which is in line with manufacturer data.

Space heating
The UA values in table 5.2 result in values per dwelling between 131 W

K for the smaller row
houses, and 243 W

K for the larger, detached houses. These values are in agreement with values ob-
tained by van Miltenburg [31] for the type and size of dwellings.

The nominal radiator heating powers, or P50’s, according to table 5.3 vary between 6.1 kW for
the smaller row houses and 15.1 kW for the larger detached houses. After a visit to Nagele, it is
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concluded that these values are realistic based on the amount and sizes of radiators in the dwellings.

5.2. Solar
The system is to be designed so that almost all energy is generated by the solar collectors. There
will only be a relatively small amount of electricity consumption to power the circulation and heat
pumps, the auxiliary heater, and, in case of boiler implementation, some supplementary energy for
DHW production.

One goal of these simulations is to find the optimum amount of solar collectors. This is done by
modelling every configuration for several solar areas. The optimium sizing is then picked based on
LCOH.

Hand calculations using annual yield data from the solar collector datasheet show that covering
all available unshaded rooftop areas of the dwellings is not entirely sufficient to cover overall de-
mand. Therefore, the rooftop of consumer 24 (a former school building) is used to fill the remaining
demand.

5.2.1. Solar irradiance
To calculate the output of the solar collectors, solar irradiance data is needed. While ground mea-
surement data can provide easy and reliable datasets, these are often only expressed in one term, the
global horizontal irradiance (GHI). In order to calculate the output of the solar collectors, the direct
normal irradiance (DNI) and diffuse horizontal irradiance (DHI) are needed. This data is obtained
from satellite measurement data, specifically the SARAH dataset from PVGIS [10].

The position of the sun and the angles and power of beam radiation on the inclined surfaces
have been modelled using methods described by Duffie & Beckman [7]. The amount of diffuse
radiation on the surfaces is calculated using formula 5.11 by Temps & Coulson [27].

GD = 0.5∗ ID H I ∗ (1+ cos(κ))∗ (1+ si n3(κ/2))∗ (1+ cos2(AOI )si n3(φ)) (5.11)

The solar model has been verified using PVGIS [10], a solar modelling tool developed by the
European commission.

5.2.2. Solar Collectors

The solar collector output is modelled per timestep, depending on the solar irradiance and the solar
collector efficiency.

The efficiency of the solar collectors is modelled according to the standard EN 12975-2, which is
outlined by Kovacs [19] and Perers et al. [21]. According to Kovacs [19], EN 12975-2 has replaced all
national standards in Europe, while ISO 9806 (a norm surrounding fluid heating solar collectors) is
currently being revised taking into account knowledge gained during the development of EN 12975.

In EN 12975, two methods are described: The steady state method, and the quasi dynamic test
method. The most important improvement of the quasi dynamic test method over the steady state
method is the distinction between direct and diffuse radiation with an incidence angle modifier
KθB (θL ,θT ) for direct, and KθD for diffuse irradiance. The incidence angle modifiers adjust the ef-
ficiency of the solar collector for a given incidence angle. It is defined as the efficiency at the given
incidence angle divided by the efficiency at normal incidence. According to Kovacs [19], the dis-
tinction between incidence angle modifiers for direct and diffuse irradiance is quite relevant for
evacuated tube collectors. Therefore, the quasi dynamic method, given by formula 5.12, is used to
calculate the output of the collectors.
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Q̇/A = F ′(τα)enKθB (θL ,θT )GB +F ′(τα)enKθDGD − c6uG − c1(Tm −Tamb)− c2(Tm −Tamb)2

− c3u(Tm −Tamb)+ c4(EL −σT 4
amb)− c5dTm/d t (5.12)

The solar collectors used in the project are direct flow evacuated tube collectors of the type
ATON G1800 22-O from the supplier Kloben Industries. In table 5.4, the quasi dynamic performance
indicators, as given by the supplier, are shown. It can be seen that both the wind speed dependence,
described by c3 and c6, as well as the long wave irradiance dependence c4 are zero. Scrapping these
terms from equation 5.12 yields equation 5.13.

Table 5.4: Kloben Industries direct flow evacuated tube quasi dynamic performance parameters

Q̇/A = F ′(τα)enKθB (θL ,θT )GB+F ′(τα)enKθDGD−c1(Tm−Tamb)−c2(Tm−Tamb)2−c5dTm/d t (5.13)

F ′(τα)en = η0

KθB (θ = 15◦)∗0.85+KθD ∗0.15
(5.14)

In equation 5.13, F ′(τα)en is the collector efficiency factor times effective transmittance-absorptance
product (the product of the cover transmittance and the absorber-plate absorptance). F ′(τα)en can
be calculated from the steady state zero loss efficiency parameter η0 and incidence angle modifiers
using equation 5.14. It is assumed that for the testing of η0, the direct irradiance was 85%, and the
diffuse irradiance 15%. This assumption is based on findings by Kovacs [19]. On the left hand side of
equation 5.13, Q̇/A, represents the power per square meter in W

m2 , while on the right hand side, KθD ,
c1, c2 and c5 are given in table 5.4. The incidence angle modifier for direct radiation, KθB (θL ,θT ), can
be calculated by multiplying the transversal (KθT ) and longitudinal (KθL) incidence angle modifiers
as given in table 5.5. GB and GD are the direct (beam) and diffuse irradiance on the gross area in W

m2 ,
respectively. With the gross area being the maximum projected area of the collector, not including
connections and parts for mounting. Finally, Tamb is the ambient temperature in K , and Tm is the
mean temperature of the collector, calculated as Tm = Ti n+Tout

2 , also in K .
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Table 5.5: Kloben Industries direct flow evacuated tube incidence angle modifiers

5.2.3. Validation solar model
The solar model is validated by comparing the output and efficiency of the solar collectors in the
model to ISO data from the manufacturer datasheet. First, the static output is compared to the fixed
output according to the datasheet at 850 W

m2 direct, and 150 W
m2 diffuse radiation. Output data of the

solar collector model matches within a 1 % error with datasheet numbers.
Additionally, the annual collector output at fixed mean fluid temperatures is taken as a bench-

mark. For the Kloben collectors, the annual output is given for the location Wurzburg facing directly
south at a slope of 35 degrees. The outputs at this location are 742, 646 and 552 kW h

m2 per year for
mean fluid temperatures of 25, 50 and 75 ◦C , respectively. In order account for the differences in
annual irradiance between the locations, the output is compared based on efficiencies.

The datasheet outputs listed above correspond with efficiencies of 59.6, 51,9 and 44.4 % at mean
fluid temperatures of 25, 50 and 75 ◦C , respectively. When feeding these mean fluid temperatures
into the solar model, the resulting annual efficiencies (calculated over a period of 8 years) are 57,
48.2 and 39.9 %, respectively. These slightly lower efficiencies are explained by the fact that dur-
ing summer (when output is highest), ambient temperatures in Wurzburg are higher than those in
Nagele.

In the complete model where the solar collectors are coupled to the consumers and the buffer,
the mean collector temperatures are variable. In figure 5.2, the solar yield is shown for configura-
tion 1-A. It can clearly be seen that the yield is highest in early summer. This is because the buffer
temperatures (thus solar feed in) are low in the early summer. As the buffer temperature increases
over the summer, the yield decreases. The same effect is observed for every configuration.

Figure 5.2: Yield of solar collectors in the system in 2008, configuration 1A, with 1000 m2 solar area
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5.3. Buffer
At the heart of the system rests the HoCoSto seasonal thermal energy storage buffer. The general
shape of the buffer is shown in figure 5.3. As elaborated on in section 4.6, the height h is fixed at 3.6
m and width a at 20 m. The angle of the sides is 45 degrees, resulting in

a = a1 +2∗h

b = b1 +2∗h

Therefore, the only variable tied to the volume is b. The volume is found resulting from the
volume of a simple rectangular pyramid.

Vbu f f er =
1

3
∗a ∗b − 1

3
∗a1 ∗b1 (5.15)

Figure 5.3: HoCoSto STES Shape

In order to be able to implement different temperature levels at various heights in the buffer, it
has been divided into n nodes. For every node, an energy balance is kept. In figure 5.4, all energy
and mass flows are shown. Note that no heat exchangers are used. The height of the nodes is set
to be equal, resulting in different volumes for every node. Generally, the top nodes will be warmer
than the lower nodes due to density differences, this is referred to as thermal stratification.

For all nodes, for every time step, the temperature of each node is updated according to formula
5.16. Note that all flows out are expressed as being positive.

Tnode (t ) = Ti ni −
∫ t

0

P f low (t )+Q̇node (t )+Q̇si de (t )+Q̇mi x (t )

mcnode
d t (5.16)

Thermal conductivity through the shell
Heat losses occur through the top, bottom and sides of the buffer. This is depicted in figure 5.4

as Q̇top , Q̇bot and Q̇si de , respectively. These losses are given by equations 5.17, 5.18 and 5.19. Details
on insulation thicknesses s and their thermal conductivity, λ, are given in section 4.6. The top and
bottom areas, as well as side areas of every node are calculated using simple geometry. The most
complex part is finding appropriate values for Tsoi l . It is assumed that this soil temperature is equal
to the undisturbed ground temperature (data taken from the KNMI [18]) plus 5 K . This seems to be
a reasonable assumption based on measurements done at existing HoCoSto buffers. The resulting
soil temperature directly outside of the buffer would vary between roughly 10 and 23 ◦C .

Q̇top (t ) = λtop

stop
∗ Atop ∗ (Ttop (t −1)−Tg (t )) (5.17)

Q̇bot (t ) = λbot

sbot
∗ Abot ∗ (Tbot (t −1)−Tg (t )) (5.18)
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Figure 5.4: Schematic of buffer heat and mass flows

Q̇si de (t ) = λsi de

ssi de
∗ Asi de ∗ (Tnode (t −1)−Tg (t )) (5.19)

Conductivity between nodes
Because node temperatures will differ from each other, there will be conduction between nodes

through both the water as well as through the aluminium frame. The HoCoSto buffer consists of
evenly spaced aluminum rods with water in between, therefore the conductivity coefficient through
the buffer can simply be calculated using the relation of cross section between water and aluminum.
This relation is roughly 0.016% aluminum, 99.984% water. Assuming the thermal conductivity of
the aluminum to be temperature independent 190 W

m∗K , equation 5.20 can be used to calculate the
resulting thermal conductivity, which is given in table 5.6.

λbu f f er (T ) = 0.99984∗λw ater +0.00016∗λal umi num (5.20)

Table 5.6: Thermal conductivity of water and HoCoSto buffer for different temperatures

Subsequently, equation 5.21 is used to calculate the conduction between the nodes. Lnodes is
the distance between the centers of the nodes, while A(n,n−1) is the average area between the two
nodes.

Q̇(n,n−1)(t ,T ) = λbu f f er ∗ A(n,n−1)

Lnodes
∗ (Tn(t −1)−T(n−1)(t −1)) (5.21)
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Buffer mixing (convection)

When a node’s temperature drops below that of the node below (inverse thermocline), the differ-
ences in density will drive mixing between those nodes. It should be noted that simulations without
this mixing part included in the model showed inverse thermoclines to be rare. Still, a mixing term
Pmi x has been included in the model to prevent this inverse stratification from occurring. When a
node’s temperature drops below that of the node below, a large mixing power will completely mix
the two nodes, resulting in equal-temperature nodes.

Buffer charging and discharging

The buffer does not have a heat exchanger. When the buffer is in charging operation, there
will be a draw from the bottom of the buffer, and an outlet flow to the top of the buffer. During
discharging, this flow is reversed. The control of these flows is discussed in more detail in section
5.7.

When mass is subtracted from the bottom, and added to the top (or the other way around), there
will be a flow through the buffer. This flow is quantified as a flow power P f low in W , which obviously
depends on the flow speed and temperature differences between nodes.

Frost protection

As per design of the buffer, frost has to be prevented. Because the buffer is filled with water, the
minimum temperature is 0 ◦C . Frost protection will mostly be needed towards the end of the heat-
ing season when the buffer temperature is low. This protection is implemented by the introduction
of an electric auxiliary heater. It is important to recognise the fact that the buffer cannot be fully
discharged by the heat pump alone. This is because the heat pump has to achieve a minimum ∆T
over the evaporator in order to reach its nominal power. In the model, the ∆T over the evaporator
is fixed at 8 K . Therefore, the auxiliary heater is to be activated when the inlet temperature of the
evaporator Tevapor atori n is lower than 8 ◦C . When this holds, the required power of the auxiliary
heater is given by equation 5.22.

Pauxi l i ar y = ṁevapor ator ∗ (∆Tevapor ator −Tevapor atori n )∗Cp (5.22)

Overheat protection

Overheat protection could be needed late summer and early fall when the buffer is charged
and solar irradiation is high. The solar collectors cannot simply be turned off, and the buffer tem-
perature should not exceed 100 ◦C since that would lead to steam formation. This issue has been
mitigated by dumping energy when the buffer approaches its boiling point. The amount of dump-
ing required varies widely between different configurations. Configurations with a small buffer and
a high amount of solar collectors require a large amount of dumping, while configurations with a
relatively large buffer and few solar collectors require no dumping at all.

Dumping energy can be done in various ways. A common way to dump heat is by using radiators
to transmit the heat to ambient air. This method is not ideal in this scenario because it would require
placing visible equipment above ground in the historic center of the town, and could also lead to
noise complaints. Apart from these points, it would require additional investments. Another way is
to dump hot water in the sewage system. However, dumping high temperature water is not allowed
in the Netherlands, so it would need to be mixed to an allowed temperature, leading to higher fresh
water consumption. The method chosen is to dump the heat using the solar collectors. The solar
collectors are insulated, but the large total surface area still results in a very capable heat sink. For
example, 1000 m2 solar collectors at a mean temperature difference of 70 K (solar collectors at a
mean of 95 ◦C , ambient temperature 25 ◦C ) would result in a total heat loss of 85 kW . In the model,
dumping is activated when the warmest point in the buffer (typically the top node) reaches 97 ◦C .
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5.3.1. Buffer validation
The heat losses through the sides of the buffer are simply taken as the heat transport through the in-
sulation, assuming that the soil side equals the undisturbed soil temperature plus 5 K . The temper-
ature at the buffer side is simply the temperature inside the buffer. Therefore, the only component
which needs validation is the soil temperature. For the given method, the soil temperature outside
the buffer would vary between 10 and 23 ◦C . This temperature profile corresponds to experiences
of HoCoSto. Additionally, laws in the Netherlands prohibit the warming of soil higher than 25 ◦C .
Therefore, this seems a reasonable assumption.

For the in- and outflows of heat, it is to be expected that all inflows of heat minus all outflows
of heat match the energy accumulated in the buffer. This has been verified to be true for both the
buffer as a whole, as well as for the individual nodes. Note that the outflow of heat includes the
thermal losses.

The only remaining component of the buffer model which needs validation is the temperature
gradient in the buffer. The lack of hard measurement data and expected differences between buffer
size and use makes this hard to validate. Also, the buffer considered in this study is designed as
an open system, while the existing HoCoSto buffers use heat exchangers. Further validation of this
aspect of the buffer sub-model is recommended. However, it should be noted that the simulated
temperature profiles resemble temperature profiles of existing HoCoSto buffers in both shape and
range.

5.4. Circulation pumps
The 2-line DHS considered in this study is different from classic district heating networks mainly
because this network is bidirectional. This is achieved by placing a fixed ∆P pump at the central
location (in practice several pumps will be installed to achieve redundancy). Only a relatively low
∆P between supply and return is needed since the network size is small, and all consumers are rel-
atively close to the central location. Therefore, pressure losses in the network are low compared
to large district heating networks spanning hundreds or even thousands of consumers. The solar
arrays at the consumers are outfitted with pumps on the network side which can overcome this
pressure difference between return and supply. To reach the objectives of this study, exact pump-
ing powers and pressures are not relevant. Instead, the relevant parameter regarding the pumps is
the required annual electrical energy. According to findings by van Miltenburg [31], the pumping
energy in modern DHS is generally slightly lower than 1 % of the consumed energy in the system.
The DHS studied by van Miltenburg resembles the one in this study both in terms of network size
and spacing between dwellings. Furthermore, she also incorporates solar feed-in into the network.
Therefore, it has been assumed in this study that the pumping energy is equal to 1 % of the total
consumed energy. Note that the impact of pumping energy on the LCOH likely is low, since the
resulting pumping energy is around 6000 kW h

year , which translates into a couple hundred euros.

Validation

To validate the assumption that pumping power in the DHS will be roughly 1 % of consumed
energy, a quick calculation is made to assess how much energy would be consumed to overcome
a typical pressure difference in the network for the annually pumped volume. When considering
the total consumed annual energy, it is easily obtained that for an average ∆T of 20 K between the
supply and return of the network, the annual pumped volume V̇pumped annual would be roughly

50,000 m3

year (back and forth). When the pressure differential which is to be overcome is estimated
at 200 kPa, and the pump’s efficiency ηpump at 50 %, equation 5.23 shows that the annual pumping
energy Epumped annual is roughly 5560 kW h. This indicates that the pumping energy as calculated
by the submodel is roughly correct. Furthermore, assuming that the pumping energy lies in this
order of magnitude, it can also be concluded that the costs of pumping are an insignificantly small
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factor in determining the overall costs of the system operation. Therefore, the error in the pumping
energy is definitely insignificantly small.

Epumped annual =
V̇pumped annual ∗Headnet wor k ∗ρ∗ g

ηpump
(5.23)

5.5. Pipelines
As laid out in section 4.5, the two-line system will use two steel-PUR-PE pipelines, while the 4-line
system will use two steel-PUR-PE lines for the solar loop, and PE-twin pipelines for the heating
network. The layout and sizing of the pipelines is discussed in section 4.5.

One of the most important aspects of the system, are heat losses in the network. This is presum-
ably one of the largest downsides to the double network configuration. Therefore, the heat losses of
both the separate steel pipes as well as the twin pipes have to be modelled.

According to Miltenburg [31], the overall heat transfer of common Steel-PUR-PE pipes, is given
in equation 5.24

U A = L∗ 1

1

αw ater
+ 1

2π
(

1

λsteel
ln

di ,steel

do,steel
+ 1

λpur
ln

di ,PU R

do,PU R
+ 1

λPE
ln

di ,PE

do,PE
+ 1

λsoi l
l n

4∗H

do,PE
)

(5.24)

Miltenburg [31] notes that αw ater , λsteel and λPE are quite high, and therefore the quotients
they are a part of can be neglected. She also notes that the insulation value of PUR degrades over
time, which can cause thermal losses to increase as the DHS ages.
The governing equation for pipeline losses would then become:

U A = L∗ 1
1

2π
(

1

λPU R
ln

di ,PU R

do,PU R
+ 1

λg
ln

4∗H

do,PE
)

(5.25)

However, as noted by Wallenten [33], when pipes are laid in the ground close to each other
their heat losses cannot be calculated independently. The problem of two pipes close to each other
in the ground, as portrayed by figure 5.5, can be divided into two problems: A symmetrical and
asymmetrical problem, where the symmetrical problem represents heat loss from the pipes to the
surroundings and the asymmetrical problem heat transfer from one to another pipe. This concept
is visualised in figure 5.6.

Steel pipelines
The heat losses from the steel pipelines can be calculated using equations 5.26 and 5.27, re-

spectively. The total heat loss however, is only tied to the symmetrical problem as can be seen in
equation 5.28. The symmetrical heat loss formula is given by formula 5.29 for two pipes. The terms
h−1

s , Ts and β are given by equations 5.30, 5.31 and 5.32, respectively.

qsuppl y = qs +qa (5.26)

qr etur n = qs −qa (5.27)

qsuppl y +qr etur n = 2qs (5.28)

qs = (Ts −T0)∗2πλg ∗hs (5.29)
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Figure 5.5: Heat loss from two pipes in the ground [33]

Figure 5.6: Superposition of symmetrical and anti-symmetrical problem [33]

h−1
s = ln

2H

router
+β+ ln

√
1+ (

H

D
)2 (5.30)

Ts =
Tsuppl y +Tr etur n

2
(5.31)

β= λg

λi
ln

router

ri nner
(5.32)

Twin pipelines
The heating network in the 4-line network consists of twin pipelines as shown in figure 5.7. In

calculating the heat losses, the same approach is taken as for the steel pipelines, however qs and
h−1

s are now calculated by equations 5.33 and 5.34.

qs = (Ts −T0)∗2π∗λi ∗hs (5.33)

h−1
s = ln

r 2
j acket

2Dri nner
− ln

r 4
j acket

r 4
j acket −D4

−
( ri nner

2D + 2ri nner D3

r 4
j acket−D4 )2

1+ ( ri nner
2D )2 − (

2ri nner r 2
j acket D

r 4
j acket−D4 )2

(5.34)

While these equations can easily be used to calculate steady state heat losses, implementation in
the model is slightly more difficult since both soil surface and fluid temperature are not constant. To
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Figure 5.7: Heat loss from twin pipe in the ground [33]

overcome the varying soil temperatures, the soil temperature at a larger depth of 0.2 m is taken in-
stead of the surface temperature. Subsequently, this distance is subtracted from H. The result is that
the new T0 is much more stable with just a gradual seasonal variation. Since the resistance over the
insulation dominates over the heat resistance of the soil, the assumption that the soil temperature
at a depth of 0.2 m is undisturbed seems reasonable. The effects of the variable fluid temperature
are ignored, since the thermal resistance of the insulation is much higher than that of the soil. This
results in minimal temperature differences of the soil.

Validation
The calculated UA values for the steel-pur-pe pipelines are 0.134, 0.160 and 0.167 W

K . The ob-
tained values for these pipelines by van Miltenburg [31] when using the same input data are 0.136,
0.165 and 0.160 W

K for DN20, DN25 and DN32, respectively. This indicates that the used method
yields satisfactory results. Therefore, it is assumed that the UA values calculated for the twin pipelines,
0.0669, 0.0778 and 0.0916 W

K for 25, 32 and 40 mm are also realistic. Note that the heat losses of the
twin pipelines are about half of that of the steel pipelines. This corresponds well with the fact that
the average insulation thickness of the twin pipes is almost twice that of the steel pipelines, and that
beneficial effects are to be expected when combining two pipes into one jacket.

5.6. Heat pump
As laid out in chapter 4, a water/water heat pump will be used to provide enough exergy to the
system. This heat pump has been assumed to achieve a system efficiency equal to 40% of Carnot
efficiency. The coefficient of performance (COP) is calculated using either equation 5.35 or 5.36,
depending on the system operation (further elaborated on in the next section). The 40% system
efficiency includes the temperature differences over the heat exchangers at both sides of the heat
pump.

COP (t ) = 0.4∗COPC ar not = 0.4∗
Tsuppl y+Tr etur n

2
Tsuppl y+Tr etur n

2 − (Ttop − ∆Tevapor ator

2 )
(5.35)

COP (t ) = 0.4∗COPC ar not = 0.4∗
Tsuppl y+Ttop

2
Tsuppl y+Ttop

2 − (Ttop − ∆Tevapor ator

2 )
(5.36)
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The heat pump is only to be operated when the highest temperature level in the buffer is below
the current service level supply temperature. Therefore, the heat pump will mainly be used when
outdoor temperatures are low (leading to high service level temperatures), and especially toward
the end of the heating season (when buffer temperatures are low).

The most important aspect of the heat pump in the model is the electricity consumption, since
electricity costs for the heat pump will be a considerable part of the operational expenditures (OPEX).
This research aims to find ways to lower network temperatures, one of the main reasons for that, is
to lower electricity consumption of the heat pump.

Since a small buffer is used to smooth out demand spikes for the heat pump, the demand on the
heat pump is averaged out over a period of 12 hours. This only has effect on the required power (in
kW thermal) of the heat pump, and therefore the CAPEX. If this were not implemented, high spikes
in demand (expected during cold evenings when people turn up the heat and consume a lot of
DHW) would result in the need for a heat pump with a high power, pushing up required investment
costs.

5.7. Control
There are various ways in which the system can operate, depending on several conditions. The
logic of the control is to always minimize the current electricity consumption of the heat pump. If
possible, generation from the solar collectors will directly be used to satisfy demand.

In figure 5.8, a flowchart is shown which indicates the four possible operational modes. This
flowchart applies to both the 2-line network, as well as the 4-line network. Firstly, when the demand
from the network (including network heat losses) is below the generation of the solar collectors
(Pdemand < Psol ar ) the buffer will be charging. If not, it will be discharging. Discharging can be
done in two general ways: Directly, or with assistance of the heat pump. Direct discharging is always
preferable since it limits electricity consumption. However, direct discharging is not possible if the
temperature at the top of the buffer is lower than the service level supply temperature of the network
(Ttop < Tsuppl y ).

In case direct discharging is not possible, the heat pump is to be used to supply adequate exergy.
Obviously, the buffer would then be used as a source (evaporator side), and the sink outlet would
be the supply of the network. There are two possible inputs for the sink (condenser); Either the
return of the heating network; or the top of the buffer. Since, as stated above, the current electricity
consumption is to be minimized, the highest exergy source is to be utilized.

These four operational modes are discussed below for both the 2-line, as well as for the 4-line
configuration.

Figure 5.8: Flowchart of control

5.7.1. 2-line network
In the 2-line network, the solar collectors feed in over the heating network. Because the heating de-
mand and solar supply flow over the same network, the power extracted from the buffer equals the
demand in the network including losses minus the solar power. Therefore, the flow in the network
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is bidirectional. Below, the three possible discharge modes are discussed.
Direct charge/discharge
Figure 5.9 shows the operation of the system when discharging directly. Discharging applies

when the heating demand power (including network losses) is higher than the solar feed in (Pdemand >
Psol ar ). Discharging directly is possible when the temperature of the top of the buffer is at least as
high as the service level temperature. Note that the three way valve mixes return flow with the sup-
ply flow in order to reduce the network supply temperature to exactly the service level temperature
(e.g. when the top of the buffer is 70 ◦C and the service level temperature is 65 ◦C , some colder re-
turn flow will be mixed with the 70 ◦C in order to reach 65 ◦C ). This is done to minimize the network
temperature, reducing pipeline losses and maximizing solar yield. Obviously, Tsuppl y can never be
lower than the lowest of Tr etur n or Ttop .

In this scenario, Ttop and Tbot tom are known, and the supply temperature Tsuppl y depends
on the ambient temperature. The model of the consumer demand and network losses returns
ṁnet wor k and Tr etur n . The only relevant remaining unknown, ṁbu f f er , is calculated using equa-
tion 5.39. This equation results from the logical massflow and power relations given by equations
5.37 and 5.38.

When discharging from the buffer, it is possible that some consumers are net producers and
some are net consumers. In this case, the consumption of the net consumers is first met by the sur-
plus production of the net producers. When the consumers collectively are net producers, ṁbu f f er

turns negative, and the buffer gets charged.

ṁnet wor k (t ) = ṁmi x (t )+ṁbu f f er (t ) (5.37)

Tsuppl y (t )∗ṁnet wor k (t )∗Cp = Ttop (t )∗ṁbu f f er (t )∗Cp +Tr etur n(t )∗ṁmi x (t )∗Cp (5.38)

ṁbu f f er (t ) = ṁnet wor k (t )∗ Tr etur n(t )−Tsuppl y (t )

Tr etur n(t )−Ttop (t )
(5.39)

Figure 5.9: Direct discharge from buffer

Heat pump discharge
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When the system is in buffer discharge operation, but not enough exergy is available in the
buffer for direct discharge, the heat pump is to be used. Because the current electricity consumption
is to be minimized, the heat pump will source a condenser input with maximum exergy. This can be
either the top of the buffer, or the return of the network, depending on which has the highest tem-
perature. In figure 5.10, a schematic is shown where the condenser sources from the return of the
network (from here on referred to as ’closed operation’). Figure 5.11 shows a schematic where the
buffer top is used as condenser input (from here on referred to as ’open operation’). Open operation
results in higher mass flows through the buffer.

For these two operational modes, Tr etur n , Tsuppl y and ṁnet wor k are first calculated by the net-
work side of the model. Because the ∆ THP of the heat pump is fixed at 8 K , the outlet tempera-
ture of the evaporator is defined as Ttop −8. The only relevant parameters which the control part
of the model are to define, are ṁbu f f er and the electrical power consumption of the heat pump
PHPel ectr i c . Note that ṁbu f f er is the mass flow through the buffer excluding the solar loop in case
of the 4-line network.

Closed heat pump operation

When the heat pump is in "closed operation", as shown in figure 5.10, the mass flow through the
buffer (ṁbu f f er ) is calculated using equation 5.41. This equation follows from equation 5.40. The
electricity consumption of the heat pump is derived simply from the coefficient of performance,
and is given by equation 5.42.

COP (t ) = Pout (t )

Pout (t )−Pi n(t )
= (Tsuppl y (t )−Tr etur n(t ))∗ṁnet wor k (t )∗Cp

(Tsuppl y (t )−Tr etur n(t ))∗ṁnet wor k (t )∗Cp −ṁbu f f er (t )∗Cp ∗∆THP (t )
(5.40)

ṁbu f f er (t ) =
ṁnet wor k (t )∗ (Tsuppl y (t )−Tr etur n(t ))∗ COP (t )−1

COP (t )

∆THP (t )
(5.41)

PHP el ectr i c (t ) = ṁnet wor k (t )∗ (Tsuppl y (t )−Tr etur n(t ))∗Cp

COP (t )
(5.42)

Open heat pump operation

When the heat pump is in "open operation", which is shown in figure 5.11, the mass flow through
the buffer is given by equation 5.44, which follows from equation 5.43. Equation 5.45 is used to cal-
culate the electric power of the heat pump.

COP (t ) = Pout (t )

Pout (t )−Pi n(t )
= (Tsuppl y (t )−Ttop (t ))∗ṁnet wor k (t )∗Cp

(Tsuppl y (t )−Ttop (t ))∗ṁnet wor k (t )∗Cp −ṁbu f f er (t )∗Cp ∗∆THP (t )
(5.43)

ṁbu f f er (t ) =
ṁnet wor k (t )∗ (Tsuppl y (t )−Ttop (t ))∗ COP (t )−1

COP (t )

∆THP (t )
(5.44)

PHP el ectr i c (t ) = ṁnet wor k (t )∗ (Tsuppl y (t )−Ttop (t ))∗Cp

COP (t )
(5.45)
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Figure 5.10: 2-line with closed heat pump operation Figure 5.11: 2-line with open heat pump operation

5.7.2. 4-line network
The 4-line network is different from the 2-line network in the way that the solar collectors do not
feed in over the heating network. Instead, the solar collectors are connected to the buffer through a
separate network.

Direct discharge

When the temperature at the top of the buffer is higher than the required network supply tem-
perature, the heat pump is not needed. Instead, the hot water from the buffer can be directly fed
into the network. This direct discharge operation is schematically shown in figure 5.12. The opera-
tion is similar to the 2-line network direct discharge as shown in figure 5.9. Since less demand will
be directly satisfied by the solar collectors, the flow through the buffer will be higher than for the
2-line network.

The mass flow from the solar collectors, ṁsol ar l oop , and the outlet temperature of the collectors,
Tsol ar l oop are calculated by the solar model. The remaining unknown variable, ṁbu f f er is calculated
using equation 5.39, the same equation as used for the 2-line network.

Heat pump discharge

Similarly to the 2-line network, in the 4-line network a heat pump is also needed at times when
the temperature of the buffer is below the required supply temperature of the network. The schemat-
ics of the two possible modes of operation are shown in figures 5.13 and 5.14.

For these modes of operation, ṁbu f f er and PHP el ectr i c are calculated using the same equations
as for the 2-line network. The only difference is that the flows on the network side will be different
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Figure 5.12: Direct discharge from buffer

due to the separation of the solar loop. However, this is handled by the network side of the model.
For the control of the heat pump this doesn’t change much.
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Figure 5.13: 4-line with closed heat pump operation Figure 5.14: 4-line with open heat pump operation



6
Financial model

The aim of this research is to conclude which of the seven solar+storage district heating systems as
described in chapter 3 can achieve the lowest LCOH and carbon footprint and how they compare
to individual air to water heat pumps. Chapter 5 describes how the Matlab/Simulink models of
the systems are built. This chapter goes on to explore how the obtained operational data can be
translated into an LCOH.

LCOH calculation
The LCOH is given by equation 6.1, with X (t ) being the investment expenditures (initial CAPEX),

M(t ) the operation & maintenance expenditures, C the electricity consumption expenditures, and
E(t ) the consumed thermal energy at year t .

The generation and consumption are discounted for their time value using a weighed average
cost of capital (WACC).

The project is regarded as a low risk green energy system. The capital costs of these systems
are usually low. For this specific project, 20 % of the project finance is seen as risk-carrying with an
associated cost of capital of 5 %. The remaining 80 % is a green loan with an interest rate of 1 %. The
resulting WACC between these sources is 1.8 %. It is assumed that the financing period is equal to
the project life, which is 30 years.

The LCOH is calculated using all expenditures of the heating system, including expenditures
made inside dwellings such as delivery kits, DHW preparation devices, and electricity consumed by
DHW heaters. The LCOH is calculated excluding VAT and subsidies.

LCOH = sum of costs over lifetime

sum of thermal energy delivered over lifetime
=

∑n
t=1

X (t )+M(t )+C (t )
(1+W ACC )t∑n

t=1
E(t )

(1+W ACC )t

(6.1)

Investment expenditures
The investment expenditures, or CAPEX, consist of several components, all of which are shown

in table 6.1. Most of the component pricing is based on HoCoSto’s general knowledge and experi-
ence in the field. Every cost component concerns an ’all-in’ price, including installation costs and
an installer profit margin.

HoCoSto buffer
The all-in price for the HoCoSto buffer depends on the type of project. For smaller buffers, a

price close to 200 e
m3 is generally given, but for larger projects such as the one in Nagele, a price of

150 em3 is reached. It is expected that the costs of the buffer will come down in the future as HoCoSto
keeps innovating and improving their product.
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Table 6.1: Pricing of system components

Solar collectors
The Kloben Industries solar collectors are state of the art and are unmatched in efficiency at high

temperatures. They are imported from the supplier directly by HoCoSto and are installed by a third
party. Based on past experiences of HoCoSto at several projects where solar collectors are applied,
the price of 450 e

m2 seems a reasonable assumption. This includes installation and all necessary
components associated with installation.

Delivery kits
The price of the delivery kits of 1000 e

consumer might seem high, but this includes installation,
and more importantly, the delivery kit has to include two heat exchangers of which one (for DHW
production) has to be doubly separated as per regulation.

Central installations
The central installations represent the installations at the buffer. They include pumps, valves,

the control system, a small secondary buffer etc.

Heat pump
The NRGTEQ heat pump has been factored into the LCOH using a fixed cost per kW of 500 e

kW .
The power required is determined in the model for every configuration, and within every configu-
ration for every component scale option (combination of buffer m3 and solar m2. Since the heat
pump is coupled to a small secondary buffer, the required power is averaged out over a period of 12
hours. It is assumed that the lifetime of the heat pump is 15 years.

Heating network
Two heating networks are considered in this study. The 2-line network is a steel-pur-pe network,

and the 4-line network is a combination of a steel-pur-pe network and a flexible polyethylene twin
network.

The 4-line network therefore consists of the costs of the 2-line network, and additionally the
flexible twin network, which is assumed to be 75 em . The reason the surplus costs of the 4-line
network is relatively low, is that there is overlap in the work required to install the two systems, such
as the groundwork required. Also, the additional two lines are prefab flexible pipes, reducing the
installation costs.

Boilers
The boilers are estimated to cost 350 e

consumer for the small boilers (intended for kitchen use

only), and 500 em for the larger boilers, which are also to assist in DHW preparation for sanitary
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purposes.
O&M and replacements
General operation and maintenance has been assumed to be a fixed percentage of 1.2 % of the

investment expenditures annually. The percentage does not include energy costs and end-of-life
replacements of major components.

All of the major components are expected to last the 30-year project lifetime except for the heat
pump, which has an assumed life of 15 years. Hence, after 15 years, the NRGTEQ heat pump will be
replaced, this has been factored in as a separate cost.

Electricity consumption expenditures
Four components in the system consume electricity: The heat pump, the electric auxiliary heater,

the circulation pumps, and (when applied) the electric hot water boilers. All but the electric hot
water boilers consume their electricity at the central location. The electricity costs for these com-
ponents is displayed in table 6.2. It is clear that higher electricity consumption translates into lower
marginal costs. This is due to the network charges and taxes on electricity which drop as more en-
ergy is consumed. At the lowest bracket, 0.125 e

kW h is charged, dropping to 0.0883 e
kW h in the next,

and finally to 0.034 e
kW h in the last bracket. Note that the costs in table 6.2 include not only the net-

work charges and taxes, but also the costs of the electricity itself. It has been assumed these costs
are 5 cents per kWh.

For the electric hot water boilers, it is assumed that the electricity price is 0.185 e
kW h . This is

because the consumers will be in the first bracket, while paying slightly more for their wholesale
electricity since they are smaller consumers.

Due to the assumption that announced reductions in taxes on electricity will offset wholesale
price increases, the net electricity prices are expected to remain flat during the course of the project.

Table 6.2: Electricity prices in the first three consumption brackets
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Comparison with individual heat pumps

To compare how the system financially holds up to alternatives, it is compared to a scenario where
the houses are heated by individual air to water heat pumps.

For the individual heat pump scenario, there are no system components which can be scaled.
There is only one outcome, thus the COP is fixed (it is not dependent on, for instance the size of the
heat pump).

As a reference, a single family dwelling is considered with the average of the gas consumption
of the first 23 consumers (excluding consumer no. 24, the school). That average translates into an
annual energy consumption of 19740 kW h

year per dwelling when assuming a gas boiler efficiency of 90
%.

Because the basis of the system is that no home renovations are necessary, the same assumption
holds for the individual heat pump model, this essentially means that the heat pump should be
able to operate the heating system at a 70 ◦C inlet temperature. The heat pump chosen for the
reference scenario is the LG split high temperature heat pump. Specifically, the combination of the
HU161H.U32 and HN1610H.NK2 units. This combination can provide heating water up to 80 ◦C
due to the cascade system. The cascade system consists of two heat pumps, the first using R410A as
a refrigerant, and the second using R134a. The maximum power of 15 kW is sufficient for the type
of consumer considered. The supply temperature of the system is shown in figure 7.1.

The DHW demand is modelled (similarly to the DHW demand in the main model) by construct-
ing a demand profile consisting of kitchen and bathroom demand for a typical household. The
space heating demand is simulated by constructing a thermal model of a dwelling. The same sub-
model is used as for the consumer demand in the main model. These demands are translated into
electric power demands by dividing this demand by the COP of the heat pump.

The actual COP of the heat pump is assumed to be a fixed fraction of the Carnot COP. In order
to make a realistic estimate of such an efficiency fraction, the COP data of the specific heat pump
model in table 7.1 considered. The fraction of the Carnot COP is shown in the right column, this
efficiency is calculated using equation 7.1. The data in table 7.1 is for supply temperatures of 65 ◦C .
The average supply temperature (illustrated in figure 7.1) will be lower than 65 ◦C . Since the cascade
heat pump probably achieves lower fractions of the Carnot COP at lower supply temperatures, the
actual COP of the heat pump is assumed to be 40 % of the Carnot COP.

ηheat pump = COP

COPcar not
(7.1)

This fraction is derived from supplier data shown in table 7.1. Since the cascade heat pump
probably achieves lower fractions of the Carnot COP at lower supply temperatures, the COP is as-
sumed to be 40 % of Carnot COP.
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Figure 7.1: Supply temperature curve of individual air to water heat pump

Table 7.1: COP of LG heat pump at 65 ◦C supply temperature [2]

For the DHW supply, it is assumed that a large (150 L) boiler vessel is heated by the heat pump
to 60 ◦C . Heating the boiler vessel to 60 ◦C mitigates the need for legionella prevention programs.
Since the boiler vessel is heated by the heat pump indirectly by means of a heat exchanger, the
supply temperature of the heat pump during DHW heating is assumed to be 65 ◦C . The standing
heat losses of the boiler are fixed at 45 W .

Additionally, a small 50 L buffer vessel is introduced in the heating system in order to guarantee
enough heat capacity in the system to facilitate heat pump defrosting. This is required since the
consumers are assumed to use classic radiators for heating, which do not contain the large amount
of water needed to properly defrost. In dwellings where heating is done by radiant floors, buffer
vessels are often not required.

Economic components
All-in (ex. VAT) electricity costs are fixed at 0.185 e

kW h , consisting of 6 cent energy wholesale
costs and 12.5 cents in taxes and transportation. Since cheap government-sponsored green home
improvement loans are available at 1.35 % interest, the WACC is set equal to that rate. In LCOH
calculation, the project life is set equal to the expected heat pump life, which is assumed to be 20
years. During these years, an annual maintenance cost equal to 1% of initial CAPEX is added.

Initial CAPEX consists of several components: The price of the heat pump is 12300 e[3], addi-
tionally, the buffer and boiler vessels are priced at 200 and 450e, respectively. Installation costs are
estimated to be 3500e.
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Results

The objective of this research is to find ways to lower the LCOH of a solar+storage district heating
system. Seven possible system configurations have been simulated, and are compared based on
LCOH in this chapter. Because reducing carbon emissions is the main objective of such systems,
they are not only compared based on their lowest LCOH, but also on the LCOH tied to the con-
straint that the minimum SCOP (seasonal coefficient of performance) is 5. As such, the conclusion
includes not only which system yields the absolute lowest energy costs, but also which system is
the most economical when ecological constraints are implemented. Finally, a quick comparison is
given between the solar+storage DHS and a scenario in which every consumer’s heating needs are
met by a heat pump.

The SCOP is a measure of the total seasonal system efficiency. It is defined as the thermal en-
ergy delivered to the end consumers, divided by the total amount of electricity consumed in the
system. Electricity gets consumed by the heat pump, the circulation pumps, the auxiliary heater,
and (if applied) the DHW boilers. Because the majority of energy delivered to the consumers will be
generated by the solar collectors, the SCOP will typically be above 1.

8.1. Sizing of configurations
Sizing of the solar and storage components greatly impacts system operation and the resulting
LCOH. Generally, increasing buffer volume and/or solar area increases CAPEX, but lowers the elec-
tricity consumed by the heat pump and electric auxiliary heater.

Thus, an economic optimum is achieved for certain buffer and solar sizing. For every configura-
tion, 5-year simulations have been run for numerous buffer volume/solar area combinations. The
resulting LCOH and SCOP values are shown graphically in the sections below. At every configura-
tion, two points are highlighted: That of the lowest absolute LCOH, and that of the lowest LCOH for
a SCOP of at least 5.

Configuration 0-A
Configuration 0-A is the base scenario: A 2-line network with a fixed supply temperature of 73

◦C . The LCOH and SCOP of this configuration are shown in figure 8.1. It is clearly observed that
an economic optimum exists, in this case for a buffer volume of 1275 m3 buffer and 1100 m2 solar
collectors. The LCOH at this point is 0.1124 e

kW h . The lowest LCOH for an SCOP of 5 is 0.1132 e
kW h .

One important observation, is that scaling the system marginally larger than the absolute economic
optimum only very slightly increases LCOH, but can increase SCOP significantly. Moving from the
economic optimum with an SCOP of 4.5 to the point where the SCOP is 5 leads to a decrease in
electricity consumption of 10% for an increase in LCOH of 0.7 %. Note that the maximum solar area
considered is 1100 m2 due to rooftop constraints.
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Figure 8.1: LCOH and SCOP for configuration 0-A at various buffer volumes and solar areas

Configuration 1-A
Configuration 1-A is a 2-line network which aims to improve system performance by imple-

menting a variable supply temperature. The minimum supply temperature is restricted to 62 ◦C due
to constraints in the DHW system. This lower supply temperature results in slightly lower pipeline
losses, lower heat pump electricity consumption and higher solar collector efficiency. Since no ad-
ditional costs are associated in the implementation of such a system, the LCOH is decreased com-
pared to the base scenario, which is clearly seen in figure 8.2. At the absolute economic optimum
(1000 m2 solar and 1275 m3 buffer), the LCOH is 0.1093 e

kW h , a 2.8 % cost reduction compared to

0.1124 e
kW h of the base scenario. Figure 8.2 also displays the SCOP, which is seen to have increased

for every system size. The lowest LCOH for a system with a minimum SCOP of 5 (at 1000 m2 solar
and 1475 m3 buffer) is 0.1098 e

kW h , a 3% cost reduction from the base case.

Figure 8.2: LCOH and SCOP for configuration 1-A at various buffer volumes and solar areas

Configuration 1-B
Configuration 1-B is a 2-line network with a variable supply temperature similar to configura-

tion 1-A. However, 1-B takes it further by implementing a small DHW heater for kitchen tap water,
which allows the minimum supply temperature of the network to drop from 62 to 52 ◦C . This re-
sults in lower pipeline losses, lower heat pump electricity consumption and higher solar collector
efficiency. The resulting SCOP’s shown in figure 8.3 are considerably higher than those of configu-
rations 0-A and 1-A. However, contrary to configuration 1-A, this configuration also has elements
which increase the LCOH alongside the lower supply temperature which decreases LCOH com-
pared the base case. The electric boilers result in higher CAPEX (and thus O&M), standing heat
losses, and electricity consumption at decentralised locations. This is relevant because electric-
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ity at decentralised locations is more expensive than at the centralised location. Even though the
electricity consumption of this configuration is lower than configuration 1-A, it does not achieve a
lower LCOH. The lowest optimum at 1000 m2 solar and 1300 m3 buffer is 0.1102 e

kW h , a 2% reduc-
tion compared to the base-case, but a 0.8% increase compared to configuration 1-A. The LCOH for
an SCOP of at least 5 is 0.1103 e

kW h , achieved at 1000 m2 solar and 1350 m3 buffer. While being 2.6%
lower than the base case, configuration 1-A reaches a 0.5% lower LCOH. This configuration fails to
outperform configuration 1-A both in absolute lowest LCOH as well as in lowest LCOH at an SCOP
of at least 5.

Figure 8.3: LCOH and SCOP for configuration 1-B at various buffer volumes and solar areas

Configuration 1-C

Configuration 1-C is a 2-line network with a variable supply temperature where electric DHW
heaters are used for both kitchen as well as sanitary use. This allows the minimum network supply
temperature to drop to 42 ◦C . LCOH and SCOP values are shown in figure 8.4. The lowest LCOH is
0.1118 e

kW h at an SCOP of 4.9, while for a minimum SCOP of 5, the LCOH rises to 0.1119 e
kW h .

While being more economical than base-case configuration 0-A by (0.5 % for the absolute op-
timum and 1.1 % when the constraint of an SCOP of 5 has to be met)) , 1-C is unable to achieve
lower LCOH’s than 1-A and 1-B, regardless of its lower electricity consumption. The reduction in
electricity consumption is not sufficient to offset the increase in costs. These cost increases result
from both a higher required CAPEX for the electric DHW boilers, as well as from higher average elec-
tricity prices. The average electricity price is pushed up since more electricity is consumed through
the consumer, where rates on electricity are higher.

Figure 8.4: LCOH and SCOP for configuration 1-C at various buffer volumes and solar areas
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Configuration 2-A

Configuration 2-B is a 4-line network where the solar collectors supply heat to the buffer through
a separate network. It aims to increase solar collector efficiency by allowing them to operate at
lower mean temperatures. The supply temperature of the heating network is variable, but limited
to a minimum of 62 ◦C due to DHW production constraints. Figure 8.5 shows the LCOH and SCOP
for various buffer volumes and solar areas. The lowest LCOH of 0.1073 e

kW h is 4.5 % lower than
the base scenario, while achieving a relatively high SCOP of 4.4. When the constraint of having to
achieve a SCOP of 5 is to be met, the LCOH increases to 0.1081 e

kW h , which is also 4.5 % lower than
its respective base scenario.

Figure 8.5: LCOH and SCOP for configuration 2-A at various buffer volumes and solar areas

Configuration 2-B

Configuration 2-B consists of a 4-line network with a variable supply temperature. Its network
supply temperature is decreased from 62 to 52 ◦C compared to 2-A by using electric boilers to supply
additional heat to kitchen tap water. In figure 8.6, the LCOH and SCOP’s are displayed. The lowest
LCOH is 0.109 e

kW h at an SCOP of 4.5, which is 3 % lower than the base scenario. The LCOH when
the constraint of having a SCOP of 5 is to be met is 0.1091, 3.6 % lower than the base scenario.
While configuration 2-B is more cost effective than the base scenario, it fails to outperform other
configurations. It appears the same holds as for 1-B, which is that the efficiency gains from lower
network losses fail to recuperate the increased CAPEX, boiler heat losses, O&M costs and higher
electricity rates.

Figure 8.6: LCOH and SCOP for configuration 2-B at various buffer volumes and solar areas
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Configuration 2-C
Configuration 2-C is a 4-line network with variable temperatures and electric boilers supplying

additional heat to all DHW (including sanitary DHW), which allows the variable supply temperature
to drop to a minimum of 42 ◦C . The lowest LCOH for this configuration is 0.111 e

kW h at an SCOP of
4.4, which is a reduction in cost of 1.2 % over the base scenario. When the constraint of having to
achieve an SCOP of 5 is to be met, the LCOH is 0.1113, which is 1.7 % lower than the base scenario.
Similarly to configuration 1-C, 2-C fails to achieve lower LCOH’s than the A configurations. Again,
a reduction in electricity consumption is seen, but this is offset mainly by higher average electric-
ity prices since more electricity is consumed through the consumer connections which pay higher
rates.

Figure 8.7: LCOH and SCOP for configuration 2-C at various buffer volumes and solar areas
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8.2. Comparing configurations

Figure 8.8 shows all system costs. It shows the LCOH for every configuration for both the absolute
economic optimum as well as for the situation where a SCOP of 5 has to be met.

The economically most attractive system is configuration 2-A with 1100 m3 of buffer and 900 m2

of solar collectors. The cost benefit however, is just 0.5 cents per kWh, or 4.5% compared to the base
scenario 0-A with 1275 m3 of buffer and 1100 m2 of solar collectors. What can be seen in the sizing
of the systems, is that sizing the buffer volume and solar area slightly larger does not increase LCOH
considerably, but does increase SCOP profoundly. This is also seen in figure 8.8, where the systems
with a minimum SCOP of 5 are seen to be only very slightly more expensive than systems without
this constraint. For comparison, systems 0-A, 1-A, 1-B, 1-C, 2-A, 2-B and 2-C operate at SCOP’s of
4.5, 4.4, 4.8, 4.9, 4.4, 4.5 and 4.4, respectively, when no constraint is implemented.

Figure 8.8: Lowest LCOH and lowest LCOH for a minimum SCOP of 5 for every system configuration

Power and COP of heat pump

Important factors in the operation of the system are the power and the COP of the heat pump.
figures 8.9, 8.10, 8.11 and 8.12 show the COP and electric power of the heat pump for simulated
year 2009. It is seen that the heat pump is mainly active in late winter and spring. This was to be
expected since these are the periods where the buffer temperatures are low. Correspondingly, it
is at these times when buffer temperatures are low that the COP is also lower. Note that the COP
is capped at 10, since it is not realistic that higher COP’s can be achieved. The impact of this on
the results is nonetheless extremely limited since the heat pump is barely operational when higher
COP’s could be achieved, as can be seen in the figures.
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(a) Electric power of heat pump (b) COP of heat pump

Figure 8.9: Electric power and COP of heat pump in 2009. Configuration 0-A, scaled for economic optimum. 1100 m2 of
solar collectors, 1275 m3 of buffer.

A difference between the slightly larger scaled systems and smaller scaled systems, is that the
peak electric power of the heat pump is lower for the larger scaled systems. This is because the
larger scaled systems do not see their buffer temperatures drop as far as the more critically scaled
ones. However, the difference is not large enough to have a meaningful impact on SCOP.

Configuration 2A, as seen in figures 8.11 and 8.12, sees lower peaks in heat pump power than
configuration 0A (seen in figures 8.9 and 8.10). However, from figures 8.13 and 8.15 it can be de-
ducted that the ultimate contribution to LCOH is only a 0.02 cents per kW h reduction in LCOH due
to lower heat pump CAPEX.

Overall, it is interesting to see that the HoCoSto system can provide all heating needs till well
into December without needing the heat pump.

(a) Electric power of heat pump (b) COP of heat pump

Figure 8.10: Electric power and COP of heat pump in 2009. Configuration 0-A, scaled to have a SCOP of at least 5. 1100
m2 of solar collectors, 1500 m3 of buffer.
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(a) Electric power of heat pump (b) COP of heat pump

Figure 8.11: Electric power and COP of heat pump in 2009. Configuration 2-A, scaled for economic optimum. 900 m2 of
solar collectors, 1100 m3 of buffer.

(a) Electric power of heat pump (b) COP of heat pump

Figure 8.12: Electric power and COP of heat pump in 2009. Configuration 2-A, scaled to have a SCOP of at least 5. 900 m2

of solar collectors, 1325 m3 of buffer.

Cost breakdown of base scenario 0-A

The cost breakdown for configuration 0-A is given in figure 8.13, sized to reach a minimum
LCOH on the left, and sized to reach an SCOP of 5 on the right. The differences in costs between
the two sizes of systems are small. The required reduction in electricity consumption is achieved
by slightly increasing the buffer size (increasing LCOH from buffer capex by 0.19 cents and O&M by
0.06 cents). The increase in buffer size reduces the heat pump and auxiliary heater consumption,
reducing the LCOH by 0.06 and 0.1 cents, respectively. The key take-away here is that slightly over-
sizing the system only very minimally impacts the overall LCOH, since the increased CAPEX is partly
paid back in reduced consumption. Thus, allowing for a slightly higher LCOH can strongly increase
SCOP.
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Figure 8.13: Cost breakdown for configuration 0-A in [ecents
kW h ]. Sizing for lowest LCOH on the left, scaling for SCOP of 5 on

the right

In figure 8.14, the buffer temperatures are shown for both sizes of configuration 0-A for a simu-
lation period of four years. In the model, the buffer is divided into 10 nodes, but only the top and
bottom node are depicted in the figure for clarity’s sake.

A clear difference is observed between figures 8.14 a and 8.14 b, which is that the peak temper-
ature is lower for the system sized for a SCOP of 5. The reason being that the buffer, and thus the
heat capacity, is larger for this configuration. Another result of this larger heat capacity, is that the
buffer cools down slower. This results in less need for the auxiliary heater in winter, since during
those periods the bottom node stays above frost temperature.

(a) Sized for lowest LCOH (b) Sized for SCOP of 5

Figure 8.14: Buffer temperatures for configuration 0-A

Cost breakdown of configuration 2-A
Configuration 2-A achieves the lowest LCOH for both the absolute cost optimum, as well as for

the scenario where a SCOP of at least 5 has to be met. Therefore, for this scenario a cost breakdown
is given, and compared to that of the base scenario, 0-A.

Figure 8.15 shows a cost breakdown for configuration 2-A. Again, sized to reach a minimum
LCOH on the left, and sized to reach a SCOP of 5 on the right. Between the two sizes of systems, the
same is observed as for configuration 0-A. slightly oversizing the buffer reduces the electricity con-
sumption from the auxiliary heater, but increases buffer capex and O&M. The reason for the lower
auxiliary heater electricity consumption is seen in figure 8.16, which is that the buffer temperatures
are not as low when the buffer is scaled slightly larger.
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Figure 8.15: Cost breakdown for configuration 2-A in [ecents
kW h ]. sizing for lowest LCOH on the left, scaling for SCOP of 5 on

the right

(a) Sized for lowest LCOH (b) Sized for SCOP of 5

Figure 8.16: Buffer temperatures for configurations 0-A and 2-A, sized to have a SCOP of at least 5

Comparing configuration 2-A to base scenario 0-A
For configuration 2-A, several aspects drive the cost reduction compared to configuration 0-

A. The reduced average network temperature due to the variable supply temperature reduces heat
losses in the network, while also reducing the need for heat pump operation. Meanwhile, the sep-
arate solar loop allows for lower operational temperatures of the solar collectors, significantly in-
creasing their efficiency. These efficiency gains allow for a smaller buffer and fewer solar collectors.
When comparing the costs of 2-A (figure 8.15), to those of configuration 0-A (figure 8.13), this shows
its value.

The reduction in LCOH for the lowest LCOH scenario mainly comes from reduced solar CAPEX
(0.57 cents/kWh) and reduced buffer CAPEX (0.14 cents/kWh). As a result of lower buffer and solar
CAPEX, O&M costs also drop by 0.11 cents/kWh. Even though the CAPEX drops significantly, the
electricity consumption remains almost stagnant.

Comparison to air to water heat pumps
Finally, the HoCoSto system is also compared to a scenario where every house is outfitted with

an individual high temperature air to water heat pump. For this scenario, the model shows the
average LCOH to be 0.1273 e

kW h , consisting of 0.87 cents in O&M, 6.87 cents in electricity costs, and
4.99 cents resulting from CAPEX. The SCOP over the 5 simulated years is 2.75, which roughly aligns
with claims by manufacturers.
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When comparing this scenario with the solar+storage DHS, the advantages of the solar+storage
system become apparent. The comparison is made with configuration 2-A, since this is both the
cheapest, as well as the most efficient system. Where 2-A achieves an SCOP of 4.4 for a cost of
0.1073 e

kW h , the individual heat pump scenario is 18.6 % more expensive, and consumes 63.6 %
more electricity.

Note that in this scenario an air to water heat pump would be installed at every consumer. Be-
cause these heat pumps have low COP’s for low ambient temperatures (below 2), the peak load on
the electricity grid would be high. This would most definitely result in the need for the grid operator
to increase the local capacity of the electricity grid. These cost are not included.

An alternative option would be to rigorously renovate the houses to make them suited for low
temperature heating, and implement a low temperature heating solution. However, this would not
only require large investments, but it would also require the occupants to move for the duration of
the renovation. Therefore, it is not seen as a comparable alternative to the HoCoSto system.

Comparison to natural gas
In order to be able to compare the overall costs of the HoCoSto system to heating with natural

gas, a quick estimate is made for the LCOH of heating with natural gas.
This estimate is based on a price per m3 of 0.67 e

m3 for natural gas, a boiler efficiency of 90 %,

35.17 M J
m3 gas, annual maintenance costs of e100, initial capex of e1500, and a 20 year boiler life. It

is assumed that the annual energy consumption per consumer is 18000 kW h. Again, the WACC is
set at 1.8 %.

The resulting LCOH of 0.082 e
kW h is quite a lot lower than the lowest achieved LCOH of 0.1073

e
m3 by the HoCoSto system. However, the external costs in the form of damage to the environment
are not incorporated into the natural gas heating LCOH.
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Conclusion & Recommendations

The study shows that alterations to the network side can lead to lower overall costs of a district
heating network with decentralised solar collectors and seasonal thermal energy storage.

Out of all simulated possible improvements to the base scenario, it turned out that two measures
are effective; Firstly, the switch from a fixed to a variable supply temperature; Secondly, decoupling
the solar collectors from the heating network by implementing a 4-line network.

The improved network configuration achieves a cost reduction of 4.5 % compared to the base
scenario. In the cost breakdown, it is seen that the cutback in costs is found mainly in reduced
solar collector and buffer CAPEX. This is made possible largely by a significant increase in solar
collector efficiency (resulting from lower operating temperatures). An important observation is that
the largest efficiency increase is seen during winter (when energy in the system carries the highest
value). When the solar collectors have to feed in to the 2-line network, they are forced to operate at
elevated temperatures, reducing their efficiency greatly. By connecting the solar collectors through
a separate network, this issue is mitigated.

Another important observation is that additional network losses of the 4-line network compared
to the 2-line network have little effect on the system. The reason being that the temperature (and
thus thermal loss) of the solar loop is low when the value of heat is high (during winter). The majority
of heat loss occurs when there is an abundance of solar energy.

Regardless of the choice between a 2-line or 4-line network, the switch from a fixed to a variable
supply temperature is tempting since performance gains can be made with no material investment.
The reduction of average network temperatures slightly reduces heat pump utilization and pipeline
losses. This adjustment mainly becomes interesting for the 2-line network though, when solar col-
lector efficiency gains can also be made.

When comparing the configurations which are scaled to achieve the absolute lowest cost with
the configurations which are scaled to achieve a SCOP of at least 5, it becomes very clear that slightly
oversizing solar collector area and buffer volume greatly reduces the electricity consumption of a
system, without significantly adding to the costs. This is because a large part of the additional solar
and storage CAPEX is earned back in lower operational costs. For the variable-temperature 4-line
network, a 30 % lower electricity consumption can be achieved when a 1 % higher energy cost is
accepted compared to the cheapest sizing.

It should also be noted that some network alterations proved to be ineffective in reducing the
LCOH. These alterations sought to further reduce the average network temperatures by circumvent-
ing the minimum temperature constraints of DHW production. The cost benefits from a reduction
in pipeline thermal losses, lower heat pump utilisation and an increase in solar collector efficiency
could not recuperate the increase in costs resulting from the required measures. This increase in
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costs consists of higher CAPEX, an increase in thermal losses, and a shift in electricity consumption
from the centralised location to decentralised locations (where the electricity price is higher).

Finally, the comparison is made between the HoCoSto decentralised solar + seasonal energy
storage concept (with the improved distribution network), and a scenario where every house is out-
fitted with an individual high temperature air to water heat pump. In the simulations, the HoCoSto
concept is able to achieve a 15.7 % lower LCOH, while reaching a SCOP of 4.4 compared to just
2.75 for the individual heat pump scenario. This underlines how promising the HoCoSto concept is,
especially when realising that many more engineering and economy of scale gains are to be made.

Recommendations
For the development of future community solar plus storage district heating systems, the imple-

mentation of the two measures is recommended. Firstly, the supply temperature should be made
variable and dependent on the ambient temperature. Secondly, the solar collectors should be con-
nected to the STES by a dedicated network instead of feeding in to the heating network. This only
holds, however, if there is no existing heating network in place. Additionally, it is recommended that
the buffer volume and solar collector area are slightly oversized in order to reach higher SCOP’s,
which reduces the electricity consumption. Large gains can be made with slight oversizing, which
barely impacts LCOH. The realisation that the solar collectors should be connected through a sep-
arate network also leads to the thought that it is probably more cost effective to centralise the solar
collectors, since this would mitigate the need for a solar network entirely and would simplify instal-
lation. Obviously, this is is only possible when room for a clustered solar collector field is available
(this might also be a large rooftop).
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