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Abstract

This study aims to assess the role and need of (seasonal) thermal energy storage in the next generation re-
newable, and sustainable central heating systems for the built environment in the Netherlands. Specifically,
the neighbourhood "Karwijhof" in the city Nagele which is transitioning to a collective renewable district
heating network incorporating 24 users. The emphasis of this study lies on the technology for storing ther-
mal energy and two different heat collection technologies. The storage of heat is done using an underground
seasonal thermal energy storage (USTES), in this case an underground sensible heat storage tank using water
as storage medium. The system relies on a small scale district heating network (DHN) for the distribution of
heat.

For this research two heat collection technologies are considered resulting in two systems to be compared,
both incorporating the USTES as main system component. The first system relies on heat collection by solar
thermal collectors, the second on an air-water heat pump. Both systems are modelled in the Matlab-Simulink
software environment and back tested on historic (publicly available) weather data provided by the Royal
Dutch meteorological institute (KNMI).

Different system sizes are tested on their key performance indicators through an iterative process. System
sizes depend on the capacity of the main components which include: volume of the USTES, surface area
of the solar thermal collectors, and air-water heat pump capacity. Key performance indicators include the
levelised cost of heat (LCOH) and the seasonal coefficient of performance of the system which gives an indi-
cation on the autonomy of the system. To increase the autonomy of the systems a photo-voltaic (PV) array
is considered for both systems to offset the electricity use. However, the systems are allowed to exchange
electricity with the grid translating into the goal of "zero on the meter" autonomy.

The model results show a mismatch between heat demand and generation. Demand peaks during win-
ter from December-March while generation peaks during the summer months May-August. The USTES is
needed to overcome this mismatch and ensure access to heat throughout the year.

The results show that both systems can ensure heat throughout the year for the users considered during this
study. However, systems cannot compete with traditional natural gas heating systems based on the LCOH.
This is partly due to the high cost of the district heating network. The systems including a PV array show
a LCOH that can compete with the traditional natural gas HR-boiler but are constraint by the rooftop area
available during this study leading to a non competitive LCOH. Though, even with enough rooftop area for
a PV array the systems cannot pay them self back relative to the base scenario due to the financing costs.
During the study no subsidies were taken into account. Subsidies will be needed to make the renewable
energy systems presented in this study financially more attractive in the short term. When considering the
environmental benefits it can be argued that the systems are already competitive to the traditional natural
gas heating systems.

Further studies should focus on efficiency gains in the district heating network and the control mechanism
of the air-water heat pump. It is expected that the LCOH of systems as proposed in this study will decline in
the future as a result of cost reductions and/or efficiency increases of the system components. Also, a lower
LCOH is deemed achievable for neighbourhoods with simpler district heating networks (i.e. less meters of
DHN piping per user).
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BoS
BTES
CAPEX
CBS
CopP
DHI
DNI
DHN
ETC
EPDM
FPC
GHG
GHI
GWP
HP
1AM
KNMI

LCOH
OPEX
PIR
PUR
PV
R600a
SCOP
STES
TEWI
USTES
WACC

Balance of System

Borehole Thermal Energy Storage
Capital Expenditures

(Dutch) Central Bureau of Statistics
Coefficient of Performance

Diffuse Horizontal Irradiation
Direct Normal Irradiation

District Heating Network

Evacuated Tube Collector

List of Abbreviations

Ethyleen-Propyleen-Dieen-Monomeer

Flat Plate Collector

Green House Gas

Global Horizontal Irradiation

Global Warming Potential

Heat Pump

Incidence Angle Modifier

Royal Dutch Meteorological Institute
Key Performance Indicator
Levelised Cost of Heat

Operational Expenditures
Polyisocyanurate

Polyurethane

Photo-voltaic

Iso-butane

Seasonal Coefficient of Performance
Seasonal Thermal Energy Storage

Total Equivalent Warming Impact

Underground Seasonal Thermal Energy Storage

Weighted Average Cost of Capital
Extruded Polystyrene
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Nomenclature

A Surface area [m?]

as Altitude [-]

Ag Azimuth [-]

cp Heat capacity [Jkg ' K™!]

d Thickness [m]

E Energy [J]

Er Long wave irradiance [Wm™2]
F'Ta)en Zero loss efficiency [-]

FF Fill factor [-]

G Irradiation [Wm™2]

Gy Direct (beam) radiation [Wm 2]
Ga Diffuse radiation [Wm™2]

h Enthalpy [Jkg™']

I Electric current [A]

Kop Incident angle modifier for the direct (beam) radiation [—]
Koa Incident angle modifier for the the diffuse radiation [—]
l Length [m]

L Leak rate [kga—1]

7] Mass flow [kgs ']

m Mass [kg]

n Number of operating hours [-]
n Diode quality factor [-]

N Number [-]

p Pressure [bar]

p Power [W]

q Elementary charge [C]

Q Heat []J]

0 Heat flow [kW]

r Radius [m]

r Interest rate [%]

R Heat transfer resistance [m?KW™!]
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t Time [hour]
T Temperature [K]
U Overall heat transfer coefficient [Wm 2K ™!]
|4 Volume [m?]
1% Voltage [V]
144 Work [W]
w Wind speed [ms™!]
X Width bottom of USTES
X Width top of USTES

Length bottom of USTES
Y Length top of USTES
z Height [m]
Greek Symbols
A Difference [-]

Efficiency [-]
0 Angle of module [°]
K Temperature coefficient [-/° C]
A thermal conductivity [Wm™'K™!]
As Sun’s ecliptic longitude [°]
bo Location latitude [°]
TQ Zero loss efficiency [-]
Y Angle of incidence [°]
€ Axial tilt [°]
o Stefan Boltzmann constant in [Wm 2K ~*]
0 Density [kgm 3]
Subscripts
amb Ambient
b Beam
BoS Balance of system
C Source
comp Compressor
cond Condenser
d Diffuse
eff Effective

env Environment
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end
evap
hp
hx

in

is

max
mpp
NOCT
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out
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SC
STC

End of life

Evaporator

Heat pump

Heat exchanger

Sink

Inside
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Introduction

In recent years climate change has gained more awareness among the public and has become an everyday
important topic in regional and world politics. Due to the Paris climate agreement of 2016 the pressure to
transition to a sustainable and renewable energy future has been increasing.

Since the Paris agreement countries have been moving towards even more ambitious goals on reducing their
greenhouse gas emissions and increase energy efficiencies. In Europe this resulted in the proposition of the
"European Green Deal’ setting ambitious goals for various energy consuming sectors including the energy
efficiency of the built environment. On this topic the European Commission stated:

"The Commission will rigorously enforce the legislation related to the energy performance of buildings [10]."

The Netherlands as part of the European Union will take part in the efforts to increase energy efficiency of
buildings. However, the Dutch government has more incentives to start the transition from fossil fuels to
renewable energy. Historically buildings in the Netherlands are heated by fossil resources extracted from
the Dutch subsurface. This started in the late 19th century with the burning of coal mined in the Limburg
province. With the discovery of the largest natural gas field of Europe - the Groningen gas field - in 1959,
the heating of buildings transitioned from burning of coal to central heating systems relying on natural gas.
However, lately resistance to the gas drilling is growing due to earthquakes as a result of the extraction of
natural gas. Politicians are forced to close down the Groningen gas field making the Netherlands dependent
on foreign natural gas for its buildings heating demand.

These factors result in the fact that the Netherlands is accelerating its efforts to transition the heating demand
of buildings towards renewable energy. The government offers incentives and is funding innovative projects
to investigate what solutions are available. The transition is not only enforced by providing subsidies but also
in new legislation. For instance, as of the first of July 2018 newly built houses are prohibited to rely on gas
for heating purposes. However, the main challenge lies in the transition of the roughly 6-7 million existing
buildings with low energy efficiency that are still relying on natural gas for space heating.

For existing buildings the transition is more difficult compared to new built homes since systems that are
already in place need to be altered to sustain the same level of comfort at a cost competitive price. Another
challenge in the transition is the "dunkelflaute" period, a period in which little energy can be generated with
renewable resources due to lack of wind and/or sunlight. The company HoCoSto proposes a method to over-
come such periods by introducing a seasonal sensible heat storage tank installed underground. This storage
is able to store heat during periods where energy can be generated for instance during summer and use this
heat later to serve the heating demand through a small scale district heating network.

This research aims to investigate whether a neighbourhood can rely on a small scale district heating network
with local seasonal heat storage and to compare two different thermal energy harnessing methods to charge
the storage tank and find the most cost effective solution. The first system relies on solar collectors for its heat
generation. The second uses an air-water heat pump to move energy/heat from ambient air to the storage
tank.



The research starts with a literature study in chapter 3. Next the heating demand of Dutch households will
be discussed in chapter 4. The system components will be discussed in chapter 5. Based on these system
components a system design is presented in chapter 6. Cost estimates of the components are given in chapter
7.

The model is validated for its reliability in chapter 8. Then results of the model are presented in chapter 9
which are discussed in chapter 10. Finally conclusions of the study are presented in chapter 11.



Scope

2.1. Thesis Description

In cooperation with the Dutch government a feasibility project is started to evaluate the opportunity for heat-
ing of existing buildings with renewable energy. This project carries the name 'Energiek Nagele’. The houses
were built in the 1950’s and currently rely on natural gas for their space heating. Due to climate agreements
and the pledge to reduce carbon dioxide emissions, the Dutch government seeks to transition the built envi-
ronment of the Netherlands from fossil fuel energy to renewable energy during the coming decade.

The main goal of renewable central heating systems is the reduction of greenhouse gas (GHG) emissions.
The advancements in renewable energy technologies and cost reductions enable the start of the transition
to renewable and sustainable central heating for the built environment in the Netherlands. Though, due to
the intermittent nature of renewable energy sources, an energy storage solution is needed to ensure energy
availability at all times.

The work presented in this thesis aims to compare two approaches to facilitate seasonal (renewable) ther-
mal energy storage systems. This study proposes two system configurations using thermal energy harnessing
technologies in combination with the central component which is the underground seasonal thermal en-
ergy storage (USTES). The first system is relies on solar thermal collectors for thermal energy collection. The
second system will use an air-water heat pump to collect heat. Both systems have an USTES to overcome
"Dunkelflaute”, a period where due to lack of wind or sunshine no renewable energy can be generated. The
solar collectors experience this effect during cold periods with little sunshine, the heat pump is effected dur-
ing times with low ambient temperatures.

Thermal energy storage in combination with solar thermal collectors

This system, presented in figure 2.1, starts by collecting heat in solar thermal collectors during summer. The
collector arrays are installed on the rooftop of buildings and connected with the USTES by a district heating
network (DHN). With an insulated district heating network heat, generated by the collectors, will be col-
lected into the USTES. Here the energy will be stored as sensible heat in water for later use during winter. A
water-water heat pump will be installed using the USTES as its source medium to increase the exergy of the
USTES.



2.2. Research Goals 6

|||IIII

Sun Solar Collector USTES Water - Water
Heat Pump

Figure 2.1: System one, with a solar collector array as main heat source. A USTES is used as heat storage and a water-water heat pump is
installed in order to increase the exergy of the USTES.

Thermal Energy Storage using a Central Heat Pump

The alternative system presented in figure 2.2 relies on a central air-water heat pump extracting heat from
ambient air and delivering this heat to a heat sink, in this case the USTES. The heat pump will only operate
during periods where its coefficient of performance is above a certain threshold. This means the heat pump
is turned off during periods of low ambient temperature. During these periods the USTES will cover the
heating demand of the households. In this system also a water-water heat pump will be installed to increase
the exergy of the USTES. Photo-voltaic (PV) panels will deliver electricity for the heat pump when possible.
However it will not be a fully autonomous system since exchange of electrons with the grid will be allowed
resulting in a "zero on the meter" system.

)
=5 (1> W -

Air Air - Water USTES Water - Water Demand
Heat Pump Heat Pump

T

-

Sun PV - Panels

Figure 2.2: System two, with an air-water heat pump as main heat source. An USTES is used as heat storage and a water-water heat pump
is installed in order to increase the exergy of the USTES.

2.2. Research Goals

The work in this thesis is based on a real life test case in the Dutch neighbourhood Karwijhof in the city
Nagele. The main question is:

"Can a small scale district heating network operate year round based on renewable energy combined with a
local seasonal heat storage?"

The secondary goal of this research is to determine the preferred method for harnessing energy to provide
heat to the households during winter.

The research is done to evaluate the best possible solution for the particular set of households at Karwijhof
Nagele. All systems are modelled in Simulink in combination with Matlab. The models are used to achieve
the following goals:
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Develop a model representing the neighbourhoods energy consumption related to the local climate,
i.e. the local temperature, throughout the year (degree days).

Develop a model to present the location of the sun in the sky. This is linked to a model of a solar collector
array resulting in an energy output throughout the year based on open source weather data. The same
will be done for the electricity generation using PV panels.

Develop a model of an USTES with in- and output of energy flows while considering heat losses and
conduction.

Develop a model of an air-water heat pump optimised for the application of moving heat into the
USTES at high temperatures.

Combine all model components to create a simulation of the two proposed systems so that both can
be compared.

Determine what energy harnessing technology is preferred for the application of delivering heat to the
USTES considering the key performance indicators proposed in this study.

and give answer to the following research questions:

What efforts have been undertaken on the subject of seasonal heat storage?
What modelling environment can be used to simulate a district heating network system?

Can a small scale district heating network which relies on seasonal energy storage fully replace a natural
gas fired heating infrastructure?

Does the system perform better by harnessing heat through use of solar collectors or by using a heat
pump in combination with PV-panels?

What is the optimal size of the systems components based on cost per unit of energy?

Is the system cost competitive with alternative heating options like the standard heating system based
on natural gas or a large scale district heating network? Which of the systems is the most cost competi-
tive? This will be based on the levelised cost of heat of the systems (LCOH).

What is the payback time of the systems.

What is the future outlook of the proposed USTES systems in terms of technology improvement and
market opportunities.
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2.3. Methodology

This study investigates an alternative to conventional fossil fuel powered central heating systems for the
Dutch built environment. It is a quantitative research partly based on public data and partly based on data
provided by the participating stakeholders.

The study incorporates a Simulink/Matlab model description of the systems introduced. The simulations of
these systems generate results on both thermodynamic and financial aspects, which will be used to discuss
the validity of the proposed central heating systems. The historic data used are from the years 2015-2020.
Hence, the systems are back tested for a five year time period.

Figure 2.3 gives an outline of the structure of the study. It can be broken down into three parts: the first
part covers the problem statement, state of the art, system components, and the key performance indicators.
The second part describes models of the components and the combined system model. The third and final
part evaluates the work in this study and concludes whether the systems proposed will be able to deliver
renewable energy in a cost competitive and sustainable way.

@ Reasearch

Question

Literature
Study

{ { ! ! ! ¥

Key Solar A
. DHN STES Heating
Perfqrmance Economics Sytems Systems Thermal Heat Pump Y]
Indicators Collectors
| | | | | | J
Modelling
Costol ‘ PV Model ’ of
Components
Components
System
Model

|
@ Y v
Performance/ { Validation ’

Results

Evaluation

b

Conclusion

Figure 2.3: Presented is an overview of the study’s structure, broken down into three parts. The first part consists of the problem state-
ment, literature study and introduction to the system components. Part two covers the heating demand and the Matlab-Simulink model.
The third part describes the models performance and evaluates the systems based on the key performance indicators.
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2.4. Limitations of the Study

This thesis brings no generally applicable solution on the subjects covered and therefore has limitations in its
outcomes.

 This thesis is specifically focused on the case study 'Karwijhof Nagele’ and therefore other similar or
different systems in other neighbourhoods may vary in outcome.

* The storage tank model is a simplified model. This model has to be validated with real life measure-
ments of similar USTES implementations to perform an accurate error analysis.

¢ The financial comparison today may be off in the future due to the rapid development and cost reduc-
tion in renewable energy systems. Heat pumps, PV panels and solar collectors are increasingly more
researched and implemented which may lead, and according to current trends this is likely, to signifi-
cant future cost reductions.

¢ The Karwijhof Nagele is a protected monumental neighbourhood which limits the design of the system
in some areas. For instance, it is hard to apply insulation to the buildings to lower the heating demand.
Also, the solar collectors and PV-array need to be installed at a predetermined angle since they are not
allowed to be seen from street level. This leads to sub-optimal conditions for some components in the
systems which, in other scenarios, may be further optimised.
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State of the Art

The goal of this research is to investigate fossil fuel free space heating systems relying on a seasonal thermal
energy storage (STES). The research is built around a case study 'Energiek Nagele’ of the neighbourhood
Karwijhof in the city Nagele in the Netherlands. This is a Dutch residential area which aims to be no longer
relying on natural gas for space heating.

The underground seasonal thermal energy storage (USTES) system considered during this study is developed
by the Dutch company HoCoSto. The storage medium in the heat buffer is fresh water and energy is stored in
the form of sensible heat. Two heat generation methods are considered. The first is heat collection through
evacuated tube collectors (ETC). The other method uses a central air-water heat pump for the collection of
heat.

The state of the art will start with an introduction to Dutch central heating systems and provide a state of the
art on the subject of seasonal (sensible) heat storage and heat collection. Relevant components of the systems
are discussed and cost indications are presented. Finally a modelling approach will be defined.

The state of the art evaluates what actions have been undertaken on the subject of renewable energy central
heating systems with an emphasis on the seasonal nature of the heating demand.

3.1. Current Heating Systems

To understand the transition to renewable energy for existing buildings in the Netherlands it is important to
understand the current central heating systems.

Currently Dutch residential houses and large buildings rely on a central heating system powered by natural
gas which is transported by pipeline into each building. Inside the building a natural gas boiler is installed
providing the house with hot tap water and hot water for its central heating. These natural gas boilers are so
called high efficiency boilers which can theoretically reach efficiencies just over 100%. In reality the seasonal
efficiency is lower, around 90%.

There are cases where households do not rely on natural gas for their central heating. For instance, in the
city Utrecht a district heating network (DHN) is installed. This network of pipelines delivers hot water from
central heat factories for instance, an incineration plant, through the DHN towards households using a 'de-
livery set’ which includes a heat exchanger in order to separate the mass flows of the DHN and the heating
system of the household. The DHN of Utrecht is operating on a large scale with around 55.000 households
depending on the DHN. The total number of households connected to a DHN in the Netherlands was 316.200
in 2017 [31]. This DHN principle is also well established in Germany and Denmark. Since this study covers
only a small neighbourhood the DHN considered will be smaller though the basic principle will remain the
same.

11
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Sustainable Heating Systems in the Netherlands

Currently there are some efforts towards sustainable heating systems in the Netherlands. For instance, waste
heat from incineration plants is used in the district heating network of Utrecht, heating homes in the city
centre. Another example is geothermal heat. The 'Delft Aardwarmte Project’ at the Technical University Delft
is planning on using the concept where heat is extracted from the subsurface and used to heat university
buildings. The same concept has been applied to heat greenhouses in the Dutch Westland area which before
relied on vast amounts of natural gas.

3.2. The Need for Storage

There are various technologies able to supply sustainable and renewable heat. However, these technologies
are: either not constant due to the intermittent nature of the source otherwise known as 'Dunkelflaute’, or
the technology is not able to quickly increase capacity in case of a certain peak in demand. For instance,
geothermal energy is able to deliver a constant supply of heat but is unable to account for sudden spikes in
demand.

To overcome the problem of intermittency or the lack of flexibility in energy supply an energy storage solution
is needed. An energy storage acts as a buffer in periods of dunkelflaute where renewable sources cannot
deliver sufficient heat to meet demand. The storage can also be used to ensure delivery of heat during peak
demands in systems that do not have sufficient flexibility.

There are several options to store heat. For instance, heat storage in the form of sensible heat where heat
is stored by heating a material and heat is released by cooling that same material down e.g. Water. Another
method is heat storage in the form of latent heat where phase changes of a material are used to store energy
e.g. wax. The final option is chemical energy storage where heat or energy is stored in molecules that can
release the energy or heat by burning or other chemical reactions e.g. hydrogen. In this research the focus
lies on heat storage in the form of sensible heat.

3.2.1. Seasonal Thermal Energy Storage Systems

Research on (solar) heat energy storage systems has a long history. A wide variety of systems are described due
to the many different applications of heat. Studies in the past focus both on short term- and seasonal sensible
heat storage. Many underground storage methods are considered. For instance, aquifer heat storage, duct
heat storage, gravel/sand put storage, borehole thermal energy storage and hot water tanks. Also different
storage media are considered - although water is most common.

Not only the storage duration and different system components have been considered, also different loads
have been assessed. For instance, USTES systems have been modelled for single family homes by Sweet and
McLeskey [37], large urban residential buildings by Terziotti et al. [38], and Rezaie et al. [26] described a
system for small housing areas. Chung et al. [7] and Schmidt et al. [29] predicted both thermal performances
and economic aspects of USTES systems.

At present there are several sensible thermal energy storage projects in operation. For instance, in the Nether-
lands borehole thermal energy is increasingly used to heat greenhouses. In Denmark several gravel pit ther-
mal energy storage projects have been conducted to heat households. In Germany several concrete hot water
tanks have been installed to store sensible heat. The interest in systems able to store heat is increasing and it
is expected that in the coming decade the frequency of deployment of such systems will increase.

Novo et al. [25] and Xu et al. [40] reviewed and compared operating seasonal and diurnal hot water storage
tanks for their thermal performance and cost. Some relevant projects comparable in storage tank size to the
aim of this study are presented in table 3.1. These systems all rely on solar thermal energy for heat collection.
However, the systems use auxiliary heat to cover the mismatch between generation and demand. This is
described by the solar fraction, the total fraction of demand that can be supplied with solar thermal energy
generated by the system.

As seen in table 3.1 these existing systems operate with solar fractions all below 50%. These heating systems
still use auxiliary heating and are designed only to replace a part of the conventional domestic heat genera-
tion. Moreover, many systems are designed for diurnal storage instead of seasonal storage.
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Table 3.1: Heat storage systems in operation as described by [25, 40]. Different district heating network projects in northwest Europe
relying on solar collectors in combination with a heat storage.

Project Heated living Demand by district ~ Solar collector ~ Storage volume (m3)  Solar fraction (%) Reference

area (m?) heating (GJ/a) area (m?)
Hamburg, DE 14,800 5796 3000 4500 49 Schmid et al. 2004 [30]
Hannover, DE 7365 2496 1350 2750 39 Schmid et al. 2004 [30]
Munich, DE 24,800 8280 2900 5700 47 from Dalenbick, 2012 as by [40]
Eggenstein, DE (Pit) 12,000 1600 4500 37 (Schmidt and Mangold, 2006) [28]
Rise, DK 115 buildings 3575 5000 from Dalenbick, 2012 as by [40]
Herlev, DK 4520 1025 3000 35 (Heller, 2000) [13]
Ingelstad, SE 50 houses 1320 5000 from Dalenbick, 2012 as by [40]
Lambohov, SE 50 houses 2700 10,000 from Dalenbick, 2012 as by [40]

Another interesting renewable central heating project was conducted in Canada. This project is the Drake
Landing Solar Community and is for a large part similar to the proposed system of this study. It is located in
Okotoks, Canada at a latitude of 50.7°. It is an example of a seasonal thermal energy storage heating network
with consistent solar fraction over 90%. The community consists of 52 houses installed with flat plate solar
collectors. However, this system as described by Sibitt et al. [33], uses borehole thermal energy storage (BTES)
for its seasonal energy storage instead of a USTES system. The Drake Landing project is similar in latitude,
scale and solar fraction to the Energiek Nagele - Karwijhof project which is located at a latitude of 52.6°.

3.2.2. Solar Thermal Collectors

The basic principle of solar collector technology is the "collecting" of solar radiation and transporting the
energy as heat in water for later use. This is achieved by using materials that heat up when exposed to sunlight
by absorbing solar irradiation. This generated heat is then used to heat up aliquid that flows through the solar
collector. The collected heat is used directly or stored in a water tank for later use. There are multiple solar
collector technologies that use this principle for the collection of energy from the sun. The most commonly
used for residential purpose are further elaborated in the following sections.

Flat Plate Collector

The Flat Plate Collector (FPC) (figure 3.1) is the most basic solar collector on the market. It is designed to
absorb as much heat as possible at the lowest possible cost. The FPC is made of an insulated housing with a
glass plate cover. This glass plate has a high transmittance for sunlight but a very low transmittance for long
wave thermal radiation which is emitted by the heated absorbing layer in the solar collector. This creates a
greenhouse effect in the solar collectors housing, maximising the retained energy. The inside of the housing
consists of a highly light absorbing collector plate designed to absorb as much irradiation as possible while
losing as little heat as possible to its surroundings. This plate heats up and transfers the heat to the liquid that
runs through the collector and transports the heat.



3.2. The Need for Storage 14

— Glass Cover

Absorber plate — ) -

Insulation —"

Figure 3.1: Schematic view of the components of a flat plate solar collector. The collector consists of a glass cover covering the enclosure.
Inside the enclosure is the absorber plate heating up by the solar irradiation. Subsequently the fluid pipes containing the heat transfer
fluid are heated. Taken from Jazlan [15].

Flat plate collectors are designed for installation in warm and sunny climates. When operating in a cold cli-
mate with more wind, rain, and clouds the FPC’s performance will be significantly lower compared to warmer
climates [16], [27]

Evacuated Tube Collector

Evacuated Tube Collectors (ETC) (figure 3.2 are made of a glass vacuum sealed tube with a heat pipe inside.
Thanks to this vacuum, the collector is able to operate at higher temperatures since there are lower convective
and conductive losses. The advantage of the ETC is that its efficiency is higher at lower incident angles. This is
especially beneficial in winter months and at higher latitudes where the sun stays low on the horizon during
the colder winter months.

The process of capturing solar radiation and converting it to heat is different for the ETC to that of a FPC.
An ETC uses liquid-vapour phase change materials to transfer the heat. Inside the evacuated tube is a highly
thermal conductive copper heat pipe. Attached to this heat pipe is a black fin that acts as the absorber plate
conducting heat to the heat pipe. At the top of each heat pipe a metal tip is attached which acts as the con-
denser. Inside the heat pipe is a small amount of fluid that undergoes an evaporating-condensing cycle. Solar
radiation heats up the absorber fin which heats up the heat pipe and subsequently the fluid inside causing it
to evaporate. This vapour travels to the condenser tip where it condenses and gives off its latent heat to a fluid
flow (water or glycol), after which the condensate returns to the heat pipe to repeat the process [27].
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Figure 3.2: Schematic view of the components of an evacuated tube solar collector. Inside the evacuated tube is a copper heat pipe with
an absorber fin attached. As the absorber fin heats up the heat pipe heats up too. This causes a fluid inside the heat pipe to evaporate
after which it condenses in the condenser bulb transferring heat to the heat transfer fluid. Taken from Hydrosolar.ca [14].

An ETC is able to generate more power per unit area compared to the FPC and is therefore favoured during
this research project since limited rooftop area is available. Also the collectors will be installed at 50 degrees
latitude in a cold climate where the ETC will be the most efficient choice. From this point on only the ETC
will be considered.

Thermal Performance

The amount of thermal energy collected relative to the solar irradiance incident on the collector describes the
thermal performance of a solar collector array. The energy output can be tested in a laboratory or in real world
conditions, though the outcomes are dependent on the conditions of testing and may fluctuate between test
setups. Therefore the European Union provides a general testing method to describe solar collector perfor-
mance called the "European Standard EN 12975-2" which is further elaborated in section 5.3.

3.2.3. Underground Seasonal Thermal Energy Storage

Until recently most large scale seasonal hot water heat storage tanks were made of reinforced concrete tanks.
However, HoCoSto has in recent years installed multiple modular USTES systems. The HoCoSto USTES in
theory is very similar to the concrete storage tanks mentioned before. Yet there are some differences. For
instance the geometric shape of the HoCoSto USTES is an upside down obelisk as seen in figure 3.3 instead
of a cylindrical or square basin. Also, the HoCoSto USTES is placed entirely underground. The aluminium
framework enables utilisation of the overlying surface resulting in minimal land use.

USTES Capacity

According to Schmidt et al. 2003 [29] supply- and return temperatures of the heating network are very impor-
tant for the usable capacity of the USTES (exergy). When the USTES is designed to operate from 40°C - 90°C
and the supply temperature of the heating network is 70°C it means the USTES can only be discharged to
70°C without use of auxiliary heating. When the USTES temperature is below the supply temperature auxil-
iary heating is needed reducing the efficiency of the system. For this reason it is important to design a system
with low supply and return temperatures.
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The scaling of system components is important since this effectively reduces the cost of capital expenditures
and the cost of heat. This subsequently increases the likeliness of implementation. HoCoSto claims the
storage tank is the most expensive part of the system which is confirmed by Schmidt et al. [30]. Scaling the
system with the priority of minimising storage tank size could therefore result in significant cost reductions
of the total system.

Sweet and McLeskey [37] found that at a fixed solar collector surface area a "practical optimum" occurs where
from a certain storage size a further increase in volume did not have a positive effect on the reduction of
auxiliary heating. Sweet and McLeskey believe this is due to the fact that as storage mass increases, more
energy is required to raise the temperature. Thus although the larger bed has the potential to store more
energy, the final temperature of the bed is not as high. This results in a decrease of exergy content in the
storage medium.

Heat Losses

As mentioned before, the USTES has the geometric shape of an obelisk. The volume of the USTES is described
by equation 3.1 and figure 3.3

V=§(Xy+xy+2(xy+XY)) 3.1)

Figure 3.3: Geometric shape of the USTES in 3-D. x, X, y, Y, and z describe the length, width, and height of the USTES respectively
according to equation 3.1.

Heat losses occur on every surface area of the USTES. These surface areas are broken down into three parts.
The top, sides and bottom. Sorknees [35] defines three types of thermal losses (Qlo ss) for the heat storage tank
using the basic equation 3.2 presented in figure 3.4 .

. A
Qioss = a * Ax AT (3.2)
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Figure 3.4: Thermal losses in a pit seasonal thermal energy store in two dimensions. Heat losses occur at the top, sides and bottom of
the USTES.

Where A is the material thermal conductivity of the insulation material in [W/(mK)], d is the thickness of the
material in [m], A is the materials surface area in [m?], and AT is the temperature difference in between the
tank and the surrounding soil in [K].

Shelton [32] found that the heat loss to surrounding soil depends greatly on the type and humidity of the
soil and is therefore site specific. He also found that the time required for the average heat loss rate of the
underground storage tank to approach a steady state value is in the order of one year. Also he states that the
ground surrounding a storage tank contributes little to storage capacity of the system [32].

A borehole sample from DINOloket presenting the stratigraphy of the soil near Karwijhof is given in figure 3.5
[9]. From this profile can be seen that the subsurface consists of three soil types, clay, fine sand and peat. The
buffer is four meters tall and installed approximately 1-1.5 meters underground. This means the tank will be
at 5.5 meters below the surface in the sand layer, and the tank walls will have 3 different soil types each with
a different thermal conductivity. According to Dinoloket the groundwater level is at approximately 1 meter.
This means the water saturation of the soil is expected to be high and subsequently the thermal conductivity
will be high as well.
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Figure 3.5: Borehole profile of the first 7 meters of the subsurface near Karwijhof, Nagele [9]. The borehole shows a subset of clay, peat,
and fine sand for the interval the USTES will be placed.
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Modelling Approach

Sensible thermal energy storage in water has been widely researched in tanks of different sizes and shapes
like hot water boilers and cylindrical tanks. The shape of the USTES used in this study is different but the
principles remain the same. In literature the most common approach to model hot water storage tanks is the
use of nodes, both Cadafalch et al. [1] and Cruickshank and Baldwin [8] among others use this approach. The
tank is divided vertically into N nodes which all have their own mass and energy balance. Mass and energy
transport are described for each node and communication between nodes is updated every timestep of the
simulation. This process will be discussed in more detail in section 5.1.

3.2.4. Heat Pumps

Heat pumps are used to collect heat from a source and deliver this heat at a sink. The concept of large scale
central heat pump systems is already implemented in large projects in the Netherlands. For instance, canal
heat pumps are installed in Amsterdam-north to collect heat for central heating of buildings. In the munic-
ipality Utrecht the biggest heat pump of the Netherlands (25 MW) is planned for installation by Eneco to
recover heat from waste water in a water treatment plant to deliver heat to the district heating system of the
city Utrecht [11].

Working Principle of the Heat Pump

A heat pump transports heat against a temperature gradient. The working principle of a heat pump exploits
the physical property that the boiling point of a fluid increases with increasing pressure. At low pressure a
'working fluid’ can be evaporated at low temperatures while by increasing pressure the boiling point of that
working fluid increases. Therefore, the working fluid in heat pump applications is selected by the temperature
range of its thermodynamic cycle.

A heat pump consists of four main components: the evaporator, compressor, condenser and expansion valve.
Kiss and Infante Ferreira [17] describe a typical cycle in a mechanical vapour compression heat pump as the
following.

¢ At the evaporator (heat exchanger) heat is extracted from an external heat source e.g. ambient air. This
causes the working fluid to heat up, boil and evaporate.

¢ In the compressor the heated working fluid (now in gaseous phase) is compressed which causes it to
further heat up.

» At the condenser the gas condenses releasing the now useful heat to the hot side of the DHN in a heat
exchanger and cools down until it turns back into a liquid at moderate temperature.

¢ In the expansion valve the liquid flashes causing it to cool down and partially evaporate. Since the
refrigerant delivered heat in the condenser it is now cooler and able to start the cycle over again, starting
in the evaporator extracting energy from the external heat source.

In the evaporator a heat flow Q;,, is added to the system. In the compressor work is delivered by the compres-
sor which results in a power added to the system Wmmp. The heat delivered by condensation of the working
fluid in the condenser is described by Q,,, resulting in the energy balance of the system as given by equation
3.3.

Qout = Qin + Wcomp (3.3)

Selection of the Working Fluid

Heat pumps are increasing in popularity due to the fact that they have the potential to drastically reduce the
use of fossil fuels and therefore have a positive impact on climate change. However, the refrigerants used in
the heat pump need to be selected carefully for each application. This means its performance in the operating
temperature range needs to be considered.

The working fluid will be selected on multiple criteria. The first important factor is whether the working fluid
is chemically stable and inert. Also, health, safety and environment need to be taken seriously. The fluid
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should therefore be non-toxic, non-flammable, should have a minimal impact on the environment, and low
global warming potential (GWP).

Furthermore, a low vapour heat capacity, low viscosity, and high thermal conductivity are favourable. Other
important considerations are a low freezing point, easy leak detection and low cost.

Health, Safety and Environment

Since often refrigerants have a global warming potential (GWP) it is an important factor to take into account.
The global warming potential of the refrigerant is expressed as the total equivalent warming impact (TEWI).
Equation 3.4 gives the TEWI for a refrigerant used in a heat pump.

Qout COz emission
* IV, ing ¥ ————————— 3.4
COPhp operating (3.4)

TEWI=GWP L +L +
* My * (Ly * N+ Lena) KWh

where, m;.y is the refrigerant content, Ly is the leak rate, n is the number of operating years, L¢;q is the
end life leak percentage, and Noperaring represents the number of operating hours during the lifetime of the
system.

Not only the GWP is important to consider. Health and safety are two other factors that are increasingly more
important in current society. Some refrigerants can be toxic or flammable which in certain situations can be
of serious concern.

For the project Nagele the selected refrigerant is iso-butane (R-600a) due to its high performance at high
temperature applications. Also, the low GWP of 4 indicates it is of little impact on the environment which
is important in a project that seeks to lower the GWP of a neighbourhood. One thing to consider is the high
flammability of iso-butane which, when handled properly, should not be of any concern.

Ambient Air as a Heat Source

The most widely installed heat pump type is the air sourced vapour compression heat pump. It is inexpensive
and relatively easy to install. However, there are some downsides to ambient air as a heat source. During
periods of extreme cold the increase in temperature differential causes the coefficient of performance (COP)
to drop significantly. According to Kiss and Infante Ferreira [17] for a standard air sourced heat pump in mild
weather, the COP may be around 4.0, but when temperatures drop below zero the COP may be only 2.5. the
average seasonal COP (SCOP) is estimated at 2.5-2.8.

Hence, the COP is largely dependent on the temperature differential and therefore the ambient air temper-
ature. The graph seen in figure 3.6 shows the hourly temperature occurrence throughout the year and visu-
alises which temperatures are most common in the Netherlands.
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Figure 3.6: Hourly ambient air temperature frequency during the year 2018 at Marknesse weather station located near the city Nagele
(approximately 15 km in direct line).

3.3. Cost Outlook of System Components

The cost of system components is an important metric since it determines the competitiveness against tra-
ditional systems. The costs consist of two parts: the capital costs (CAPEX) and the operational costs (OPEX).
Sustainable autonomous systems tend to have a large CAPEX since no import of energy is needed over the
lifetime of the system which results in a low OPEX. A system that relies on energy import generally has a low
CAPEX but a very high OPEX since all energy needs to be imported during the systems lifetime.

New technologies generally show a decline in cost over the years. For instance PV technology has been exten-
sively researched and produced resulting in drastic declines in cost per Wp.

Seasonal heat storage is known to be be an expensive concept but has declined in price/m? storage volume
over the years. Schmidt et al. [29] compared several seasonal heat stores for their investment costs as visu-
alised in figure 3.7.
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Figure 3.7: Investment costs of different seasonal heat store techonlogies as function of total storage volume taken from Schmidt et al.
[29].

From figure 3.7 can be seen that with increasing storage volume the investment costs/m® decreases.

The company HoCoSto managed to reduce the cost of thermal storage significantly with the introduction of
their innovative modular aluminium spaceframe based storage. The cost for am? of storage capacity declined
to as low as 150 €/m? for storage tank sizes of 800 m® and larger. Costs are expected to decrease further in
the future with increasing frequency of deployment.

The costs per component are discussed in more detail in chapter 7.

3.4. Key Performance Indicators

The performance of a seasonal energy storage system can be assessed using key performance indicators (KPI).
The preferred system will be determined based on the following KPT’s:

¢ Levelised cost of heat (LCOH)
¢ System seasonal coefficient of performance (SCOP)

The KPI's are not equally important in determining the preferred system and size. Therefore the KPI’s are
weighed. Table 3.2 presents the weight given to the KPT’s.

Table 3.2: Weight given to the different key performance indicators (KPI). The weight represents the importance of the KPI in determining
the eventual preferred system and its size. The total weight makes up 1.

KPI  Weight

LCOH 0.8
SCOP 0.2
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Levelised Cost of Heat

In this study the LCoH is deemed the most important metric since this determines whether it is economically
feasible to install the proposed systems in future projects in the Netherlands.

The levelised cost of heat is defined as the cost per unit of energy that is delivered to the demand. The lower
this levelised cost the more financially competitive the system is compared to existing central heating sys-
tems.

Seasonal Coefficient of Performance

The SCOP is a measure of the level of autonomy and describes the system efficiency and its dependence on
other sources than those of the systems own. For instance, a system that relies on natural gas is not at all
autonomous since all energy needs to be imported through gas pipelines. Subsequently a system that relies
on the electricity grid can already achieve a higher level of autonomy. A system is only fully autonomous
when it does not require to exchange any energy with other systems than its own. In other words, all energy
consumed is locally produced and all energy produced is locally consumed.

The two key performance indicators mentioned above are not the only consideration when transitioning
towards sustainable central heating. The performance of the systems and the impact on the comfort of users
should also be taken into account.

System Performance

Sweet and McLeskey [37] define the internal system efficiency as the ratio of the heat provided to the users
and the total solar energy collected as given by equation 3.5. This is only valid for systems that have a solar
fraction of 100%

L Heat Provided to Users
Internal System Ef ficiency = Solar Energy Collected * 100% (3.5)
olar Energy Collecte

The solar fraction of a system describes what fraction of the total heat delivered at the user end is generated
by the solar collectors as given by equation 3.6.

Solar Energy Collected
Heat Provided to Users

Solar fraction = * 100% (3.6)

The efficiency of the solar collector array describes how efficiently the system captures all available solar
energy and is defined as Eq. 3.7 [37].

o Heat Provided to Users
Solar Ef ficiency = - *100% (3.7)
Total Energy Incident Upon Collectors

The system performance is also based on the seasonal coefficient of performance (SCOP). This represents the
ratio between the energy that is delivered to the households and the total electric energy consumed by the
system as described by equation 3.8

Eii
SCOP = > delivered (3.8)

Z electric consumed

Ease of Installation in Existing Homes

The ease and impact of installation is of great importance when transitioning existing buildings to a renew-
able heating system. Often houses need to be insulated and complex systems need to be installed in and
around the house to be able to provide the home with renewable heating while maintaining a certain com-
fort level. This can have a great impact on the building and its residents. Also the cost of such a process can
be significant. Ideally as little as possible renovations/alterations are needed in the household to save trouble
and reduce costs. However, the energy efficiency of the building needs to be sufficient resulting in the fact that
in reality some form of additional insulation is almost always beneficial. Another benefit with little installed
hardware in the household is that little servicing is needed reducing operating costs of the system.
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3.5. Modelling Environment

The components described earlier will be modelled to simulate their operation. These components will be
part of a larger system that back-simulates hourly operation over 5 years. The components are modelled in
the Matlab environment. The Matlab components will be imported to the Simulink environment in which
the total system model will be constructed.

The Matlab - Simulink environment was chosen based on the broad nature of the research. Other - more
specialised - software tools are also available for instance, TRNSYS. However, these software tools are often
in a 'black-box’ environment where the underlying physics are not always open to alteration. This limits the
understanding and freedom of the model in such a way that these modelling environments are not sufficient
to obtain the understanding and goals of this research study. The Matlab - Simulink environment is therefore
the preferred software for this research.



Heat Demand of Dutch Households

According to the Dutch Central Bureau of Statistics (CBS) [3] in 2018 the total yearly natural gas demand for
an average Dutch household was 1300 m3. Natural gas accounts for roughly 75% of the total energy demand
of the average household. Of this natural gas 80% was used for space heating while 20% was used for hot
water and cooking [2]. This comes down to a total energy demand of 1040 m?® of natural gas for space heat-
ing.

4.1. Demand Profile

The natural gas demand for the participating households in the case study 'Karwijhof, Nagele’ is known and
displayed in figure 4.1. The graph visualises the natural gas demand of the neighbourhood for one year. How-
ever, the natural gas demand profile is not consistent year over year. For instance, demand depends on the
demography of the neighbourhood which changes slowly over the years. More significantly does the energy
demand depend on the ambient temperatures in winter which may vary greatly over the years. This effect
will be discussed in section 4.2. The energy demand of the users considered during this study is without any
additional measures to improve the energy efficiency of the household. It is not yet known what additional
measures can be taken due to the monumental status of the buildings.

The monthly energy demand of households in the Netherlands also varies within one year due to seasonal
changes. In winter more energy is required for space heating. This results in a higher energy consumption
during the cold winter months compared to the warmer summer months. From figure 4.1 a demand profile
can be obtained. The figure shows that natural gas consumption peaks in the months November - March and
follows a sinusoidal profile. Table 4.1 provides the natural gas consumption of the individual users in the year
2018.

4.2, Climate Effect on Energy Demand

As stated before, climate has a large effect on energy demand for space heating. Therefore, the Dutch mete-
orological institute (KNMI) uses a definition called "degree days" to account for this climate effect on energy
demand. This method is also widely used in literature, for instance by Niessink [24] and Sorknaes [35] among
others.

Niessink [24] describes a degree day as a day in the year where the outside air temperature is below 18°C,
since only below this temperature a building is assumed to require space heating, otherwise known as the
heating limit. Every degree Celsius below this 18 degrees is counted as one degree day. To give an example:
for a given day the outside temperature averaged over 24 hours is 8 degrees, then this accounts for 18—-8 = 10
degree days [24].

The number of degree days gives an indication of the severity of the winter and therefore the need for space
heating and its related energy demand. The number of degree days varies greatly over the years. For instance,

25
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Daily Natural Gas Consumption for Heating Karwijhof 2018
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Figure 4.1: Gas consumption of the participating 24 users at 'Energiek Nagele’ coupled to the outdoor daily mean air temperature mea-
sured by the KNMI at Marknesse weather station along the year 2018. The consumption is per day with a total annual gas consumption

of 58448 m3.

Table 4.1: Overview of the natural gas consumption during the year 2018 for the users taking part in the 'Energiek Nagele’ project.

Adress m? natural gas

Ring 1 (former school) 11000
Ring98 1355
Ring 100 1355
Ring 102 1355
Ring 104 1355
Ring 106 1355
Ring 108 1355
Ring110 1355
Ring112 1355
Zuiderpoort2 1500
Zuiderpoort4 1500
Zuiderpoort 10-low 3500
Zuiderpoort 10-high 3500
Karwijhof33 1500
Karwijhof34 2000
Karwijhof35 2100
Ploegstraat7 4500
Ploegstraat9 1933
Ploegstraat 11 2925
Ploegstraat 13 2442
Ploegstraat 15 4200
Ploegstraat 17 1258
Ploegstraat19 1750
Ploegstraat21 2000

Total 58448
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the (unweighted) difference between 2013 (3078) and 2014 (2385) is 693 degree days where the KNMI climate
expectation was 2779 - 2769 degree days respectively. This is a deviation of +11% and -14% respectively from
the KNMI expected number of degree days for those years [4]. The effect of these deviations becomes even
more severe since 2014 had less degree days while 2013 had more. The change in degree days between these
adjacent years is 22.5%.

The degree days are weighted to account for the seasonal changes in solar insolation which contributes to
the space heating of a house. Degree-days from November-February are weighted with a factor of 1.1, degree-
days in March and October have a weight factor of 1 and April-September get a weight factor of 0.8 [24].

Figure 4.2 shows the number of degree days since the year 2000. Figure 4.3 visualises the distribution of
degree days throughout the year 2018.
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Figure 4.2: Cumulative annual weighted degree days from 2000-2018. Temperature measurements were performed by the KNMI at
Marknesse weather station [19].
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Figure 4.3: Daily degree days and mean temperature during 2018. The heating limit is taken at 18°C. Temperature measurements were
performed by the KNMI at Marknesse weather station [19].

Niessink [24] also describes some downsides by relating the heating demand directly to the outside temper-
ature or degree days. For instance, the number of degree days are directly related to the chosen heating limit
(in this case 18°C). A different heating limit may drastically influence the total number of degree days. Gen-
erally houses with different building types from different building periods do not have the same heating limit.
Increased insulation can lower the heating limit. Also the energy demand of a household in reality is inter-
mittent. The house is only heated during hours that the occupant is at home, which is generally around 08:00
in the morning and from 17:00-23:00 in the evening.

4.3. Modelling the Heating Demand

Since the model will have a simulation time step of one hour, degree hours will be used instead of degree
days but this is essentially the same. The natural gas consumption of the households is known for the year
2018. For this year the degree hour distribution can be obtained from historical temperature data provided by
the KNMI. These two data-sets are linked to get an accurate understanding of the natural gas consumption
of the households per degree hour. The KNMI has been continuously measuring the hourly ambient air
temperatures for decades. The gas consumption per degree hour are linked to the temperature data over the
previous years to simulate multiple years of energy demand with its natural variations.
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5.1. Underground Seasonal Thermal Energy Storage

The USTES, in essence, is an artificial underground tank in which a fluid can be stored. What sets the system
designed by HoCoSto apart from other designs is the structural framework and the fact that it is modular. The
basin draws it structural strength from an aluminium space-frame inside the water tank.

5.1.1. Structural Layout of the USTES

The USTES is installed 4-5 meters underground in an excavated pit. This pit is first lined with EPDM foil to
ensure it is watertight. On this EPDM foil insulation is added. The floor and walls of the USTES are insulated
using XPS foam blocks. On top of the XPS another layer of EPDM foil is added. This results in a watertight fit
around the insulation keeping the material from moisture ensuring its insulating properties over time.

Inside the now watertight and insulated pit the aluminium space-frame is placed as shown in figure 5.1.

TS

Figure 5.1: HoCoSto USTES being placed in a prepared insulated pit. The picture was taken at a project with a 250 m?3 USTES for a
newly built school in Boekel. The USTES is part of a central heating and cooling system that is relying on solar collectors instead of the
traditional natural gas.

The top of the pit is sealed with the same subset of materials as the floor only thicker for increased insulation.
Finally the USTES is covered with 1-1.5 m of soil.
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5.1.2. Storage Material

The material used in the storage vessel is water for environmental reasons and simplicity. Water is a non-
toxic harmless fluid which causes no concern when a leakage of the tank may occur. Furthermore, water
is low cost, easily available, extensively researched as a heat storage material, and has a high specific heat
capacity (4.1813 J/gK). This is translated to 1.16 kWh/m3K. Novo et al. [25] favour water as a storage medium
from a thermodynamic point of view due to its high specific heat and high capacity rates for charge and
discharge.

Other storage materials such as phase change materials like paraffin have been considered. Though due to
logistic, regulatory, and environmental reasons the preferred storage material remains water.

5.1.3. Temperature Stratification in the USTES

Research has shown that in liquid-based, sensible heat storage systems high degrees of stratification can be
achieved. This stratification is mostly described using simplified one dimensional models. Cruickshank and
Baldwin [8] present a way to define a model of a stratified thermal storage by dividing the tank into N con-
stant volume sections or “nodes”. Figure 5.2 visualises the node approach applied to the USTES. The nodes
are assumed to be fully mixed and at uniform temperature. The resolution of the temperature stratification
depends on the number of nodes used. The more nodes the higher the resolution will be, but also the longer
the computation time. Cruickshank found that 10 nodes result in an accurate resolution with acceptable
computation times, this is therefore the number of nodes used during this study. For each node an energy
balance is introduced accounting for the thermal losses to its surroundings and for instance, conduction
between the nodes. Each node will represent a physical thermocouple installed inside the USTES spaced
uniformly in the vertical direction at a distance Az = z/ Ny, p4es-

\ Node 1 /
\ Node 2 /

\ Node 3

\ Node N-1 /
\ Node N /

Figure 5.2: Visualisation of the node model approach applied to the USTES. The number of nodes can be increased to increase resolution.
However, this increases computation times.

5.1.4. Heat Losses

The heat losses of the USTES need to be taken into account to determine the efficiency of the USTES over
time. Table 5.1 provides values for the insulating properties of the materials used in the USTES. The overall
heat transfer coefficient (U) can be obtained from the thermal conductivity (1) and the thickness of the mate-
rial (d) used as seen in equation 5.1. The lower the value for the overall heat transfer coefficient the lower the
heat conduction is through that medium. R is the heat transfer resistance of the material in [m?K/W].

-2 (6.1
= .
The overall heat transfer of a subset of materials is calculated differently and is described by equation 5.2

U=

(5.2)
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Table 5.1: Insulation properties of the materials used in the USTES for the top, sides, and bottom. The top consists of a subset of materials
which are presented separately. The 'Top full subset’ presents the insulating properties of the subset of material in the top of the USTES.

Location Insulation type Thermal conductivity (A) [W/m K] Thickness (d) [m] Heat transfer coefficient (U) [W/m?K]
Bottom XPS 0.027 0.15 0.18
Sides PUR 0.028 0.25 0.112
Top PIR 0.023 0.24 0.095

Top Air 0.026 0.15 0.17

Top Air with high humidity 0.16 0.15 0.10

Top full subset 0.39 0.088

resulting in an overall heat transfer coefficient of 0.088 [W/ m?K] for the top of the USTES using high humidity
air.

5.1.5. Energy Balance

The energy balance incorporates the heat flows in and out of the USTES as well as some processes that occur
inside the USTES such as conduction resulting in the temperature stratification as discussed in section 5.1.3.
The energy balance consists of multiple contributions which will be described below.

Heat Losses

The extent of heat loss is dependent on the insulating properties of the USTES and the temperature difference
between the medium and its environment. Equation 5.3 describes this heat loss.

Q=UA(Tysres — Tamp) (5.3)

where Q is the heat loss in [W], U is the overall heat transfer coefficient in [W/m?K], A is the surface area
subject to heat loss, TysrtEs is the temperature inside the USTES in [K], and Ty, is the temperature of the
surrounding environment in [K].

Conduction

Heat conduction, also known as Fourier’s law, describes the rate of heat transfer through a material. This is
dependent on the negative gradient in temperature (A7), the materials thermal conductivity (1) and surface
area (A) as seen in equation 5.4.

)
Q=-ZAAT (5.4)

According to the node approach conduction between nodes is present in two directions, upwards to the node
above and downwards to the node below. To account for both equation 5.5 is implemented.

. A A
Q =——A(Thode above — Tnode) — — A(Thode below — Tnode) (5.5)
Az Az

Heat Transfer in/out

Heat transfer in and out of the USTES occurs through open flow represented by equation 5.7

Q = mincp(Tnode = Tin) (5.6)

Q= MinCpTnode — MoutCp Tin (6.7

where m;;, and #i,,,; are the mass flows in and out of the USTES in [kg/s] respectively, ¢, is the thermal capac-
ity of water, T},04. is the temperature of the node out of which water is extracted, and Tj, is the temperature
at which water is injected into the USTES
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Final Energy Balance

The final energy balance for a node combines the previous terms. This energy balance is valid for every node
except for the top and bottom node. These nodes do not have either a node below or above. Also, the heat loss
term is larger since a larger surface area subject to heat loss to the environment is present. Equation 5.8-5.10
presents the final energy balance of a node n.

) A . .
Q=UA(Tystes — Tamp) — EA(Tnode above — Thode) — EA(Tnode below — Tnode) + MinCp Thode — MoutCp Tin
(5.8)

with,

Min = Moy (5.9)

giving,

Q:UA(TUSTES_Tamb)_EA(Tnodeaboue_Tnode)_EA(Tnodebelow_ node)"'moutcp(Tnode_Tin) (5.10)

A time derivative of this equation will be introduced in section 6.4.2 which describes the temperature change
per unit of time of each node in the USTES.

5.1.6. Auxiliary Heating

The USTES can be cooled down to a minimum temperature of 5 degrees due to forming of ice at lower tem-
peratures. In cases of shortage of energy, when the temperature in the USTES reaches below 5 °C, an auxiliary
heat source adds heat to the USTES. This auxiliary heat source is an electric resistance that is assumed to
transfer electric energy to sensible energy at 100% efficiency.

When the auxiliary heating is needed this effects the autonomy of the system since the electricity is imported
from the electricity grid. The SCOP will also be affected since the electricity consumption can be significant
depending on the duration of the auxiliary heating. Finally the LCOH of the system will be affected since the
electricity used will add to the operating costs. However, cases could occur where it is more cost efficient to
occasionally rely on auxiliary heating instead of upsizing the entire system because the increase in operating
costs may not be as high as the increase in capital costs to ensure full autonomy:.
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5.2. District Heating Network

The households will be part of a district heating network (DHN). This DHN will be used to transport the hot
water from the heat storage to the houses for space heating and tap water. For this study a traditional two-line
network is considered with a supply and return line. The water in the supply line needs to be at a minimum
temperature in order to transport enough energy to meet the heating demand, to ensure a certain comfort
level, and to ensure the Legionella legislature is met. This translates in the need for a minimum supply or
service level temperature of the DHN.

The supply temperature is dependent on the energy demand of the households. In general a minimum sup-
ply temperature of 70 °C is pre-defined. However, the space heating demand is largely dependent on the
outdoor temperature as discussed in section 4.2. This implies that during Autumn and Spring a lower supply
temperature may be sufficient. A heating district will benefit from a variable supply temperature since this
will increase the overall efficiency of the district heating network and lower the total energy need. Therefore,
during this study a variable supply temperature will be considered. The supply temperature is related to the
ambient air temperature (figure 5.3). Usually the heating temperature is variable from the heating threshold
at 18°C. Though, due to Dutch Legionella bacteria legislature it is required for the households to be supplied
with water of at least 55°C for hot tap water production. Since there is a AT of about 5 K at the supply side
and some heat losses in piping and the DHN. This results in a relatively flat variable service level with a base
temperature of 63°C.

Variable Service Level Temperature
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Figure 5.3: Supply and return temperatures of the DHN relative to the ambient air temperature. Minimum supply temperature is deter-
mined at 63°C due to Dutch Legionella legislation. The return temperature is fixed at 40°C.

The households do not use all energy the DHN delivers to them. When the household is supplied with heat
the DHN return water is cooled down, resulting in a return flow. This flow is assumed constant in temperature.
This return flow temperature is constant since with increasing demand the DHN flow rate will increase such
that the return temperature remains constant at 40°C.

The DHN model will be simplified since the emphasis of this study is on the storage and generation of heat.
The two systems compared will contain the same DHN. However it is important to describe the DHN accu-
rately to obtain a realistic LCOH. The thermal losses in the pipe network and the electricity consumption of
pumps are important parameters since they have impact on the LCOH and the SCOP of the system.
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Figure 5.4: Layout of the 2-line district heating network (DHN). Participating buildings are indicated in blue, the USTES is indicated in
red, and the DHN is indicated by the black lines. Total length of the DHN is roughly 700 meters.

5.2.1. Thermal Losses

The thermal losses in the piping network are described in W/m. The total length of the DHN is around 700
meters. Since most of the year the DHN is operating at constant temperatures of 63 °C supply and 40 °C
return, the thermal losses are considered as a constant power loss of 10 W/m. With a total length of the DHN
at 700 meters this comes down to 7 kW.

The separate DHN that connects the solar collectors to the USTES is also subject to heat losses. Since this
DHN operates at a higher temperature, heat losses will be slightly higher. However, the length of this DHN
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is shorter (50-100 m). The heat loss per meter of the solar collector loop is assumed at 12 W/m with a total
length of 75 meters.

5.2.2. Pump Electricity Consumption

Electric pumps are used to circulate water through the DHN. The electricity used by these pumps affects the
seasonal coefficient of performance (total electricity used relative to the total energy delivered).

According to Miltenburg [22] the relative pump electricity demand of the system is generally considered to
be 0.5% of the total energy demand/heat delivery. In this case this is approximately 4600 kWh/year.
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5.3. Solar Thermal Collector

As mentioned earlier, solar collector output varies over the year. To accurately determine the amount of solar
collectors needed to supply the users demand, a method to model the collection of heat of solar collectors
throughout the year is presented in this section.

5.3.1. European Standard EN 12975-2

Since April 2001 an European standard for the performance of solar collectors is defined according to Fischer
et al. [12]. This standard identified by the code EN 12975-2 is accepted by all members of the European
Union. The standard describes three methods for estimating the performance of solar collectors. The most
reliable for real life performance is the quasi dynamic approach. Other methods are more suitable to indoor
laboratory testing. The quasi dynamic approach will be used to determine the solar collector thermal output
during this study.

The quasi dynamic approach is expressed by a combination of equations (4 in total). Starting with the zero
loss efficiency for beam radiation and diffuse radiation as seen in equation 5.11

01 = F (1 a)enKop0)Gp+ F (1) 0 Kog(0)Gy (5.11)
where F'(1a),, is the zero loss efficiency [-], Ky, [-] and Kpg [-] are the incident angle modifiers (IAM) for the
direct (beam) radiation (G) in [W/m™2] and the diffuse radiation (G,;) in [W/ 2] respectively.

During this study the wind component will be neglected due to lack of accurate data and since ETC are used
the effect on the final result will be less compared to other collector types.

Equation 5.12 describes the temperature dependent heat losses.

QZ =—c1(Tm = Tamp) — c2(Trn — Tamb)z (5.12)

where, Ty, is the mean fluid temperature in [K], T, is the ambient temperature in [K], c; is the heat loss
coefficient at (T, — Taymp) =0 in [Wm?K~!] and c;, is the temperature dependence of the heat loss coefficient
in [W(m™2K™!].

The long wave irradiance dependence of the heat loss is described by equation 5.13

Q3 =cs(EL—0aT,,,) (5.13)
where ¢, is the sky temperature dependence of the heat loss coefficient [W/m™2], E; is the long wave irradi-
ance in [Wm™2], ¢ is the Stefan Boltzmann constant in [Wm™2K™4].

Combining these equations results in the final equation describing the output of the solar collector, equation:
5.14.

Q =F'(1@)enKop(0) Gy + F' (1) enKpa(0)Ga — €1 (T = Tamp) = €2(Tyn = Tamp)* + ca(EL—0 Ty, ) (5.14)

where Q is the useful output power of the solar collector in Watt.

5.3.2. Incidence Angle Modifier

The German Institute for Solar Technologies [36] introduces the Incidence Angle Modifier (IAM) or angle
factor which describes how the efficiency of a collector changes if the sun is found at a certain angle in respect
to the collector.

Figure 5.5 visualises the concept of the increased efficiency at certain angles of incidence.

The absorber area of an ETC remains the same at an increasing angle of incidence up to the point where the
tubes overshadow each other. It is only from this shadowing point that the absorber area decreases. The solar
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Figure 5.5: Angle factor for evacuated tube collectors [36]. The evacuated tube collector (ETC) facing the sun at an inclination has a larger
effective surface area compared to the ETC facing the sun without inclination.

irradiation per square meter on a solar collector remains constant no matter the position of the collector.
However, the area receiving sunlight becomes smaller and therefore the total received irradiation is smaller.
Since the efficiency of the solar collector is determined by dividing the total captured solar energy by the total
incident solar energy, the ETC will show higher efficiencies at increasing angles of incidence up to the point
where the tubes start overshadowing [36].

Figure 5.6 shows the IAM factor at different angles of incidence of the irradiation.
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Figure 5.6: Beam IAM for an ETC at different angles of incidence for a flat plate solar collector (blue) and an evacuated tube solar collector
(red) [36]. Note the increase in IAM for the ETC due to the increase in effective surface area as shown in figure 5.5.

5.3.3. Positioning of the Solar Thermal Collectors

The solar thermal collectors are installed in arrays on the rooftops of the buildings. The rooftops consist of 2
flat surfaces on buildings near the USTES. In this study a separate DHN pipe is assumed to collect heat from
the solar collectors and to transport it to the USTES.

The solar collectors are installed at a fixed angle of 15° oriented 180° towards the south. 15° is not the ideal
inclination angle but since the buildings have a monumental status, the collectors cannot be visible from
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streetview resulting in a smaller inclination angle.

5.3.4. Solar Resource

To be able to determine the thermal performance of the solar collectors and PV panels accurate solar irra-
diation data are needed. The solar insolation is highly fluctuating in the Netherlands due to the seasonal
variation related to the position of the earth with respect to sun. This also causes the angle of incidence to
change throughout the year. To accurately incorporate all these variables into the solar collectors thermal
performance the daily solar irradiation needs to be modelled in a site specific model.

5.3.5. Shading

Shading created by the collectors is an important parameter to consider when installing solar collectors or PV
modules. The length of the shadow behind the collector determines the spacing between rows of modules.
Using equation 5.15 the length of the shadow behind a solar collector or PV module can be determined. The
angles are visualised in figure 5.7.

sin(@py) x 1
Ishadow = Z’arI:I(a_S) M (5.15)

where, Is,q40w 1S the length of the modules shadow in meters, [ is the vertical length of the module, ), is the
modules tilt angle in degrees and, ag is the sun elevation. To be sure no modules are in each others shading
the spacing between modules should be sufficient.

Figure 5.7: Inter row spacing between solar collectors or PV modules on a horizontal surface [6]
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5.3.6. Data Acquisition

The weather data used during this research are provided by the Dutch Meteorological Institute (KNMI) and
climate data was provided by the computer software METEONORM. Hourly data on the global horizontal
solar irradiation (GHI) and other weather parameters are available, also climate data on the irradiation com-
ponents direct normal irradiation (DNI) and the diffuse horizontal irradiation (DHI). This data-set is used as
input for the Matlab - SIMULINK model. The weather data contain hourly temperature data as well as daily
mean temperatures.

Solar irradiation data comes in three parts. It is broken down in the Direct normal irradiation component
which describes the irradiation directly coming from the sun normal to the module. Diffuse Horizontal Ir-
radiation describes the diffuse irradiation as a result of clouds or haziness of the sky with high turbidity in
other words, all forms oflight that are scattered by the atmosphere in some way. Finally the global horizontal
irradiation (GHI) is the sum of the the two prior components as shown in equation 5.16 and figure 5.8 [34].
Figure 5.9 presents the solar irradiance at Marknesse weather station near the city Nagele.

GHI = DNI x sinag + DHI. (5.16)

DHI DNI

Figure 5.8: Visualisation of the direct normal irradiance (DNI) and the diffuse horizontal irradiance (DHI). The sum of the DNI and DHI
make up the global horizontal irradiance (GHI).
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Figure 5.9: Daily solar insolation (GHI) measured at Marknesse weather station during the year 2018 [19]. The total annual irradiance for
2018 is 1079 Wm ™2

The typical ratio between the DNI and DHI at the location of the city Nagele is determined using METEONORM
and is presented in figure 5.10. The sum of the two components totals to the GHI. The graph shows the diffuse
part of the global radiation.
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Figure 5.10: Diffuse radiation as part of the global radiation. The global radiation minus the diffuse radiation gives the direct normal
radiation. The figure shows that during summer the diffuse component is about 50% of the GHI, during winter its share increases to
around 75%.
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5.3.7. Rooftop Area Availability

Since the solar collectors will be installed on the rooftops of the users there is a limit to the amount of solar
collector area installed. The total available rooftop area of the users is 2800 m?. Not all area can be used
effectively, meaning some area is lost due to shading. The effective usable surface area is assumed at 80% of
the roof top area giving 0.8*2800 m? = 2240 m?. The panels are installed in rows resulting in inter-row shading
as described in section 5.3.5. The spacing is not optimised for the shortest day in the year (23"¢ December)
where the sun is at its lowest point and therefore the shadow of the collector the longest. Instead, some shad-
ing during the winter months is allowed in order to be able to increase the amount of solar collectors and PV
panels. Depending on the system configuration this may be necessary. The inter-row spacing translates into
an effective surface area loss of 60%. The total available rooftop area becomes 0.6 * 2240m? = 1344m?.



5.4. Photo-Voltaic Array

To increase the autonomy of the heating systems introduced, PV panels are installed to account for the elec-
tricity of the heat pump(s) and other components. Since limited rooftop area is available high efficiency
mono-crystalline PV modules are considered. Modules range in conversion efficiency from 15-24% depend-
ing on the manufacturer. Generally higher efficiency panels are more expensive.

With the findings on the sun position from section 5.3, calculations can be made to find the output of the
PV-array throughout the year.

5.4.1. Module Specifications

The specifications of the PV module considered during this study, the Trina Solar Duomax 144 half-cell mod-
ule [39], are presented in table 5.2.

Table 5.2: PV module specifications under standard test conditions from the manufacturers data sheet [39]

"Trina Solar Duomax 144 half-cell Module"

Peak Power (Py;q) 405 Wp

Max Power Voltage (Viypp  41.4 \%
Max Power Current (Ip,pp)  9.79 A
Open Circuit Voltage (Vo) 50.8 v
Short Circuit Current (Isc) 10.23 A
Module Efficiency (ny) 19.7 %
Annual Degradation 0.5 %

Length 2031 mm
Width 1011 mm
Surface area  2.05 m?

The modules on the rooftops are installed oriented 180° south with a tilt angle of 15°. These limitations are
the result of the protected status of the Karwijhof as discussed in section 2.4

5.4.2. Temperature Effects

The efficiency of a PV-module is presented in the datasheet provided by the manufacturer [39]. This efficiency
is tested under standard test conditions and does not represent the efficiency in real world conditions. For
instance, the efficiency of a PV-module is affected by the temperature of the module. With increasing tem-
perature of the module the efficiency drops. The temperature of the module can be approximated using the
Duffie-Beckman approach given by equation 5.17 [34].

Tnocr —20° 9.5 1-nm
Ty =T, + G 5.17
M = Tamp + ( Inocr ) Gm (5.7+3.8>< w)( 0.9 ) (5.17)

where, T); is the temperature of the PV module, Ty, is the ambient temperature, Tyoct and Iyoct are
the temperature and irradiance at nominal operating cell temperature, respectively. Gy is the irradiance
incident on the module in Wm™2, w is the wind speed in ms™!, and 7, is the PV modules listed efficiency
under standard test conditions.

Temperature Affected Efficiency
The efficiency corrected for the temperature of the module is calculated following equation 5.18 tot 5.22 [34].

The standard test conditions parameters needed are generally presented in the manufacturers datasheet.

T. G
Voc(15°, Gag) = Vo (STC) + X 281C 1y M (5.18)
q Gstc
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G

Isc(15°, Gap) = Isc(STC) —= (5.19)

GstC

P
FF = e (5.20)
Voc(15°, Gstc) Isc(15° Gsrc)

Prmpp(15°,Gyp) = FF Voc(15°, Gay) Isc(15°, Gp) (6.21)

P, (25° Gum)
N(15°, Gyy) = —2p =22 2 (5.22)

Gm A

where, (15°, G)s) represent the operating conditions (tilt angle and solar irradiance respectively), n the diode
quality factor, x the temperature coefficient, g the elementary charge, FF the fill factor, and A the surface
area of the module. For crystalline silicon modules the diode quality factor is around 1.5 and « is around
-0.0035 [-/°C] depending on the module. Using equation 5.22 the temperature specific efficiency can be
obtained:

Ty, Gym) =n(15°, Gum) [1+x (T — Tste)] (5.23)

Equation 5.23 results in the module efficiency as a function of the modules temperature and incident irradi-
ance.

5.4.3. Balance of System

The balance of system (BoS) consists of all components of the PV system but the PV module itself. Generally
the BoS contains the cabling, power optimisers, inverters, racking. The electrical components of the BoS
result in additional efficiency losses which are generally about 8%. During this study the inefficiency related
to the Bos is assumed at 8%.

5.4.4. Power Output
The final efficiency of the PV modules is lower than the efficiency presented by the manufacturer. Subse-

quently the power output of the PV array is also lower. The final efficiency is calculated according to equation
5.24:

Ntotal = N(Tw, Gr) X NBoS (5.24)

P =1otal X Pmax (5.25)
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5.5. Heat Pump

5.5.1. Efficiency and Performance

Heat pumps are more efficient at heating than at cooling at a certain temperature difference between source
and sink. This is due to the fact that the input energy of the compressor is also turned into useful heat and
is moved together with the earlier harvested heat into the condenser as can be concluded from equation 3.3.
When in cooling mode the dissipated work (or waste heat) from the compressor is transported outside and
therefore the energy is lost to the environment. Since the application in this research covers only heating the
COP of the heat pump will always be at least 1.

Coefficient of Performance

According to Kiss and Infante Ferreira [17] the ideal refrigeration/heat pump cycle is the reversed Carnot
cycle, which consists of two isothermal and two isentropic processes, all processes being reversible. The COP
of the Carnot cycle is given by equation 5.26.

Ty
copPy, = —2— (5.26)
Ty-Tc

Where, Ty is the sink temperature and T¢ is the source temperature.

From equation 5.26 can be seen that, as the temperature difference between evaporation and condensation
increases, the maximum achievable COP decreases. In practice this means that a heat pump has a higher
COP when the source temperature and the sink temperature are close together (small temperature differen-
tial).

The theoretical Carnot cycle is not possible in real life since the real process always shows some degree of
irreversibility and inefficiency.

Compressor Efficiency

Kiss and Infante Ferreira [17] state that the quality of the compressor is determined by its isentropic efficiency
as stated in equation 5.27. This equation describes the factor of losses due to irreversibility including heat
losses.

Wi (5.27)
Niscomp = 5 .
P mectiml
or, by equation 5.28 in terms of enthalpy states.
Ah;s _ hyis—h

Niscomp = _Ah = Fa— Iy (5.28)

The power of the compressor is obtained from equation 5.29 and is dependent on the mass flow 72, ¢ through
the compressor and the desired enthalpy increase of the working fluid.

Hyef(hy is — 1)
Pcomp = mref(hz -h) = Tref 2t A1 (5.29)

Niscomp

Heat Exchangers

A heat pump contains at least two heat exchangers. One at the source side (evaporator) and one at the sink
side (condenser). The work that is required to provide a certain amount of heating or cooling is directly
affected by the area of the heat exchanger and the temperature differential. This means that as the heat
exchanger area increases the temperature difference decreases resulting in a more efficient system.

The performance of the heat exchanger is determined by the product of its surface area A in [m?] and the
overall heat transfer coefficient U in [W/m™2K].
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In the heat exchanger of a heat pump the source temperature at the outlet of the heat exchanger is lower
compared to the source inlet. This is the result of heat being removed from the stream and into the working
fluid. At the sink side the stream to be heated experiences a similar effect. Equation 5.30 takes this into
account for determining the source temperature.

T = (TsourceinT_ Tsolurce out) (5.30)
ln( sourcein )

Tsaurce out

Similar for the sink temperature:

Ty = (Tsink ouTt‘_ Tsink in) (5.31)
ln( 7.jmkuu.t

sinkin

The pinch in the heat pump heat exchangers is assumed as 3 K. A low pinch is favourable since it will increase
the overall performance of the heat pump cycle. An economic study should point out whether this weighs
against the extra costs.

Operating Temperatures

Initially the heat pump will be specifically designed for the source temperature range of 10-30 degrees. This
source temperature is based on the frequency of measured hourly temperatures. The most occurring temper-
ature is 10 degrees Celsius. However, not only the occurrence is taken into account. The theoretical Carnot
efficiency and the heating demand of the users is also considered.

The sink outlet temperature is set at 63 - 70°C since this is the operating temperature and the charge tem-
perature of the USTES. However during certain periods of the year a lower DHN temperature could suffice.
During these moments the sink temperature may be lowered to achieve a higher COP.

Evaporation and Condensation Temperature

The condensation temperature is given by equation 5.32

_ UAcond
m *C,
Tsink out — Tsink ine P PH

Teona = UA (5.32)

““cond
l—-e M *Cp

And the evaporation temperature is given by eq: 5.33

_ Udevap

Tsource out — Tsourcein@ e epe
Tevap = (5.33)

_ Udevap
l1-¢e me*cpe

5.5.2. REFPROP

To determine the relevant states of the refrigerant during the heating cycle the software program REFPROP is
used. The software determines fluid properties of a refrigerant at a user defined input state like temperature
and pressure. This enables calculations on the state of the working fluid before and after components in
a heat pump cycle, for instance before and after the compressor. These thermodynamic properties of the
refrigerant are needed to determine the overall performance of the heat pump.

The software contains the thermodynamic properties of fluids and is able to calculate among others, tem-
perature, pressure, enthalpy, entropy and heat capacity. In Matlab the calculations are executed using the
command refpropm’ of which an example is given below:

p=refpropm(p'/ T',373.15,Q",0, water’)

giving the vapour pressure of water at 373.15 K in [kPa] and with Q the quality, as described by Lemmon et al.
[20].
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REFROP also helps to visualise the thermodynamic properties of refrigerants by plotting for instance pressure-
enthalpy diagrams as shown in figure 5.11

Pressure (MPa)

MK

| | | | !
300 400 500 8001 700

Enthalpy (klfkg)

Figure 5.11: The pressure-enthalpy diagram for the refrigerant iso-butane (R600a) plotted using REFPROP.

5.5.3. Heat Pump Cycle

Below the heating cycle is described in detail and the states in each part of the cycle are mentioned and
visualised in figure 5.12.

The refrigerant iso-butane (R600a) starts in a gas-liquid phase in the evaporator at Ty where it evaporates at
the source temperature, increasing the enthalpy and entropy until all liquid is turned into vapour, this is state
1 in the heat pump cycle and shown in figure 5.12 past the gas saturation line. After state 1 the refrigerant is
slightly superheated to T5,

The refrigerant now enters the internal heat exchanger where it is further superheated to state 3 by the con-
densate from the subcooler which is still at medium temperature.

Next the gas is compressed by the compressor increasing the pressure, temperature, enthalpy, and entropy.
The refrigerant is now at state 4 as shown in figure 5.12 past the gas saturation line as it remains superheated
at Ty.

The superheated refrigerant enters the de-superheater and is cooled down by transferring heat to the sink.
The refrigerant is now at the gas saturation line in state 5.

In the condenser the gas is condensed at 95°C transferring heat to the sink. This causes the enthalpy and
entropy to decrease while the temperature remains constant. The refrigerant is now at state 6 in the cycle as
seen in figure 5.12 and is all liquid.

The fluid is still at the condensing temperature and therefore further cooled down in the subcooler to state 7
around the temperature of the sink inlet, which in this case is the DHN (40°C).

At this stage (T = 43°C) the refrigerant is still containing usefull energy. Therefore it inters the internal heat
exchanger where it further superheats the refrigerant flow before it enters the compressor. The now even
further cooled down refrigerant at state 8 enters the throttling device where it is flashed decreasing the tem-
perature, and pressure at constant enthalpy. This turns it into a gas-liquid mixture at state 9 at which the cycle
starts over again.
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Figure 5.12: Schematic view of the 9 stages of the air-water heat pump incorporating an internal heat exchanger.

Figure 5.13 visualises the enthalpy, pressure, and temperature progression during the cycle.

5.5.4. Evaporation

The heat pump cycle starts at the evaporator by evaporating the refrigerant and thus adding energy to the heat
pump cycle from an external energy source: ambient air. This source medium is assumed to be infinitely large
since it will cause no constraints as long as enough air mass flow through the evaporators heat exchanger is
realised by the fan.

Heat source

The heat source for the heat pump cycle is ambient air which is varying throughout the year. However, the
heat pump is designed to be able to run at peak capacity at the lowest defined operating temperature which
is10°C.

The source temperature glide (ATsoyrce) is assumed constant at 3 K for every source temperature input
(Tsource in)- Using this assumption the source outlet temperature (Tsource our) Can be determined according
to equation 5.34.

Tsource out = Tsourcein _ATSOLU’CQ (534)

Evaporator

In the evaporator the refrigerant is evaporated by addition of energy from the ambient air. The AT}, of the
heat exchanger is defined at 3 Kresulting in an evaporation temperature of 4°C at an ambient air temperature
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Figure 5.13: Heat pump cycle in the pressure-enthalpy diagram of iso-butane for a heat pump with internal heat exchanger as shown in
figure 5.12 (with, hp — h3 = hg — h7).

of 10°C. The AT between source inlet and outlet is assumed constant at 3 K with a constant heat capacity of
air.

The size and heat transfer coefficient UA of the heat exchanger is derived from equation 5.33 resulting in
equation 5.35.

Tsourcein— Tevap

UA=In(

)msourcecp air (5.35)
Tsource out — Tevap

with #i150yrce resulting from equation 5.36

. Q
Msource = — =P (5.36)
cpATsource

Superheater

In the superheater the gaseous refrigerant is heated beyond the gas saturation line before entering the com-
pressor. This is done to ensure the refrigerant is fully evaporated while increasing the enthalpy.

5.5.5. Compression

The evaporated refrigerant now runs into the compressor where it is compressed by a piston compressor
increasing the pressure, temperature, and enthalpy. The mass flow through the compressor is important as it
determines the amount of heat that is transported from the source to the sink, the amount of work that needs
to be delivered by the compressor, and it determines the size of the compressor. The refrigerant mass flow
(e f) is given by equation 5.37.

Qout Qout
= 5.37
mref Ahcond h4 - h7 ( )

The work delivered by the compressor is defined by the product of the refrigerant mass flow and the change
in enthalpy before and after the compressor as shown in equation 5.38
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Wcomp = mref * (hy — h3) (5.38)

5.5.6. Condensation

The condensation side of the heat pump in reality consists of three stages. First the refrigerant passes the
desuperheater, second it moves to the condenser where the gas condenses to a liquid and finally the now
liquid passes through the subcooler where it cools down further. Figure 5.13 shows the condenser side of the
heat pump and their states. All three stages are modelled separately from each other. During the three stages
heat is transferred to the heat sink medium which in this case is water from the USTES.

Desuperheater

In the desuperheater the temperature of the refrigerant is reduced to the condensation temperature (T.op4)-
The enthalpy of the refrigerant is reduced from h4 to the gas saturation line at state /5 as seen in figure 5.13.
By doing this the sink is heated further and results in the sink outlet temperature T,k o,¢- The temperature
before and after the de-superheater is calculated using the 'refpropm’ function in Matlab.

Condenser

In the condenser the refrigerant condenses while heating up the sink flow. The enthalpy states before and af-
ter the condenser are h5 and hg respectively. The temperature of the refrigerant remains unchanged meaning
only latent heat was transferred to the sink stream.

Subcooler

In the subcooler the refrigerant is further cooled down to the outlet temperature T; which is described by
equation 5.39. It is assumed that the refrigerant and sink remain at a AT of 3 K as specified earlier for the heat
exchanger.

Tg = Tsinkin + ATsink (5.39)

5.5.7. Internal Heat Exchanger

The internal heat exchanger allows to cool the refrigerant further after the subcooler. The heat is transferred
to the refrigerant just before the compressor. This further superheats the refrigerant resulting in a higher
temperature after the refrigerant is compressed. The result is a higher COP than without this heat exchanger.
Figure 5.13 shows the heat pump cycle in a pressure - enthalpy diagram incorporating this internal heat ex-
change [21]. The internal heat exchanger is simplified in the model. The difference in enthalpy between the
states before and after the heat exchanger (state 7-8 and 2-3) are equal as seen in 5.13.

5.5.8. Expansion Device

In the expansion device the fluid is flashed reducing the pressure from high to low. This process is isenthalpic
meaning the enthalpy states hg = hg.



System design

This research is considering two systems which are to be simulated and compared. This section is dedicated
to describe both systems in detail.

6.1. System Design 1: Solar Collector Based System

For the base case district heating network heat is generated by solar collectors, stored by a single USTES and
has the possibility to use a water - water heat pump when the USTES temperature is below supply tempera-
ture level. A schematic overview of the system is given in figures 6.1 and 6.2.

Water - Water

Heat Pump

Solar Collector USTES

- DHN Demand

Figure 6.1: Flow chart overview of system design 1: solar collector based system. From the flow chart it becomes clear there are two
options of discharging the USTES, directly into the DHN or through the water-water heat pump..
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Figure 6.2: Technical overview of the components making up the solar collector based system. Arrows in the overview represent piping.
The blank triangles represent valves.

The solar collector array consists of evacuated tube collectors. While in reality the collectors are likely to
be decentralised, meaning the collectors will be installed on rooftops across the neighbourhood, during this
study it is assumed that the collectors are centralised in one collector field. Collected heat is fed into the
USTES after which it is transported into the DHN.

The model assumes centralised solar collector arrays since the DHN is not modelled in full detail. The as-
sumption of centralised solar collectors does influence the output of the solar array. This is due to the fact
that when decentralised solar collectors deliver heat to the DHN, the DHN will heat up. As more solar collec-
tors deliver heat, the efficiency of heat exchange will decrease. Assuming the heat generation to be centralised
and supplied directly to the USTES will therefore result in a more optimistic energy output of the solar collec-
tors.

The size of the USTES is determined to ensure demand can always be supplied. This means the volume of the
USTES must be sufficient to bridge the "Dunkelflaute” periods where no heat generation is possible. These
are typically cold periods with low solar insolation. The USTES will be sized based on historical weather
data.

Direct output from the USTES is limited to the supply service temperature 63-70°C. This means the output
of the USTES is constrained by temperature and can only be cooled down to 70°C. To utilise an increased
share amount of exergy an additional water-water heat pump is installed next to the USTES as seen in figure
6.1. This way the USTES functions as source for the heat pump while the DHN acts as sink. The water in
the USTES can now be cooled down further in an efficient way since the heat pump operates at high COP’s.
This does require energy from the electricity grid and therefore the system will not be classified as fully self
sustainable.
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6.2. System Design 2: Air - Water Heat Pump Based System

This system consists of a central air - water heat pump for thermal energy generation, the USTES for thermal
storage, a water - water heat pump to maximise exergy in the buffer, and the DHN to supply demand. A
schematic overview of the system is given in figures 6.3 and 6.4.

Water--Water

Heat Pump

Alr - Water USTES

Heat Pump

Y
Q
I
=z

Demand

Figure 6.3: Flow chart overview of system design 2: air-water heat pump based system. The USTES can be discharged directly into the
DHN or through the water-water heat pump.
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Figure 6.4: Technical overview of the components in the air-water heat pump based system. Arrows in the overview represent piping.
The blank triangles represent valves.

System 2 uses a central air - water heat pump for heat generation. With the possibility to install multiple heat
pumps for redundancy and to enable different power outputs. Water heated by the heat pump is fed into the
top of the USTES.

Again the volume of the USTES needs to be sufficient to overcome the "Dunkelflaute" periods. Therefore the
scaling of the USTES needs to be sufficient to overcome these periods. In this case the Dunkelflaute periods
include periods with low ambient air temperature. It is expected that in this system the USTES volume will
be smaller compared to system 1.

Like system 1 direct output from the USTES is limited to the supply service temperature 63-70°C. To utilise
the full potential of the USTES an additional water-water heat pump is installed next to the USTES as seen in
figure 6.3.

System 2 is not as self sufficient as system 1 (system 1 only uses some electricity to power pumps and the
water - water heat pump). System 2 relies heavily on the electricity grid which can be seen as a disadvantage.
This will be discussed in more detail later during this study.
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6.2.1. Control Sequence

The system using an air-water heat pump has a control strategy based on the ambient air temperature. The
different operating levels are described below.

Ambient temp = 18°C

The heat pump will be operational while there is only some tap water demand by the households. The de-
mand will be supplied by the USTES while simultaneously the heat pump is charging the USTES with hot
water.

10°C < Ambient temp < 18°C
There is a space heating demand and the heat pump is operational. The heat pump is operational charging
the USTES. Simultaneously the USTES is discharging into the DHN to meet demand.

Ambient temp < min operating temperature Heat Pump

The heat pump is not operational at these ambient temperatures. Heat is supplied directly from the USTES.
When the USTES is below supply service level (63°C) the water - water heat pump will “upgrade” the return
heat with energy sourced from the USTES.

6.3. Discharging the USTES

The system can discharge into the DHN in three different modes depending on the temperature of the USTES.
The schematic overview of the operation modes are presented in figures 6.5, 6.6, and 6.7.

1. TystesTop >= supply temperature, the DHN return flow (714) mixes with the appropriate amount
of mass from the top node of the USTES (ri1;) (figure 6.5) to obtain the service level temperature. This
is described by equations 6.1, 6.2, and 6.3.

3y = Oy 4 C
| o emr 6.1
macy Ty =mycy T+ mycy Ty

The mass balance follows as,
Ny = 11y + Ny (6.2)

The mass flow needed from the top node of the USTES is described by equation 6.3. The DHN mass
flow that re-enters the USTES in the bottom node can be derived from equation 6.2.

Ty—T»
T,-Th

1l = 1y * (6.3)
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Figure 6.5: Discharging the USTES in mode one using the mixing valve. There is no need for use of the heat pump. Return water is mixed
with water from the top of the USTES to achieve the desired supply temperature.



6.3. Discharging the USTES 59

2. TustEs(ror) >= TpHN (return), TusTES(TOP) < Supply temperature, the water from the top of the
USTES is not at the service level temperature and needs to be boosted by the heat pump. The mass
flow from the top of the USTES acts both as sink and source for the heat pump as seen in figure 6.6.
Equation 6.4 describes the mass flow through the evaporator, the mass flow through the condenser is
equal to the mass flow of the DHN as riy = rit3.

B (COL2L) (T3 — T 1ing)

ring = —C9P (6.4)
(Ty - T5)
DHN -+
3
Condenser
4 2
g
a
E
2 3
Evaporator
A
1
[
5
USTES
/ -

Treun < TusTes out < Tsupply

Figure 6.6: Discharging the USTES in mode two. The heat pump is used to upgrade the heat from the USTES. Water from the top of the
USTES is used both as sink and source for the water-water heat pump.
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3. TustEsropr) < TDHN (rerurn), The water from the top of the USTES is below the return temperature of
the DHN. In this case the DHN return flow will be directed to the sink of the heat pump where it will
be reheated to the service level temperature. A mass flow from the top of the USTES will enter the
evaporator of the heat pump and act as source as seen in figure 6.7. The mass flow ri1¢; 4, follows from
equation 6.5. The mass flow through the condenser is equal to the mass flow in the DHN.

o (T1 — Ta) (COP=1
ml _ ms( 1 3)( CcOP ) (6.5)
(Th - T7)

DHN

A

Condenser

Compressor

Evaporator

USTES

l=

Tustes out <= Tretumn

Figure 6.7: Discharging the USTES in mode three. The return flow from the DHN is upgraded to the required supply temperature with
the heat pump using water from the top of the USTES as its source.
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6.4. Modelling the System Components

This section elaborates the modelling approach of all system components. All components are combined in
the Simulink model. Finally the control mechanism as implemented in Simulink is discussed.

6.4.1. Demand

The demand is modelled from two input parameters. These are the hourly ambient air temperature provided
by the KNMI, and the natural gas consumption of the households provided by the Energiek Nagele project.
The two data sets are correlated to obtain the energy demand of the households per degree day, and subse-
quently degree hour. This is done according to equation 6.6. The space heating demand is corrected for the
fact that households tend to lower the space heating during the night. This is done by multiplying the degree
hours from 23:00 - 06:00 by 0.7. This lowers the total number of degree hours giving more weight (more gas
consumption) to the degree hours during the day (the total annual energy demand is not affected)

E
Edegree day = _Gastotal (6.6)
Ndegree days

where Eggs rorai is the total energy of the natural gas in [J] using 35.17 MJm™3 natural gas, Ngegree days is the
total number of degree days in one year with the heating demand threshold assumed to start at 18°C.

The hot tap water demand is assumed consistent throughout the year and is therefore considered as a base
load on which the space heating demand is added. The gas consumption related to cooking purposes is
accounted for by subtracting it from the total initial natural gas demand.

6.4.2. USTES

To model the USTES the energy balance needs to be considered. Mass flows leave and enter the USTES at
different temperatures changing this energy balance. Also, the USTES is heated up by the solar collector
array. The result is an energy balance with various components, these are: heat losses, heat conduction,
mixing between nodes (convection), solar energy charging, and heat exchange with the DHN. The previous
components are visualised in figure 6.8 and described in more detail below.

Solar energy in (Tin, solar)

J

DHN supply

Heat losses

DHN return

To ETC (Tboﬂom)

Figure 6.8: Energy flows in the USTES consisting of the heat losses to its surroundings, mixing between nodes, conduction between
nodes, mass and heat transport due to solar charging, and mass and heat transport due to heat supply to the users through the DHN.
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Heat Losses

The heat losses described in the model are broken down into three parts. The losses in the upper node (the
top of the USTES), the losses to the walls of the USTES in all nodes, and the losses in the bottom node at the
bottom of the USTES.

The heat loss coefficients can be found in table 5.1. For the top, walls and bottom of the USTES the U values
are 0.088, 0.112, and 0.18 Wm™2 K respectively. The change in energy of a node over time is described by
Newtons law given by equation 6.7.

aQ
E =UAjoss(Thode — Tground) (6.7)

where, U is the heat loss coefficient in [Wm™2K], A is the surface area subject to heat loss in (m?], Tymp is the
ambient temperature surrounding the USTES in [K], and T},4. is the temperature of the node in [K].

The temperature of the soil surrounding the USTES is not consistent since the soil on top of the USTES will
cool faster due to contact with the environment, whereas the soil surrounding the USTES will show more
constant temperatures.

Conduction

Heat conduction acts between adjacent nodes and is described by two equations. Equation 6.8 describes
the change in temperature over time of a node due to conduction between the current node and the node
above while equation 6.9 describes the same process for the interaction with the node below the current
node.

aQ _ A A(T — ) (6.8)
1t = 1z node above node .
— = —/1 A(T, - T, ) (6.9)
1t = 1z node node below .

where, A is the thermal conductivity in [Wm~1K™1], and dz is the distance between the centers of two nodes
in [m].

Solar Energy Charging
Water from the bottom of the USTES is used as feed into the inlet of the solar collector array. The heated
fluid from the outlet of the solar collectors is fed back into the top of the USTES as seen in figure 6.8. The

mass flows of the DHN are schematically visualised in figure 6.9. The energy transport due to solar charging
is described by equation 6.10.

d

d—? = thac, Ty (6.10)
d )

_d‘f = —thgc,Ts 6.11)

with riyy = rig

where, ri14 is the mass flow from the ETC array in [kgs '], cp is the heat capacity of water in kg 'K, Ty is
the temperature from the ETC’s into the USTES in [K], and T3 is the temperature of the bottom node of the
USTES going to the ETC’s in [K].
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Figure 6.9: Mass flows from the USTES to the DHN and to the solar collector array.
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Energy Exchange with the DHN

Energy exchange with the DHN occurs through a mass flow from the top node through the DHN back into the
bottom node. Mass exiting the top node is described by equation 6.12. The DHN heat re-entering the bottom
node of the USTES is described by equation 6.13.

d
aQ _ —ric, Ty (6.12)
dat
Q_ .
E = mgcp T2 (6.13)

Due to this mass flow, mass transport occurs between nodes in the USTES. This mass flow is equal to that
of the mass flow going out of the top node or into the bottom node since the mass balance of the USTES is
constant and no increase or decrease of mass occurs in the USTES according to: ri7; = 1. This results in a
mass flow leaving node n at the temperature of node n. At the same time an equal amount of mass enters
node n at the temperature of node n-1. This is described by equations 6.14 and 6.15

d

a9 _ —riicy Ty (6.14)
dt

d :

_d? = ricp Ty (6.15)

however, the mass flow due to solar charging changes the balance when both the DHN mass flow and the
solar charging mass flow are positive. The mass flow up/down between two nodes of the USTES follows from
equations 6.16

Mypidown = Mz — M3 (6.16)

when 71,5/ d0wn is positive the mass flow between two adjacent nodes is up while a negative value indicates
a downward mass flow.

Inversed Thermocline Mixing

The nodes have different temperatures, generally the warmest nodes are in the top of the USTES while it
becomes cooler going down. Due to this temperature differences between nodes a thermocline with a pos-
itive gradient exists. When the gradient shifts and becomes negative, i.e. when a node below another node
is warmer, we speak of an inversed thermocline. Since the density of water decreases when heating up (only
exception below 4°C) mixing based on density difference will occur. The warmer water will flow upwards cre-
ating mixing between nodes. This process has been researched by Cadafalch et al. [1] and Austin et al. [23].
Cadafalch et al. found that to model the mixing between nodes the thermal conductivity can be assumed in-
finite such that any inversed thermocline in the water column is eliminated. Cadafalch et al. also found that
when, after mixing between nodes, still an inversed thermocline exists the process must be repeated until the
entire inversed thermocline is eliminated.

In reality an inversed thermocline will be rare, however it must be taken into account for the model to work
under all conditions.

Final Energy Balance

The total differential equation describing the time derivative of temperature is given by equation 6.17.

4Q

A A
dt =—UAjoss(Thode — Tground) + —— A(Tnode above — Tnode) = == AlThode — Thode below)

dz dz
+mgep(Ts— Ty) (6.17)
—ﬁ’llcpTl + mlcpTZ

—ﬁ'Lle T, + mlcp Tyn-1
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where the final step consists of calculating the temperature of each node. This is done according to equation
6.18

Trode = _Quode (6.18)
PCp Vnade

6.4.3. Solar Collector

The solar collector is modelled using the quasi dynamic approach as discussed in section 5.3. This model
does not describe the suns position or the angle of incidence over the year. This is necessary to obtain an
accurate estimate of the collector output. The suns position and the angle of incidence are discussed in the
following section.

6.4.4. Angle of Incidence

The angle of incidence describes the angle between the surface normal to the solar collector and the sunlight
direction. Before the angle of incidence can be described the position of the sun must be known. The position
of the sun depends on the time of the day and year due to the changing position of the earth relative to the
sun.

Smets et al. [34] tell us that the suns position at a certain moment in time relative to the horizon is described
by the angular elevation of the sun a; as seen in figure 6.10 with a range of —90° - 90° where a; > 0 describes
the sun above the horizon and 90° describes the suns position normal to the earth surface.

The azimuth Ay as seen in figure 6.10 describes the suns position in the horizontal direction ranging from 0°
- 360° corresponding to North (0°) - East (90°) - South (180°) - West (270°).

_ Observer &
' Hﬂr izon

—

Figure 6.10: Visualisation of the suns angle relative to the observer point with the azimuth A; and altitude a;.

Smets et al. give a method to describe the suns position on the ecliptic circle at a certain time and place given
by Equation 6.19 and 6.20

—sin 01 cosAs + cosOr cose sinAg
tan As = —; - - - - (6.19)
—sin¢g cosf cosds — (singy sinfy cose —cos¢yg sine) sindg




6.4. Modelling the System Components 66

sinag = cos¢g cosfy cosds + (cos¢y sinfy cose + singy sine) sindg (6.20)

Where the angle of the module is described as (1), the suns ecliptic longitude as Ag, axial tilt €, and the
locations latitude ¢y.

Now the position of the sun from a certain point on earth is known, this position can be translated into the
angle of the sun to this point. This angle of incidence 7y is described as the angle between the direction of
sunlight and the surface normal of the panel. The scalar product of the normal vector of the module and the
sun can be used to calculate cosy as seen in equation 6.21

CosYy = fip X Tis (6.21)

where 7i)s is the normal vector of the module and 7ig is the normal vector of the sun given by

cosapy; cos Ay
7ipg =| cosap sinAyy |, (6.22)
sinayy

cosag cos Ag
7is =| cosag sinAg |. (6.23)
sinag

6.4.5. Heat Pump

The heat pump model is written in Matlab code and calls upon REFPROP to determine thermodynamic
states of the refrigerant in the given states. This Matlab code is written as a "Matlab function" in Simulink
to integrate it as part of the total system. All thermodynamic states are calculated as discussed in section
5.5.3.

The coefficient of performance of the heat pump is calculated for every time step and averaged over the
number of operating hours. This results in the Seasonal COP (SCOP).



Cost of Components

The cost of components is an important factor to take into account when considering different technologies
for a project. This section will give estimates on the cost of each component and finally an approximation
of the total system costs will be presented. All cost indications are without taking into account any subsi-
dies.

7.1. Cost of the USTES

The costs of the USTES are estimated at 150 €/m3 based on a quotation from the company HoCoSto for a
USTES from 800 m3. The costs of the USTES however do not increase linearly with size. The costs per cubic
meter of buffer are decreasing with increasing USTES volume since some activities have to be performed
regardless of the installed volume. These activities include for instance, permit approval, drainage, excavating
costs, and logistics. Also, with increasing volume the need for insulation decreases and less building material

per m? is required due to the surface area to volume ratio.

7.2. Cost of the Heat Pump

The heat pumps will be sourced from the Dutch heat pump manufacturer NRGTEQ. The costs of the different
types of heat pumps are based on quotations by this company.

Air-Water Heat Pump

The air-water heat pump costs are determined at 450 €/ kW installed capacity. When installing multiple heat
pumps for redundancy the total costs are expected to be slightly larger due to installation costs.

Water-Water Heat Pump

The water-water heat pump costs are quoted at 500 €/ kW installed capacity. This is slightly more expensive
compared to the air-water heat pump since the rated capacity is in a lower range.

7.3. Cost of the Evacuated Tube Solar Collector Array

ETC costs are estimated at 450 €/ m? based on a quotation from HoCoSto. The solar collector manufacturer
is Kloben Industries. Installation costs can be lowered by installing the solar arrays centralised instead of
scattered on rooftops.
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7.4. Cost of the PV Array

PV panel costs have declined dramatically over the years. The cost for a pv panel with an efficiency of 19.5%
is around 0.30 €/Wp. The cost for racking, inverter, and installation make up the rest of the cost at about 0.60
€/Wp. The average combined costs are 0.90 euro per installed Wp. Since the standard size of a PV panel is
1.6m? at 320W p per panel the installed amount of W p/m? is 200. At 0.90 euro per Wp this comes down to
180 €/m?.

7.5. Cost of the DHN

The district heating network costs cannot be based on traditional district heating networks since it differs on
many levels for instance that it uses smaller pipes. It is hard to give an exact figure since the costs depend on
alot of factors but costs are estimated to around 150 €/ m.

Since both systems have a similar DHN the costs will not have a major influence on the overall conclusion.
However, a good cost estimate is necessary to compare the systems to the current natural gas central heating
systems.

The total length of the DHN is estimated at 700 meter. At a cost of 150 €/m this comes down to €105000,-
for the DHN. The costs contribute to the CAPEX of the system since it is installed during the first phase of the
project.

7.6. Operation and Maintenance Costs

The operation and maintenance costs (O&M) imply all costs that are associated with keeping the system
components in operating conditions. The costs are based on HoCoSto’s O&M fee quotation at 1.2% of the
CAPEX.

7.7. Weighted Average Cost of Capital

The weighted average cost of capital (WACC) describes the cost of capital. The WACC used during this study
was based on earlier projects conducted by HoCoSto. The interest rate is based on a 20% allocation of private
capital at 5% interest and an 80% capital raise through a bank/government loan at 1%, this results in the
combined interest rate of 1.8%. This is based on interest rates for financing green energy projects in 2020.
Future interest rates may differ from the rate used during this study.

7.8. Cost of Electricity

The cost of electricity is relevant when the PV array is not able to generate enough electricity. The costs are
not constant since energy taxes decrease when a certain consumption threshold is reached. The first 10000
kWh are subject to 0.0997€/kWh tax while for every kWh above this threshold, until 2.5 million kWh, only
0.05083 €/kWh tax is paid. The price per kWh for the electricity remains constant at 0.0783 €/kWh. Table 7.1
provides a summary of the costs.

Table 7.1: Cost overview of the system components. Costs are presented in the relevant units according to this study. In the final column
it is noted whether the cost contribute to the initial capital expenses (CAPEX) or operating costs (OPEX).

Component Cost [€] Capacity CAPEX/OPEX

USTES 150 m? CAPEX

w-w Heat Pump 500 kw CAPEX

a-w Heat Pump 450 kw CAPEX

Evacuated Tube Collector 450 m? CAPEX
Photo voltaic panels 180 m? CAPEX

DHN 150 m CAPEX

Electricity 0-10000 kWh  0.178 kWh OPEX
Electricity 10000-2500000 kWh  0.150 kWh OPEX

Maintenance 1.2% of CAPEX OPEX
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7.9. Levelised Cost of Heat

The levelised cost of heat (LCOH) is defined as the total amount of heat delivered to the households divided by
the initial investment or capital costs (CAPEX) of the system plus the operational costs (OPEX). The discount
rate corrects future expenses as present value. Equation 7.1 presents a method to calculate the LCOH.

CAPEX +¥[_, 9L

LCOH =

(7.1)
T E
Zt:l [1+;)t

where T is the total life expectancy of the system, ¢ is the time in years, r is the discount rate, OPEX; is the
total operating costs in year ¢, and E; is the total energy delivered in year ¢

The discount rate is assumed at 2% since sustainable energy projects generally are subject to low interest
rates.
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Validation per Component

8.1. Demand Validation

The energy demand of the users is based on the documented combined natural gas consumption of the users
in 2018 as presented in table 4.1. The energy consumption was linked to the ambient temperature of that year
according to the degree day method presented in chapter 4. The yearly energy consumption for the users
corresponds to similar household size and building type and the annual energy demand after conversion to
degree days corresponds to the initial energy demand of the users.

8.2. Solar Collector Validation

The solar radiation model is validated by comparing the tested power outputs defined by the solar collector
manufacturer with the outputs of the Simulink model. The manufacturer Kloben provides the tested outputs
in a summarised data sheet [18].

The solar collectors are modelled by the European standard EN 12975-2 as discussed in section 5.3 which
has been extensively researched in laboratory experiments and in actual outdoor experiments. It acts as the
primary standard for solar collectors sold in the European Union.

Manufacturer estimates compared to Simulink outputs

The datasheet provided by the manufacturer Kloben provides estimates of the energy output of the collector
under different weather conditions. The parameter values used by Kloben to determine the power output per
collector are given in table 8.1

Table 8.1: Test parameters and results for the ’ATON’ solar collector type as presented by Kloben [18].

Parameter Value Unit

Gp, 850 Wm ™2
G; 150  Wm™

Tm—Tamp 50 K
Power output "ATON G 22-0" (4.71 m?) 2739 W
Power output "ATON series" per m> 582 W

The Simulink modelled power output for an ATON G 22-0 solar collector is 2749 W. The output for one m?

is 583.6 W. This indicates the solar collector model accurately describes the manufacturers estimated power
outputs. The model outputs deviate 3.6% and 2.7% respectively from the solar collector data sheet.

The solar collector efficiency is also tested according to CDR (EU) No 811/2013, resulting in a collector ef-
ficiency of 59% as presented by Kloben Industries [18]. The Simulink model constructed for this study cal-

73



8.3. PV Array 74

culated an efficiency of 59% based on the same parameters as presented by Kloben. From this it can be
concluded the solar collector model is complying with the data provided by the manufacturer.

Based on this validation it can be concluded that the solar collector model is accurate in predicting the power
and energy output of the solar collector with acceptable error margin.

8.3. PV Array

The photo-voltaic array consists of panels with an efficiency, as claimed by the manufacturer, of 19.7%.
Throughout the year the efficiency of the PV module ranges around 20%, corrected for temperature changes
of the module. The cumulative energy output for the year 2018 is 209 kWhm™2 without taking into account
the losses associated with the balance of systems. The cumulative solar irradiance incident on one square
meter for the same year (2018) is 1071 kWhm™2. This means the efficiency of the PV module simulation is
19.4% averaged over the year 2018. This is a 1.5% deviation from the manufacturers estimates which is likely
to be the result of temperature variations.

The electricity production including the efficiency losses due to the balance of systems are lower. After incor-
porating these losses it follows that 17.6 % of the incident energy can be used as electricity or 188.5 kWhm~2
in the year 2018. Averaged over a 5 year time period (Jan 2015 - Dec 2019) the annual electricity production is
193 kWhm™2

8.4. USTES

The validation of the USTES is performed by validating the temperature decline due to heat losses and con-
duction over time. This is done without taking the charging and discharging into account since no data for
validation are available on these processes. Instead it is assumed that as long as the energy balance of the
USTES checks out with the in- and outflow of energy, all energy in the system is accounted for and no energy
is lost to surroundings. Since the water-water heat pump increases the exergy and temperature operating
range of the USTES, the effect of any misplaced energy (i.e. slight temperature differences between nodes)
will be negligible.

The heat losses and the conduction in the USTES unfortunately cannot be validated on field experiments
since no data are available on long term temperature declines. Instead the model is validated by comparison
with a model currently used by the company HoCoSto. The model used by the company HoCoSto is less
extensive compared to the model presented in this study. It could therefore only confirm that the heat losses
are within the expected range.

Figures 8.1-8.3 show the cooling down of 3 different USTES sizes (500, 1000 and 3000 m® respectively). It is
expected that with increasing USTES size, heat losses will decline and therefore cooling down of the USTES
nodes will take longer.
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Figure 8.2: 1 year temperature decline for a USTES of 1000 m3.
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Figure 8.3: 1 year temperature decline for a USTES of 3000 m3.

However, it appears this effect is little since the USTES is constant in height at 4 meters. This results in that,
from certain volumes, the heat losses at the top and bottom are prevalent and increase linearly with USTES
size. Therefore, the temperature decline of the USTES is not affected majorly. In fact, between the USTES
volumes of 1000 and 3000 m® the heat losses through the bottom and top are prevalent, resulting in a constant
average temperature after one year. The AT between the top and bottom node does increase slightly.

When comparing a smaller USTES size of 500 m3 (figure 8.1) to a USTES with 1000 m? volume (figure 8.2) the
difference in temperature decline becomes more clear. After one year the temperature of the 500 m® USTES
is 1.5 °C lower compared to the 1000 m3 USTES.

This effect becomes even more clear when the heat losses through the top, bottom and sides are evaluated
separately. Figures 8.4 and 8.5 present the heat losses through the top, bottom and sides for different USTES
sizes.
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Figure 8.4: Heat losses for four different USTES volumes (500, 1000, 2000, and 3000 m3) over a period of one year. From the graph it
becomes clear that the heat losses through the top and bottom are prevalent and increase more with increasing USTES volume compared
to heat losses to the sides. The higher heat losses through the bottom compared to the top are the result of better insulation at the top.
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Figure 8.5: At small USTES sizes the bottom heat losses are smaller since the surface area of the bottom is significantly smaller compared
to the top surface area. At larger volumes this effect decreases since the USTES has a fixed height of 4 meters and constant 45° sloped
walls. This results in that from 1400 m? the bottom heat losses surpass the top heat losses.

From these figures it is clear that the heat losses through the bottom and top increase faster compared to the
heat losses through the sides. More surprising is the stronger heat loss increase in the bottom compared to
the top. This is the result of the differences in insulation. The top is better insulated resulting in lower heat
losses. However, due to the shape of the USTES the top surface area is larger compared to the bottom area.
Since the height of the USTES is fixed at 4 meters and the walls are sloped at 45° the relative surface area
increase of the bottom compared to the top is increasing with increasing volume. This results in that from
1400 m? the bottom heat losses surpass the top heat losses.

5 year time period

The temperature decline of an USTES of 1000 m3 volume over a time period of 5 years is presented in figure
8.6. The temperature decline is from 90 °C to 30 °C. This is a decline of 0.03°C/day or 12°C/year. However the
temperature decline is not linear but is steeper at higher USTES temperatures. Looking at figure 8.2 it can be
observed that for a 1000 m3 USTES during the first year the temperature decline is 25 °C from 90 °C to 65 °C.
This is a decline of 0.07°C/day.
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Figure 8.6: 5 year temperature decline of USTES of 1000 m3
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HoCOSto Comparison

HoCoSto quantifies the heat losses averaged over all sides of the USTES (top, bottom and sides) in Wm™2 per
day. According to the HoCoSto model at 40°C the heat loss totals 68 Wm™2 for 24 hours. At 90°C this is 162
Wm™? for 24 hours. This is for a USTES volume of 800 m® and a ground temperature of 16°C.

Comparing these values with the model presented in this study using the same parameters we see that at
equal temperature the heat losses per square meter are 161 Wm ™2 and 52 Wm 2 per 24 hours for a USTES at
90°C and 40°C respectively.

The modelled heat losses for a USTES at 90°C coincide with the heat losses estimated by HoCoSto. The heat
losses of the USTES at 40°C are further off but still in the same range. The reason the heat losses are lower
in the model presented in this study is thought to be due to the use of nodes instead of a uniform tempera-
ture.

8.5. Air-Water Heat Pump

The air-water heat pump will be validated through comparison with the theoretical Carnot cycle COP’s. The
theoretical Carnot cycle is calculated using equation 5.26 presented in section 5.5. However, as discussed in
section 5.5 the practical COP is lower compared to the theoretical cycle. Generally the practical COP of a heat
pump is around 0.4-0.5 of the theoretical cycle.

The air-water heat pump based system is modelled for both the theoretical Carnot and for the custom air-
water heat pump modelled by using the REFPROP software.

Figure 8.7 shows the inverse (COP/COPcg4rno: Of the theoretical Carnot COP of the air-water heat pump rela-
tive to the COP of the air-water heat pump modelled using the REFPROP software. The figure shows that the
practical COP is around 0.48 x COP¢cg4rnor and therefore is considered in the expected range.
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Figure 8.7: Ratio between the theoretical Carnot efficiency and the practical efficiency modelled using REFPROP software. The practical
COP is around 0.48 x COPc gy n0¢- This is within the expected efficiency range.

Figure 8.8 presents the COP of the theoretical Carnot cycle and the practical COP.
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Figure 8.8: The theoretical COP and the practical COP.
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Results

The model discussed in the previous chapters is used to run simulations on the two defined systems. The

results of these simulations are presented in this chapter.

9.1. Demand
The energy demand for heating and hot tap water of the households is modelled for the year 2015 (figure 9.1)

and for a five year time span 2015 - 2020 (figure 9.2).
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Figure 9.1: Hourly heating demand of all users (23 households and 1 school) during the year 2015. The annual cumulative heating

demand is 1660 GJ.
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Figure 9.2: Hourly heating demand of users over the time period 2015 - 2020. Demand follows a sinusoidal pattern with a 12 month
period. Peak demand occurs during November-March and off-peak during May-September.

From figure 9.2 can be seen that over the years the demand follows a rather stable sinusoidal shape with a
period of 12 months. However, there are significant differences in the short term intensity of the heating
demand. For instance, in February 2018 there was a significant increase in heating demand compared to

other years. Every year the heating demand peaks between November-March.
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9.2. Generation

This section presents the results from the energy generation models. The solar irradiance as presented in
section 5.3.6 is the main parameter contributing to the yield of the solar collector and PV-panels. The ambient
temperature as presented in chapter 4 is the main parameter determining the COP of the heat pump. The
output results of these components are presented in this section. First the solar collector generation is given,
second the electricity generation by PV-panels, and finally the air-water heat pump output and its coefficient
of performance are presented.

9.2.1. Solar Collector Output
The solar collector output for a surface area of one square meter over time is presented in figure 9.3.
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Figure 9.3: Hourly power output for one square meter of solar collector (KLOBEN ATON series) during the year 2015. The inlet tempera-
ture is constant at 40 °C with an outlet temperature of 90 °C.

The figure shows a sinusoidal output of energy from the solar collector. The peak output, in contrast to the
peak demand, is during summer from May-July. Hence, the energy generation and the energy demand mis-
match.



9.2. Generation

84

500

400

£ 300

200

100

o
Jan 2015
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jan 2016
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jan 2017
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jan 2018

[Month]

Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Nov
Dec

Oct
Jan 2019

Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Figure 9.4: 5 year hourly power output for one square meter of solar collector (KLOBEN ATON series) 2015-2019. Peak output reaches
500 Watt/m?. The inlet temperature is constant at 40 °C with an outlet temperature of 90 °C. Yearly average energy production over a 5

year time period is 376.6 kWhm ~2year™!

Figure 9.4 shows the output of the solar collector over a period of five years. Again note the sinusoidal shape

as result of the seasonal irradiation fluctuations.

9.2.2. PV-panel Output

The electricity generation for the year 2015 by one square meter of Trina Solar PV-panel is presented in figure

9.6.

9.5. The total annual electricity generation from 2015-2020 of this same square meter is shown in figure

The graphs show a similar behaviour to the solar collector output. This was expected since both depend on
many of the same parameters such as irradiance and ambient temperature.
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Figure 9.5: Power output of one square meter of Trina Solar photo-voltaic array during the year 2015. Peak electricity output is during
summer months (May-July) at high solar irradiation.
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Figure 9.6: 5 year power output of one square meter of Trina Solar photo-voltaic panel. Yearly average electricity production over a 5 year
time period is 193 kWhm 2year ™!
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9.2.3. Air-Water Heat Pump Output

The output of the air-water heat pump is controlled according to the control mechanism as described in
chapter 6. The heat pump is only in operation during periods where the outdoor temperature reaches a
temperature threshold and during times energy can be added to the USTES, i.e. when the USTES is at its

maximum capacity the air-water heat pump is idle. The output of the air-water heat pump is visualised in
figures 9.7 and 9.8.
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Figure 9.7: Power output in kW of a 200 kW air-water heat pump during the year 2015.
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Figure 9.8: Power output in kW of the air-water heat pump over a 5 year time period.
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Coefficient of Performance

The electricity consumption of the heat pump is dependent on the COP and subsequently the outdoor tem-
perature. During colder periods the electricity consumption increases (low COP) while during warmer peri-
ods the electricity consumption decreases (high COP). Figure 9.9 shows the COP of the heat pump over a 5
year period.
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Figure 9.9: Coefficient of performance of the air-water heat pump over a 5 year time period.
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9.3. Defining the System Optima

The sizing of the system is determined based on the key performance indicators as described in chapter 3.
For every KPI a specific optimal sizing occurs. The optimal sizing for every KPI is determined through an
iterative process.

The iterative process simulates a range of collector surface area/heat pump capacity and USTES volumes.
From these simulations, optima occur for the KPI’s. These optima are weighed based on the importance of
the KPI to determine the final optimum system size configuration.

9.3.1. Optima of the Solar Collector Based System

The solar collector based system has two variable components. These are the USTES volume and the amount
of solar collector surface area. In this section the results on the KPI'’s are presented.

LCOH Optimum

The primary KPI is the LCOH, its optimum occurs at the lowest value for the LCOH. Figure 9.10 shows the
LCOH as function of the USTES volume for different surface areas of solar collector array. The lowest LCOH
is €0.128 which occurs at a USTES volume of 1600 m® and a solar collector area of 800 m?.

LCOH Solar collector based system

€0.200
€0.190
Solar Collector
£0.180 Area [m?]
—— —600
€0.170
—_— 800

g €0-160 e / 90
H —_ 1000
@ €0.150 R
- —_— = —1100
Q
S €0.140 —— / ——1300
—
—1500
€0.130
—1700
€0.120 —1900
€0.110 2100
€0.100
500 1000 1500 2000 2500 3000 3500 4000

USTES volume [m?]

Figure 9.10: LCOH of the system configurations defining an optimum at the lowest point in the graph. Each line represents a certain
solar collector array surface area. The x-axis shows the USTES volume while the y-axis presents the LCOH of the system.

Systems SCOP Optimum

The SCOP of the different system sizes are presented in figure 9.11. The SCOP increases with USTES volume
and solar collector surface area since auxiliary heating and water-water heat pump operating hours decrease
with increasing USTES volume and solar collector surface area.

The systems seasonal coefficient of performance is at an optimum when at a maximum value. This maxi-
mum SCOP is theoretically infinite since when no electricity is consumed by the system, no external energy
is imported and the system operates fully autonomous. The lower the SCOP the worse the efficiency of the
system is. Figure 9.11 shows an increasing SCOP with increasing USTES volume and solar collector area. This
coincides with the fact that at larger solar collector area and higher USTES volume less energy is imported to
the system resulting in the higher SCOP.
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Figure 9.11: SCOP of the solar collector system configurations increasing with increasing size.
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9.3.2. Optima of the Air-Water Heat Pump Based System

The sizing of the air-water heat pump is performed by iteration of two variables, the air-water heat pump
capacity and the USTES volume.

LCOH Optimum

The LCOH of the air-water heat pump system is at a minimum of €0.118 at an USTES volume of 1300 m? and
a heat pump capacity of 175 kW. The graph in figure 9.12 shows the optimum for the air water heat pump
based system.
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Figure 9.12: LCOH of the system capacities defining an optimum at the lowest point in the graph. Each line represents a certain heat
pump capacity in kW.

SCOP Optimum

The SCOP optimum approaches a maximum with increasing USTES volume and increasing heat pump ca-
pacity. However, the SCOP has a limit related to the COP of the air-water heat pump. The maximum COP
of the air-water heat pump based system is 3.1, this is the highest efficiency the system is able to achieve
and subsequently the limit to the SCOP of the system. Figure 9.13 shows the SCOP of the different system
sizes.
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Figure 9.13: SCOP of the system configurations increasing with increasing system component sizes. Each line represents an installed
heat pump capacity in kW.
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9.4. CAPEX of the Systems

The CAPEX of the systems are based on the optimal system configuration as defined in section 10.1. The
CAPEX of the solar collector based system is €993.000,-. The pie chart in figure 9.15 breaks down the cost of
components. The costs for the DHN is fixed for every configuration and makes up 10% of the total CAPEX.

CAPEX

10%

m Solar Collector Array W USTES m Water - Water Heat Pump  m DHN

Figure 9.14: CAPEX cost share of the components for solar collector based system with 2100 m3 USTES and 1060 m? solar collectors.
Total costs are €993.000,-.

The CAPEX of the air-water heat pump based system is €493.500,-. The pie chart in figure 9.15 breaks down
the cost of components. From this chart it becomes clear that the USTES contributes the largest part of the to-
tal CAPEX. The costs for the DHN is fixed for every configuration and makes up 21% of the total CAPEX.

CAPEX

W Air-Water Heat Pump M USTES ™ Water - Water Heat Pump DHN

Figure 9.15: CAPEX cost share of the components for the heat pump based system with 1800 m3 USTES and 200 kW air-water heat pump
capacity. Total costs are €493.500,-.
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9.5. Autonomous Systems - Offsetting the Electricity Use

The systems both still depend on electricity sourced from the grid. To increase the autonomy and renewable
share of the system, PV panels can be installed. The solar collector based system does not have the entire
rooftop area left since the solar collectors are already taking up a large part of the available space. The heat
pump based system does have the entire rooftop area available for additional PV panels.

One concern is the mismatch in time between consumption and generation. These systems are therefore
not aimed to be fully autonomous but "zero on the meter", meaning the electricity generation is offset to the
consumption using the general electricity grid as a "storage".

By installing a PV array the entire electricity use of the systems is compensated. Part of the effective rooftop
area as described in section 5.3.7, totalling 1344 m? will be used for the placement of the PV array. This results
in an increase of the SCOP to infinity since all energy consumed by the system is also generated within the
system. The cost of the PV panels increase the CAPEX of the systems and subsequently the LCOH reaches a
new optimum.

For the solar collector based system including PV the optimal LCOH is €0.126 with a solar collector sur-
face area of 1000 m?, a PV surface area of 333 m? and a USTES volume of 3141 m®. Figure 9.16 presents
the LCOH for different component configurations. The LCOH of this system is limited by the rooftop area
available.
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Figure 9.16: LCOH of the solar collector based system including a PV array. All electricity consumed by the system is generated by the PV
array resulting in a "zero on the meter’ autonomous system. The system is still communicating with the electricity grid.

The CAPEX share for each component of the system is presented in figure 9.17. The PV array entails 5% of the
total CAPEX. The CAPEX totals €1.182.090,-.
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Figure 9.17: Pie chart of the CAPEX of the solar collector based system including PV. The system consists of 1000 m? of solar collectors,
333 m2 of PV panels and 3141 m3 of USTES. The PV cost totals 5% of the total CAPEX. Total costs are €1.182.090,-.

The air-water heat pump system consumes more energy compared to the solar collector based system and
therefore needs more surface area of PV panels to reach "zero on the meter" autonomy. Figure 9.18 presents
the LCOH for the air-water heat pump system while all electricity use is offset by PV panels.
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Figure 9.18: LCOH of the air-water heat pump system including a PV array. All electricity consumed by the system is generated by the PV
array resulting in a "zero on the meter’ autonomous system. The system is still communicating with the electricity grid.
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The optimal LCOH for this system is €0.094 at a USTES volume of 2709 m® and a heat pump capacity of
250 kW. To ensure all electricity is produced on site a PV array of 1343 m? is needed. This is considered the
optimal configuration since the only relevant KPI is the LCOH. The autonomy of the system is equal for all
configurations since all electricity is produced by the system. The system is constraint by the rooftop area
available. With additional PV panels the LCOH can be reduced further.

The CAPEX of the system is €882.590,- and is presented in figure 9.19. The PV array entails 27% of the total
CAPEX.

CAPEX

W Air-Water Heat Pump ® USTES m Water - Water Heat Pump DHN ® PV-array

Figure 9.19: Pie chart of the CAPEX of the air-water heat pump system including PV. The system consists of a USTES of 2709 m?, a 250
KW air-water heat pump, and a 1343 m? PV array. The PV cost totals 27% of the total CAPEX. Total CAPEX is €882.590,-.
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9.6. Operating Expenditures

The systems LCOH is not only dependent on the CAPEX but also is affected by the operating expense (OPEX).
The operating costs consist of two components, the first is the operating and management costs which are
assumed at 1.2% of the CAPEX. The second is the electricity cost to run heat pumps and circulation pumps.
The systems with a PV array installed are not subject to electricity costs but do have an increase in operating
and management costs due to the increase in CAPEX. Table 9.1 provides an overview of the annual OPEX for
the different systems.

Table 9.1: OPEX of the systems. Operating expenditures include cost of electricity use and operating and management costs.

OPEX [€]
Solar collector based system 26.559,-
Air-water heat pump based system 43.986,-
Solar collector based system with PV 14.185,-

Air-water heat pump based system with PV 10.592,-




Discussion

This section will elaborate on the key performance indicators for both systems and present the optimal sizing
of components for each KPI. Taking into account the weights determined for the KPI’s, the optimal configu-
ration for each system is determined.

The results of chapter 9 present the optima for the two KPI's. Table 10.1 gives the optimal KPI values and the
corresponding sizing of components of the solar collector based system. Table 10.2 presents the same for the
air-water heat pump system. From these optima the final system sizing is determined, which is believed to
be the favourable combination for the Energiek Nagele project.

Table 10.1: Solar collector based system KPI evaluation. The weight represents the importance of the KPI in determining the eventual
preferred system and its size. The total weight makes up 1.

KPI Optimum Value  USTES Volume [m?®]  Solar Collector area [m?] Weighing

LCOH 0.122 1605 800 0.8
SCOP 19.83 3861 2100 0.2

Table 10.2: Heat pump based system KPI evaluation. The weight represents the importance of the KPI in determining the eventual
preferred system and its size. The total weight makes up 1.

KPI Optimum Value USTES Volume [m®]  Heat Pump Capacity kW] Weighing

LCOH 0.118 1300 175 0.8
SCOP 2.07 3861 300 0.2

10.1. Determining the Optimal System Configurations

The optimal system configuration and sizing for the solar collector based system without PV array is deter-
mined following equations 10.1 and 10.2 by weighing the KPI's. This results in a system with 2100 m? of USTES
volume and 1060 m? of solar collector area.

Vustes(system) =0.8 x Vystps(LCOH) + 0.2 * Vystrs(SCOP) (10.1)

Agrc(system) =0.8* Aprc(LCOH) +0.2 * Aprc(SCOP) (10.2)

The optimal system configuration and sizing for the heat pump based system without PV array is determined
following equations 10.3 and 10.4 by weighing the KPI's. However, the SCOP and subsequently the autonomy
of the system is rather constant. This results in a system with 200 kW of air-water heat pump capacity and
1800 m® of USTES volume.

97



10.2. Simulation of the Optimal System Sizes 98

Vustes(system) = 0.8 x Vystps(LCOH) + 0.2 * Vystrs(SCOP) (10.3)

Puw-pgp(system) =0.8% Pgy,—gp(LCOH) +0.2 % Pyyy—gp(SCOP) (10.4)

The optimal system configuration and sizing for the solar collector based system with PV array is based on
"Zero on the meter" at the lowest possible cost while taking into account the rooftop area constraint. This
results in a system with 1000 m? of solar collector area, 3141 m® of USTES volume, and 333 m? of PV panels.
The LCOH of the system is €0.126. The LCOH can come down further by installing additional PV panels.
However, the rooftop surface area constraints the PV array size.

The optimal system configuration and sizing for the heat pump based system with PV array is also determined
to achieve "Zero on the meter" at lowest cost. This results in a system with 250 kW of air-water heat pump
capacity, 2709 m® of USTES volume, and 1343 m? of PV panels. This results in a LCOH of €0.094. Again the
LCOH can come down further if not for the rooftop area constraint.

Table 10.3 presents an overview of the optimal system configurations and the component sizes:

Table 10.3: Optimal component sizes of the different system configurations.

USTES Volume [m®] ~ Solar Collector [m?]  Heat Pump Capacity kW] PV array [m?] LCOH SCOP

Solar collector based system 2100 1060 - - 0134 4.76
Air-water heat pump based system 1800 - 200 - 0126 1.82
Solar collector based system with PV 3141 1000 - 333 0.126 -
Air-water heat pump based system with PV 2709 - 250 1343 0.094

10.2. Simulation of the Optimal System Sizes

To be able to determine whether the system sizes presented in table 10.3 are feasible and to understand how
they behave a full simulation of these systems is presented.

Solar Collector Based System

The optimal configuration for the solar collector based system consists of a solar collector array of 1060 m?
and a USTES volume of 2100 m®. Figure 10.1 presents the solar collector output for the full simulation. This
output differs from the output presented in figure 9.4 since the efficiency is dependent on the temperature
of the bottom node of the USTES that acts as inlet fluid to the solar collector. The seasonal solar efficiency of
the collectors as defined in section 3.4 is 40%. The solar fraction of the system is 86%.
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Figure 10.1: Output of the solar collector array during a five year time period.

The temperature of the nodes in the USTES over the years is presented in figure 10.2. From the graph can be
seen that the temperature fluctuations are not the same every year but do follow a similar trend. From the
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figure follows that not all energy comes from the solar collectors but some auxiliary heating is needed with
this system sizing. This implies that using additional solar collectors and USTES volume to ensure demand
are more expensive compared to the use of auxiliary heating. This is due to the low cost of electricity when a
large amount of electricity is off taken and it results in a larger investment, operating and maintenance costs.
By installing a PV array the auxiliary heating can also be considered renewable.

L s e O I O O
Bottom
node 2 |—
node 3
node 4
node 5 |7
node 6
node 7
node 8
node 9

QOY\

[Degrees Gelsius]
0
o

40 7\&\
30—

20—

=)
I

o

Feb —
Mar —
Apr—
May —
Jun —
Jul =
Aug —
Sep —
Oct —
Nov —
Dec —
Jan 2016 |—
Feb —
Mar —
Apr—
May —
Jun —
Jul =
Aug —
Sep —
Oct —
Nov —
Dec —
Jan 2017 —
Feb [—
Mar —
Apr—
May —
Jun —
Jul —
Aug —
Sep —
Oct —
Nov [—
Dec —
Jan 2018 |—
Feb [~ |
Mar —
Apr—
May —
Jun —
Jul =
Aug —
Sep —
Oct —
Nov —
Dec —
Jan 2019 |—
Feb —
Mar —
Apr—
May —
Jun —
Jul —
Aug —
Sep —
Oct —
Nov —
Dec

Jan 2015

[Month]

Figure 10.2: Temperature of the nodes in the USTES during a five year time period with 2100 m3 USTES and 1060 m? solar collectors.

Air-Water Heat Pump System

The temperature profile of the USTES over a 5 year time period is presented in figure 10.3. To be certain the
heat pump is only operating when energy can be added to the USTES, it only operates when the temperature
of the bottom node of the USTES is below 80 °C and when there is a return mass flow from the DHN at 40 °C.
This translates in the fact that the bottom node appears to be fluctuating between 80-90°C.

From 10.3 also follows that in the years 2017 and 2018 some auxiliary heating is needed. This auxiliary heat-
ing can be prevented by installing more m® of USTES. However, based on the KPI's apparently it is favourable
to have some auxiliary heating since it leads to a lower LCOH compared to installing additional USTES vol-
ume.
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Figure 10.3: Temperature profile of the nodes in the USTES during a five year time period with 1800 m3 USTES and 200 kW air-water
heat pump capacity.

The graph in figure 9.12 presenting the LCOH does not show a consistent profile like the solar collector based
system. This is due to the fact that the main parameter (the ambient air temperature) determining the output
of the air-water heat pump does not follow consistent sinusoidal trends like the main parameter determining
the solar collector output (the solar irradiance).

This effect is amplified by the fact that the control mechanism of the heat pump alters the power output
depending on the ambient air temperature. Since it is impossible to predict what the ambient air temperature
in the future will be the output of the heat pump can be too high or too low depending on the situation. This
results in the fact that certain heat pump configurations perform better during certain situations that occur
during the five year period. This may result in the slightly fluctuating LCOH.

However, this effect is small and does not have a large impact on the LCOH as can be seen from figure 9.12.
It seems the air-water heat pump capacity does not majorly affect the levelised cost of heat. The USTES
volume does have a more significant impact on the LCOH as the LCOH increases with increasing USTES
volume.

The Autonomy of the system increases as the SCOP of the system increases. An increase in USTES volume
enables the system to store more heat during periods the heat pump is operating at high COP. This heat
collected at high efficiency can be used to serve demand during periods the heat pump operates at low COP.
A volume increase of the USTES will essentially increase the heat pump output at high COP and lower its
output at low COBP increasing the SCOP. An increase in heat pump capacity enables the system to reduce the
total needed amount of operating hours and only operate at peak COP resulting in a higher SCOP. However,
the increase in SCOP is small and likely does not outweigh the increase in investment costs.

The level of autonomy of the system is determined by the degree of electricity imported from the grid. Elec-
tricity used by the heat pump is imported from an external source and therefore, by increasing the heat pump
operating hours the autonomy of the system decreases. The systems level of autonomy is closely related to
the SCOP since they both depend on the amount of electricity imported from the grid.

The results show that it is feasible, both technically and economically, to have a small scale district heating
network operate year round based on renewable energy combined with a local seasonal heat storage. To
ensure the system is fully renewable a PV array is needed. However, whether or not these systems will be
installed is not alone based on the LCOH and the renewable nature of the system. Another consideration is
the impact on the users and the ease of installation. Also the cost competitiveness with the business as usual
case is considered to be important. Below these additional factors are discussed.
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Ease of Installation

Solar Collector

The ease of installation will increase as the system size decreases. The optimum occurs at the moment no
system is installed at all. However, since the USTES is fully modular the effort for installing more USTES
volume is lower compared to installing more solar collectors. Therefore, less solar collector area will have a
larger impact on the ease of installation compared to the size of the USTES which will hardly be of impact. The
impact on the users in the case of solar collectors is significant since a piping network needs to be installed
to the rooftops of the buildings. This may be possible without entering the inside of the building reducing
impact on the users.

Air-water heat pump

The ease of installation of the system is hardly affected by the sizing of components since the air-water heat
pump installation is almost the same for different sizes of heat pump. The size of the heat pump does have
an effect on the noise production of the heat pump. An increase in heat pump capacity will generally result
in an increase in sound. This can lead to a decrease in living standard for the users. Measures need to be
taken to reduce and minimise the noise of the air-water heat pump. Also a higher capacity heat pump needs
a larger grid connection which may be a problem depending on the local electricity network. This may lead
to constraints and the need for a lower heat pump capacity.

USTES

An increase in USTES volume will have some effect on the ease of installation but due to the modular nature
of the USTES provided by HoCoSto an increase in volume has only a minor effect on the installation effort
and time. The land utilisation of the USTES is also of minimal effect since the surface area can be used after
installation.

PV array
The PV array is of low impact on the users buildings. Since it is a flat surface it is relatively easy to install and
of low impact on the building.

10.3. Cost Competitiveness

Traditional heat generated by burning natural gas using a HR-boiler operating at a seasonal efficiency of 90%
costs 0.088 €/kWh excluding capital costs (the initial costs of the HR-boiler) since the system is already in
place. This is the business as usual in the Netherlands for the majority of households. Therefore, this price of
heat is the benchmark for renewable heating systems.

The optimal configurations of the systems produce a LCOH of 0.134 €/kWh and 0.126 €/kWh for the solar
collector based system and air-water heat pump based system, respectively. This indicates that without sub-
sidies the alternative heating systems without PV presented in this study are not cost competitive with the
business as usual case. However, although the LCOH is the most important indicator, the energy source is
not mainly determined by this parameter. The value attributed to sustainability has been increasing over the
years and therefore a premium on the energy price may be acceptable.

The systems including a PV array produce a LCOH of 0.126 €/kWh for the solar collector based system in-
cluding PV and 0.094 €/kWh for the air-water heat pump based system including PV. The latter is the most
competitive with the business as usual case of all system configurations but still cannot compete. With more
rooftop area available the systems with PV are able to be cost competitive with the base case.

Table 10.4 presents the LCOH of all the systems optimal configurations. The costs for all systems is excluding
subsidies and BTW.

10.4. Payback Period

The payback period of the systems is defined as the time it will take for the system to harvest enough energy
to repay the CAPEX relative to the business as usual case, where natural gas is burned in the central heating
boiler at a LCOH of 0.088 €/kWh. The systems proposed in this study are not able to payback the CAPEX. This
is due to the fact that the LCOH for the proposed systems is higher than the business as usual case.
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Table 10.4: LCOH optima of all systems considered during the study.

LCOH [€/kWh
Natural gas boiler system 0.088
Solar collector based system 0.134
Air-water heat pump based system 0.126
Solar collector based system with PV 0.126
Air-water heat pump based system with PV 0.094

The systems including PV can be cost competitive if more rooftop area would be available. If more rooftop
area would be available the LCOH of the air-water heat pump based system would be 0.068 €/kWh and 0.091
€/kWh for the solar collector based system. Still it is not believed the systems can be cost competitive since
the cash flow saved on energy by the system is lower than the total interest paid on the investment. This
results in the fact that the system will never repay itself when set off against the business as usual case.

The fact that the system cannot repay itself shows the systems are for now financially unattractive without
subsidies. However, this is not the only metric the placement of green energy projects are decided on. The
secondary benefits of the systems are socially relevant. Also, the expected lifetime of the system is about 30
years. It is not possible to account for the natural gas price fluctuations over the next 30 years. It is highly
likely natural gas prices for domestic use will surge in the coming decades since, the Dutch government is
actively discouraging the use of fossil fuels in the built environment by planning on increasing natural gas
taxes and even forbidding new natural gas heating systems in new buildings.
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10.5. Research Limitations

The research presented in this study has its limitations as assumptions have been made. The limitations on
the data analysis and the model are discussed in the following sections.

10.5.1. Limitations in the Data Analysis

The research is based on historic weather data (2015-2020) while the system will be built for a 30 year time
period into the future for instance, from 2020-2050. Over a 30 year time period weather conditions and am-
bient temperatures may be affected due to climate change. The KNMI [5] notes that since the year 1906 the
average temperature has increased by 1.9°C. During the last 30 years the average temperature has increased
0.04 °C per annum. Figure 10.4 shows the average air temperatures since 1906 measured by the KNMI.

If this trend continues this could result in a significant decrease in heating demand. Over a 30 year time
period the average temperature would increase 0.04 x 30 = 1.2°C. This may not seem as much but it could
significantly reduce the number of degree days and therefore the heating demand. An increase in the ambient
temperature will also increase the COP of the air-water heat pump as well as the efficiency of the evacuated
tube solar collectors.
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Figure 10.4: Average annual ambient air temperature since the year 1906. The measurements were taken by the KNMI at five different
weather stations across the Netherlands. The figure shows an increase in average annual air temperature with an increase in warming
rate from 1970-1980. The effect is believed to be caused by global warming due to the burning of fossil fuels. It is expected this trend will
continue for some time into the future unless drastic measures are taken.
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10.5.2. Limitations of the Model

The model is not perfect in every detail and is based on several assumptions mentioned during this study.
Also certain control mechanisms can be improved for efficiency.

The control sequence that controls the air-water heat pump can be improved by detailing the operating mo-
ments. For instance, the heat pump should not operate at low ambient temperatures during late spring when
the USTES is believed to contain enough energy to make it till warmer summer months where the heat pump
will operate at higher COP’s. This can increase the SCOP of the heat pump significantly. Also, in some years
the USTES is at its maximum temperature in early summer. The heat losses throughout summer can be low-
ered when the reaching of the maximum energy capacity of the USTES is timed better at the end of summer.
Finally it must be noted that it is not certain regulations allow for grid communications at zero cost. Further
study is necessary to investigate the costs of a system that is heavily communicating with the grid as is the
case with the air-water heat pump based system including PV.

10.6. Recommendations

The heat pump control mechanism introduced in this study is still very basic. It is believed that further stud-
ies on the control of the heat pump can drastically improve the efficiency of the entire system. With current
control the USTES is already at its maximum capacity during early summer while it only needs to be at its
maximum capacity at the end of the summer. A self learning algorithm can make the heat pump system
more robust into the future considering the climate change and the ever increasing annual temperature fluc-
tuations.

A system combining solar collectors and an air-water heat pump with a seasonal storage can perhaps utilise
the best aspects of both systems proposed in this study. Further studies on this concept could especially be
interesting for projects with limited rooftop area available.

Finally, the systems proposed in this study can have many secondary benefits. For instance, the air-water
heat pump system can act as a peak shaver for the electricity grid. When an abundance of electricity is in the
grid no curtailment is needed, instead the heat pump can be run under all conditions since the heat pump
will always operate at a COP of at least 1. In the same way the auxiliary heating can be used to generate heat
at very low, or even no cost.



1

Conclusion

The study shows that it is feasible, both technically and economically, to have a small scale district heating
network operate year round based on renewable energy combined with a local seasonal heat storage.

For energy generation using solar thermal collectors evacuated tube solar collectors are the preferred choice
over flat plate collectors in a cold climate like the Netherlands.

It was found that from a certain volume, the benefit of reduction in heat losses per m? due to the surface area
to volume ratio disappears. This is due to the fact that the USTES is constant in height.

The air-water heat pump relying on R600a as refrigerant reaches COP’s between 2.1-3.1 depending on the
ambient air temperature at a sink inlet temperature of 40 °C and a sink outlet temperature of 90°C. This is
about 0.48 the Carnot efficiency. It was found that the air-water heat pump capacity does not have a major
impact on the LCOH as long as at least 150 kW capacity is installed. Less heat pump capacity results in
insufficient heat collection where the USTES does not reach its full capacity.

Auxiliary heating in many cases is cheaper compared to installing additional system capacity. This is consid-
ered to be due to the low cost of electricity at high consumption and the increase in CAPEX and OPEX.

Both systems can reach "zero on the meter" when installing PV. The systems relying on PV are less expensive
compared to grid imported electricity. For the "Energiek Nagele" project enough rooftop area is available
although further reduction of the LCOH is possible since the area available does form a constraint. For future
projects this might not be the case and needs to be taken into account.

The LCOH of the systems including PV can come down further if more rooftop area would be available. The
rooftop area available used during this study is specific for the neighbourhood Karwijhof. In other projects
this surface area may not be a constraint and lower LCOH may be obtained.

The cost of the district heating network is considerable compared to the total cost of the system. This is partly
due to the layout of the DHN of project Nagele and can, in future system designs, be more efficient. This will
lower the LCOH and increase the competitiveness to natural gas heating systems.

There is a difference in LCOH between the systems proposed during this study. Therefore a preferred system
can be appointed, in this case the air-water heat pump system including a PV array is preferred. However,
since for every project the conditions are different the solar collector based system may be more attractive in
some cases. For instance, when a large central solar collector array can be installed, and noise disturbance is
a major issue. While the air-water heat pump system will be more attractive in other situations for instance,
projects with limited rooftop area or neighbourhoods where PV panels are already in place.

The systems including a PV array can compete with traditional heating systems based on the LCOH if rooftop
area would not be a constraint. However, the systems cannot repay them self relative to the base scenario
due to the financing costs making the deployment of these systems unattractive. By introducing subsidies
(which currently are in place) and a more efficient DHN it will become more competitive when installing the
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proposed systems in the real world. The likely scenario of higher natural gas prices in the future will increase
the competitiveness of the systems proposed.

It can be concluded that the results presented can act as a starting point, a buildout of the model which
incorporates subsidies and the social value for including seasonal storage in a shifting electricity system will
show a more competitive LCOH which reflects the true value of USTES.
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