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Abstract

Thermal energy systems that provide heating and cooling to a building or area
have become more complex over the last decade. The cooling demand for build-
ings in Norway has increased, and this has resulted in more complex thermal en-
ergy systems that require both heating and cooling simultaneously. Heat pump
technologies can provide heating and cooling at the same time, and therefore
it is often a beneficial solution for providing thermal energy to a building.

From a review of existing thermal energy models and applied thermal energy
plants in Norway, a model of a ground source heat pump in a heating and cool-
ing plant integrating long- and short term energy storage is developed. The
model consist of three sub-models; a borehole configuration, a heat pump, and a
water storage tank. The borehole configuration works as a seasonal thermal en-
ergy storage thermally charged during summer and drained during the winter.
The water storage tank is connected between the heat pump and the heating
system and work as a short term energy storage to obtain smooth operation of
the system by reducing the disturbances. The model is used to perform analyses
of several strategies for sizing the components, control strategies, various loads,
and different compressors. Two distinct loads of heating and cooling demand
are used to evaluate the model for loads with significant seasonal differences
and a more constant demand. From the analyses in the model, the ratio of
the cooling and heating demand influences the energy balance in the borehole
storage. If the ratio is too small the borehole configuration will become super-
cooled with time. The temperature lift of the compressor is significant to the
performance of the heat pump and the performance increase with a reduced
temperature lift.
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Sammendrag

Termiske energisystemer som leverer oppvarming og kjgling til en bygning eller
et omrade har blitt mer kompliserte det siste tidret. Kjslebehovet for bygninger
i Norge har gkt, og dette har resultert i mer komplekse termiske energisystemer
som krever bade oppvarming og kjgling samtidig. Varmepumpeteknologier kan
levere oppvarming og kjgling pd samme tid, og derfor kan det veere gunstig
lpsning for & levere det termiske energibehovet som er gnsket.

Fra en gjennomgang av eksisterende modeller av termiske energisystemer og
anvendte termiske energisystemer i Norge utvikles en modell av en bergvarmepumpe
i et varme- og kjglesystem som integrerer langsiktig og kortvarig energilag-
ring. Modellen bestér av tre delmodeller; en brgnnpark, en varmepumpe og en
varmelagringstank. Borehullskonfigurasjonen fungerer som et sesongbasert ter-
misk energilager som termisk lades i sommersesongen og tappes i vinterseson-
gen. Varmelagringstanken er koblet mellom kondenseren og varmesystemet og
fungerer som en kortvarig energilagring for 8 oppna jevn drift av systemet ved &
redusere forstyrrelsene. Modellen brukes til & utfgre analyser av flere strategier
for dimensjonering av komponenter, kontrollstrategier, forskjellige belastninger
og forskjellige kompressorer. To ulike belastninger med oppvarming og kjgling
brukes til & evaluere modellen for en belastning med store sesongmessige for-
skjeller og en belastning med mer konstant etterspgrsel gjennom aret. Fra ana-
lysene i modellen kan det konkluderes at forholdet mellom kjgle- og varmebe-
hov péavirker energibalansen i brgnnparken. Kompressorens temperaturlgft er
avgjgrende for ytelsen til varmepumpen.
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Introduction

The building and construction sector is responsible for 40 % of the direct and
indirect CO, emissions in the world and the sector is responsible for one-third
of the global energy consumption (IEA 2020). This means that the building and
construction sector has a high potential for reducing energy consumption and
emissions. The use of fossil fuels must be reduced, and renewals must increase
to reduce the consumption and the emissions

Several thermal energy systems for one or several buildings are based on heat
pump technologies. Norway has a cold climate, and supplying buildings with
sufficient heat has been the main priority throughout time. New buildings are
more insulated and airtight, and they accommodate more massive computer
servers and heat-generating equipment, this has resulted in increased cooling
demand. Heat pumps can cover both heating and cooling demand simultan-
eously and can, for this reason, benefit as a right solution for thermal energy
supply systems. As the thermal energy supply systems are getting more ad-
vanced control, and the heating and cooling demand for the building is more
detailed, the complexity of a thermal energy system increase. Measurements
and practical results from thermal energy systems with a heat pump have shown
issues regarding the implementation of such solutions. Existing work on this
topic shows that several models have been established to perform research on
thermal energy systems. The method and the degree of complexity of the mod-
els depend on the research questions that are raised. Some models are made
in advanced simulation programs, while others are constructed from manufac-
turer data or actual measurements.

The master’s thesis aims to establish a model of a heat pump based energy
supply system integrating short- and long term storage and using the model
to perform analysis and evaluations of the system. Several research questions
have been investigated in the model to improve the model and evaluate the
overall thermal energy system. By changing the heating and cooling loads and
their ratio, it would be possible to estimate the long term storage sizing and
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operation. It is assumed that the reader of this master’s thesis has knowledge
regarding thermal energy systems and thermal energy storage.

1.1 Thesis Outline

This master’s thesis will evaluate an overall thermal energy system similar to
applied systems in Norway with several operational conditions depending on
the demand. The thermal energy system will use a ground source heat pump
with vertical boreholes. The thermal energy system is evaluated by using a MAT-
LAB model. The mathematical model is built by creating three sub-models of
the three main components in the system; one sub-model for the boreholes,
that work as a long term thermal energy storage, the second sub-model is the
heat pump, and the third sub-model is the water storage tank, that works like
a short term energy storage. To begin with, a theoretical background is presen-
ted, consisting of a brief review of existing literature on the topic and examples
of models that are made before. Then, the mathematical model’s documenta-
tion is presented, followed by the research questions that were analyzed in the
model. To obtain useful data for the heat pump capacities and the heat pump
performance, a software delivered from the refrigeration and air conditioning
technology manufacturer BITZER is used. The model has limited input, and
therefore assumptions and calculations must be made to achieve a good model
of the system.

1.2 Method

The thesis is based on science within Energy and Process engineering. Funda-
mental physics and thermodynamic principles were used to develop a model
of a thermal energy system. Each component of the system is modeled separ-
ately, and then the components are connected. The components are modeled
using a dynamic-state approach as well as steady-state and regression models.
Relevant performance data for the compressors have been collected from the
BITZER software, and input data for the outdoor temperature and thermal en-
ergy demand is obtained from previous measurements. Modeling of a thermal
energy system is complex, and a set of assumptions have been made to obtain
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the mathematical model.

1.3 Structure and Contents

The master thesis is divided into 9 chapters:

Chapter 1 - Introduction
Describe the motivation, goal, method and structure of the assignment.

Chapter 2 - Theoretical Background
Presents heat pump systems and existing research on modeling thermal energy
systems.

Chapter 3 - Applied Thermal Energy Systems in Norway
Introduce existing thermal energy systems in Norway.

Chapter 4 - Method for Modeling the Thermal Energy System
Description and documentation of the model that is built.

Chapter 5 - Results of Base Case Model with Two Heating and Cooling
Loads
Presents the base case results with two loads and remark some issues of the
model.

Chapter 6 - Research Questions in Model
Presents several research questions for further analyses.

Chapter 7 - Results of Research Questions
Presents the results for several research questions for further analyses

Chapter 8 - Discussion
Discussion of results

Chapter 9 - Conclusion
Conclusion and further work



Theoretical background

This section consists of theoretical background for the main components in a
ground-source heat pump system with integrated thermal energy storage. A
short review of methods for modeling and existing models of thermal energy
plants are presented.

2.1 Heat Pump

A heat pump converts heat from a low-temperature heat source to a higher
temperature heat by adding power. The heat pump process is based on the
principle that fluid temperature will increase with compression and decrease
with expansion. A heat pump consists of an evaporator, a compressor, a con-
denser, and an expansion valve. The components are connected in a closed
circuit with a refrigerant with desired thermodynamic properties. There is a
heat source connected to the evaporator that delivers low-temperature heat to
the system. Typical heat sources are outdoor air, seawater, and geothermal en-
ergy. The refrigerant at a low temperature is compressed in the compressor,
and the temperature increases. The condenser will transfer heat to the heat-
ing system. The high-temperature heat from the condenser covers most of the
heating demand, while the low-temperature energy on the evaporator side cov-
ers the cooling demand. The purpose of the evaporator is to absorb heat from
the heat source by evaporation of the refrigerant. At the inlet of the evapor-
ator, the refrigerant is liquid and have low pressure and temperature. When
the heat from the heat source is transferred, the refrigerant evaporates and ab-
sorbs the heat. At the evaporator’s outlet, the refrigerant has evaporated into
superheated steam with low pressure and temperature. The compressor main-
tains a continuous suction of superheated steam from the evaporator to obtain
heat transfer from the heat source to the refrigerant in the evaporator. When
the refrigerant enters the compressor in the heat pump cycle, it is compressed
to a higher pressure and temperature. At the compressor outlet, the steam is
overheated. Compressors have an operating range that the compressing process

4
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must be performed within. An example of such an operating range is shown in
figure 2.1. The operating range is given by the evaporating and condensing
temperature. The grey line expanding the operating area shows the operating
range if the extra cooling capacity is implemented.

70
0OSKA95
60
50
40
O 301 [ 2
O 204
Atoh=10K
10 4
0
50 40 30 20 -10 0 10 20 30

t0[°C]

Figure 2.1: Example of operating range for a compressor obtained from the
Bitzer software

The coupling of the compressor and motor can be done in three ways; hermetic,
semi-hermetic, or open. In a hermetic compressor, the compressor and motor
are coupled in the same case, which is closed and can not be opened. In a semi-
hermetic compressor, the compressor and motor are coupled in the same case,
but the case can be opened for service. Open compressors have separate units
for the compressor and the motor. There are different types of compressors;
reciprocating, screw, scroll, and turbo compressors. The condenser’s purpose is
to transfer heat from the refrigerant to the secondary side that will supply the
heating system. The heat transfer happens by cooling the superheated steam
with high pressure and high temperature to the dewpoint, and when the refri-
gerant condenses heat is released.

2.1.1 Sizing a Heat Pump

The heating and cooling demand of a building are dependent on the weather
conditions. Therefore it is common to implement weather data as an input when
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the heating and cooling demand is calculated. Weather data is local data of the
weather in an area. It can be obtained from typical values from the past, it can
be continuous recordings of the present, or it can be projections of the weather
to come. Weather data can, for instance, include temperature, wind, day- and
sunlight data. They can include or exclude extreme conditions. The resolution
of weather data can vary from monthly data to sub-hourly data(Carlucci 2019).

To size a thermal energy system, the heating and cooling demand of a building
or area must be developed. The heating demand consists of both space heating
and domestic hot water. The net heating demand for space heating is calculated
by adding transmission losses, infiltration losses, and losses from ventilation
and then subtract the internal heat loads, heat from users, and radiation from
the sun. The space heating demand has seasonal differences, while the domestic
hot water demand is close to constant throughout the year (Stene 2019a). The
cooling demand occurs when the indoor temperature becomes too high. The
cooling demand can be divided into two categories; climate cooling and process
cooling. Climate cooling is the seasonal cooling demand due to warm weather
and solar radiation. Process cooling is a constant demand due to heat from, for
example, server rooms or other processes that continuously generate heat.

The size of a heat pump is determined by the heating and cooling demand. The
heating and cooling demand are calculated from weather data, the standard of
the building envelope, and the building’s internal loads. When the heating and
cooling demand is calculated the size of the heat pump can be determined. The
highest demand will be the decisive factor in dimensioning the heat pump. A
duration curve of the demand for a building is obtained to present the heating
and cooling demand. The heat pump will cover the baseload, which consists
of most of the energy demand, while the peak load unit will cover the peaks
and serve as a back-up. Heat pumps have a high specific investment cost, and
a low specific operation cost and the peak load have low specific investment
cost but high specific operation cost. The optimal coverage combination is the
combination of baseload and peak load that results in the lowest annual cost.
When sizing a heat pump, two coverage ratios should be taken into account,
the power coverage 3 and the energy coverage a. The heat pump should cover
B = 40-70 % of the maximum power and a = 70-95 % of the energy. The
remaining demand should be covered by the peak load. The peak load often
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serve as a backup in the system, and must cover the power demand f3,¢, = 100
%. The cooling demand has increased over the years as the buildings are more
insulated, and more heat-generating equipment is implemented. The heating
demand is still the dominating load for most of the thermal energy systems
(Stene 2019a).

2.2 Water Storage Tank

A water storage tank, also called a water storage tank, is a tank connected
between to units in a process to improve the operation by reducing disturbances
and obtain better control. (Faanes et al. 2003) separate the water storage into
two categories based on the purpose of the tank. The first category is a tank
that intends to reduce or dampen the disturbances from one unit to another.
The other category of the water storage tank intends to provide independent
operation for parts of the system. A water storage tank in a thermal energy sys-
tem is usually situated between the condenser and the heat supply system. The
heat from the secondary side of the condenser is transported to the water stor-
age tank. In the water storage tank water at a high temperature can be stored
before it is distributed to the heating system. A water storage tank acts as a hy-
draulic separator between the condenser circuit and the heating system. It helps
obtain a constant mass flow rate in the condenser circuit and a variable flow
for the demand regulated heating system. Independent operation in a heating
system can be obtained by shutting down the heat pump and use the thermal
energy in the water storage tank to supply the heating system. The purpose of
the water storage tank is to reduce the disturbances between the units, reduce
power demand, and reduce the compressor’s frequent on/off regulation. There
are several solutions considering the layout of a water storage tank regarding
the connected pipes, heat transfer, and heat generation. One example presen-
ted here. The water storage tank can have three connected pipes. The outflow
to the heating system is demand dependent and will distribute heat to the heat-
ing system. The second outflow will be equal to the constant inflow minus the
demand dependent outflow. There is no heat generation inside the tank, so the
change in energy will be the sum of the flows and the losses due to convection.
Figure 2.2 shows how the water storage tank is connected and an example of
the mass balance in the water storage tank. There are numerous layouts for wa-
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ter storage tanks and the most common layout include four pipes; one inflow
and one outflow on the top to supply the heating system, and one inflow and
outflow at the bottom to ensure mass balance.

Peak

Buffer Joad
tank
NEETE
Heating
Yam system
m

% m
Example of mass balance
in buffer tank

Figure 2.2: water storage tank with one inlet and two outlets (Stene 2020)

There are various solutions for sizing a water storage tank. One solution is to
size the tank dependent on the minimum operation step of the heat pump.
Another solution is to size the water storage tank from the time the water is
stored in the tank, also called the residence time. If the water storage tank is
sized by the minimum operation step method, it is sized to have 20-40 kW !
at the lowest performance of the heat pump(Stene 2020). If a heat pump has
a maximum performance of 100 kW and can perform on 20 % of the capacity,
the water storage tank would be sized to be 400-800 1, as shown in equation
2.1.

Vstorage,tank = PQk,min Q- Vspecific (2.1

where
Pokmin = Minimum Operation Step [%]

Qx = Condenser Capacity of Heat Pump [kW]

Vipecific = Specific Volume, usually 20-40 [1kW ]

To size the heat pump by the residence time, equation 2.2 is used.



Chapter 2: Theoretical background 9

T=V/m (2.2)

T =residence time [h]
V =volume of the tank [m?]
i = nominal mass flow supplied to the heating system [m>/h]

There is one inflow to the tank, where warm water from the condenser is sup-
plied to the tank with a mass flow m. and temperature T,.. There are two out-
flows from the tank. The first outflow is the demand dependent water distrib-
uted to the heating system. The water distributed to the heating system have
a mass flow x-m where x € [0,1] and a temperature T.. The second outflow
is as the bottom of the tank, this flow is mixed with the return water from the
heating system and delivered to the condenser. There is a temperature in the
water storage tank so that the temperature of the outflow is lower than the
other outflow. There will be some heat loss through the walls of the tank. The
water storage tank manufacturer Mibec inform that their tanks have a U-value
of 0.22 (Mibec 2020).

2.3 Boreholes

Geothermal heat is thermal energy stored in the ground below the surface. The
thermal energy stored in the ground mainly consists of energy from the sun. The
ground has a relatively high and stable temperature fifteen meters below the
surface, and therefore geothermal heat is considered an excellent heat source
for heat pump systems (Ramstad 2017).

The geothermal energy is extracted from the ground by heat exchangers in ver-
tical boreholes. The heat is extracted by the boreholes and delivered to the evap-
orator side of the heat pump at a relatively high and stable temperature. The
boreholes are between 100-350 meters deep, and the heat exchanger is a closed
single or double U-pipe, usually filled with an ethanol-based brine. There are
also some open borehole systems, but these are not common in Norway (NGU
2020b). The borehole configuration can extract only heat, or it can work as
seasonal storage for thermal energy, this depends on the distance between the
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boreholes. A borehole configuration for thermal energy can be used to extract
heat and store heat when there is surplus heat in the heating system. During
summer, when the cooling demand is dominating, excess heat can be delivered
back to the boreholes for seasonal thermal energy storage. The heat delivered
to the boreholes will result in seasonal temperature changes in the borehole
system.

2.3.1 Sizing Borehole Configuration

Sizing a thermal energy borehole storage requires knowledge of the ground
properties at the site where the boreholes will be implanted. To size a borehole
configuration, a thermal response test (TRT) and an Energy Earth Designer
(EED) evaluation should be carried out to ensure energy balance in the rela-
tionship of the heat pump and ground properties (Ramstad 2017). The thermal
properties of the ground cannot be obtained by measurements on the surface of
the ground. The thermal properties of the ground must be obtained by perform-
ing a thermal response test. A thermal response test is carried out by drilling a
test borehole at the planned depth. From the borehole, the main properties for
sizing the borehole storage is obtained. The main properties are the thermal
conductivity, the resistance of the ground, and the temperature of the unaf-
fected ground (Reuss 2015). The ground properties are then evaluated in En-
ergy Earth Designer, a program used to evaluate the energy balance and tem-
perature of the borehole storage. This evaluation must be performed in order
to avoid too low temperatures and a supercooled borehole storage. If the en-
ergy balance in the borehole storage is not obtained from the surplus energy
delivered to the storage, other solutions must be implemented. The boreholes
can, for example, be charged using heat recovery from greywater, heat from
solar collectors, or heat recovery from excess ventilation air.

2.4 Modelling and Application of Ground Source Heat
Pumps
There is a considerable amount of research on thermal energy systems with

ground source heat pumps. This section presents a review of modeling ap-
proaches used to construct a model of ground source heat pumps and thermal
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energy systems. There are several ways to model a ground-source heat pump
system. Underwood (2016) presents established approaches for modeling ground-
source heat pump systems.

Steady-State Models are models where all the parameters are in balance, and
there are no internal changes in the system. A Steady-State model can
be developed to calculate the heat pump compression cycle. Input data is
used to calculate the desired parameters using thermodynamic equations
and tables. If input data is unknown, a guess can be made, and an iterat-
ive calculation can be performed to find a good estimate for the guessed
parameter.

Dynamic-State Models are constructed to observe variations in a system over
time. Dynamic-State modeling can be carried out from transfer functions
and distributed parameter modeling. Discretization can be used in sys-
tems were the control volume is dependent on changes in one axial dir-
ection.

Regression Models can be constructed by performing regression on equations
or curves obtained by data for the equipment. There are two sources of
required data; experimental data and data from the manufacturer. Man-
ufacture data are often generated from simulated models. The data is
idealized and is not affected by the influence of the layout and installa-
tion of the actual system. Experimental data can be more realistic as the
data is obtained from measurements in an actual system. Models that are
constructed using a regression approach can have high accuracy, but they
are also limited to the parameters used to perform the regression.

Several software programs can be used for modeling ground-source heat pumps
and thermal energy systems. Persson et al. (2016) presents software programs
for modeling and simulation of ground source heating and cooling systems. The
software that can be used is Energy Earth Designer, TRNSYS, Polysun, IDA ICE,
MATLAB with the Simulink package Carnot and Modelica. Most of these systems
are best implemented to investigate the influence of the borehole storage in
the thermal energy system. They are not detailed enough for investigating the
boreholes themselves.
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2.4.1 Models of Thermal Energy Systems

Alimohammadisagvand et al. (2018) uses the building simulation tool IDA ICE
to model a ground-source heat pump with two water storage tanks, one for
domestic hot water and one for space heating for a multi-zoned residential
building. The tanks are modelled as one dimensional stratification tanks with 10
layers. The model is used to investigate rule-based control algorithms to reduce
energy consumption without reducing the thermal comfort of the occupants.

Madani et al. (2011) build a model of a thermal energy system with an integ-
rated ground source heat pump and a water storage tank. The model is de-
veloped by combining several sub-models for the components in the system in
either TRNSYS or EES and connects the sub-models after.

Kim et al. (2013) presents a model of a ground source heat pump built on
manufacturer data. The method starts with the entering water temperature and
the leaving water temperature and compare the actual performance of the heat
pump with the idealized data.

Claesson et al. (2011) presents an analytical method of calculating the fluid
temperature in boreholes. The method can be implemented to a mesh grid
of boreholes to calculate the boreholes influence on each other. Cadau et al.
(2019) presents a model on a multi-node dynamic model of a stratified water
storage tank. The model is implemented in MATLAB/Simulink and the results
conclude that the model of the stratified tank can be transmitted to the results
of an actual tank.

2.4.2 Dynamic Modelling of Thermal Energy Systems

A system can be described by a mathematical model. The mathematical model is
a set of equations that describe a systems behavior over time. To develop a math-
ematical model require well defined boundaries of the system and assumptions
must be made to simplify the model. When the boundaries and assumptions are
made a balance law must be obtained to implement the physical processes in
the system (Haugen 2003). The general balance law that calculate the change
of a parameter can be expressed by adding the inflows, extract the outflows
and add generated material in the system. This is expressed in equation 2.3.
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d(material)

I Zinflows—Zoutflows+denerated (2.3)

When modeling thermal systems the balance law is an energy balance that can
be expressed as in equation 2.4.

dE(t) )
T = ZQl(t) (2.4)

E = Thermal energy [J]

Q; = Heat flow [J/s]
t =Time [s]

where The energy is assumed to be proportional with temperature and mass
flow. This means that the energy can be expressed in multiple ways as presented
in equation 2.5.

E=c,mT =cpVT=CT (2.5)

where

¢, = Specific heat capacity [J kg 'K™!]
m = Mass [kg]

V = Volume [m?]

o = Density [kg/m?>]

C = Total heat capacity [JK™!]



Applied Thermal Energy Systems
in Norway

In Norway there are several ground-source heat pump systems. This section will
present five existing ground source heating systems and how they work. The
systems are presented from oldest to newest. After the presentation of these
systems follows a summary of the main the challenges in these systems.

3.1 Vulkan energy plant

Vulkan energy plant is a large thermal energy plant at the Vulkan area in Oslo.
The plant consist of five heat pumps, an ice storage, solar collectors and district
heating to cover peak loads. The plant cover the cooling of food, heating de-
mand, preheating of domestic hot water, snow melting of pedestrian zones and
the cooling demand for a food court, office buildings, hotels and apartments
with a total area of 38 500 m?. The thermal energy plant at Vulkan is very
complex and operation require high competence in facility management.

There are two borehole storage for the thermal energy plant and they amount
62 boreholes at 300 m each. Heat pump 1 and 2 are provided with heat from
the boreholes and in over all heating mode heat pump 1 and 2 deliver heat for
space heating, preheating of domestic hot water and snow melting. In overall
cooling mode the surplus heat on the condenser side of heat pump 1 and 2 are
sent to the boreholes for thermal charging of the borehole storages. Heat pump
4 and 5 are connected in parallel and work as a cooling plant for the food in the
food court. The waste heat from the cooling plant is sent back to the evaporator
side of heat pump 4 and 5. Heat pump 3 is connected in cascade with heat pump
4 and 5, this means that the condenser heat from heat pump 4 and 5 at around
25 °C is delivered to the evaporator side of heat pump 3. The heat generated
in heat pump 3 cover the heating demand with heat pump 1 and 2. In overall
cooling mode the ice storage is used to cover the peak demand for cooling. The

14
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solar collectors deliver heat to the heating system in overall heating mode and
send heat back to the boreholes for thermal charging during overall cooling
mode. A simplified system scheme of the Vulkan energy plant is attached in
appendix A figure A.2.

The thermal plant have both seasonal heating and cooling demands; space cool-
ing, space heating, snow melting, and heating and cooling demands that are
more or less constant over the year; domestic hot water and cooling of food.
Based on the measurements of the thermal energy use in 2017, Daniel Rohde
simulated the heat extracted and delivered to the borehole storages over the
year. The results can be seen in figure 3.1. The extracted heat is a bit larger than
the heat delivered to the boreholes, which can influence the borehole storage
with time. It can be seen that the heat delivered from the solar collectors is low
(Rohde 2019).

15
Borehole thermal energy storage
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Figure 3.1: The simulated energy balance in the borehole storage based upon
measured data (Rohde 2019).

3.2 The SWECO Building

The SWECO building is an office building in Bergen housing a food store on the
first floor. The building has a total area of 18 000 m? and was finished in 2016.
The waste heat from the cooling plant in the food store is used in the system to
preheat domestic hot water. The borehole storage deliver heat to the evaporator
side of the heat pump. The cooling system is connected in parallel with the
evaporator circuit so the return flow from the cooling system is mixed with the
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flow from the boreholes before the evaporator. The heat pump is dimensioned
from the maximum cooling demand as is was expected that the cooling demand
would be very high. The heat pump use ammonia as refrigerant and the heat
from the heat pump cover the space heating of the building and preheating of
the domestic hot water together with the waste heat from the cooling plant
in the food store. District heating is used to lift the hot water temperature. A
simplified scheme of the system can be found in appendix A figure A.3.

An issue with the thermal energy system of the SWECO building is the large
reduction of -70% from the pre-calculated cooling demand to the actual cooling
demand (Aaberg 2019).

3.3 Moholt 50 | 50

Moholt 50 | 50 is an extension of the student residence area at Moholt in
Trondheim. The extension was finished in 2016 and consist of five nine story
apartment buildings, a kindergarden, a common laundry, a library and a fitness
center with a total area of 23 400 m?. The thermal energy plant consist of a
borehole storage, three heat pumps and solar collectors and a grey water heat
exchanger. The plant cover the heating demand for ventilation air, domestic hot
water and snow melting of pedestrian zones. Free cooling from the boreholes
are used to cover the cooling demand of ventilation air (Meisler 2020). The 23
boreholes at 250 m deliver heat to the evaporator side of the heat pumps. The
surplus heat from the heat pumps after covering the demand is used to pre-
heat domestic hot water for older student apartments. The borehole storage is
charged with heat from a grey water heat exchanger, solar collectors and from
heat recovery of the ventilation air. A simplified scheme of the system can be
found in appendix A figure A.4.

3.4 KIWI Dalgard

KIWI Dalgérd is a food store in Trondheim with high ambitions regarding sus-
tainable solutions. The thermal energy system consist of a CO, cooling plant
for the cooling and freezing of products in the store and a ground source heat
pump with eight boreholes at 264 m to cover heating demand. The purpose of
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the system is that the waste heat from the gas cooler can cover a high fraction of
the heating demand in the store and the ground source heat pump can cover the
remaining demand in the store and then deliver most of the heat to the nearest
residence buildings. In overall cooling mode the CO, cooling plant send waste
heat back to the boreholes for thermal charging. A simplified scheme of the
thermal energy system is shown in appendix A figure A.5. The waste heat from
the CO, cooling plant cover 92% of the heating demand in the store and the
borehole storage is in thermal balance. The residential buildings that receive
the surplus heat have a higher temperature level in the heating system than
the heat pump can deliver, and the utilization of the surplus heat is not well
conducted (Aaberg 2018).

3.5 Otto Nielsens Vei 12 E

Otto Nielsens Vei 12E is an office building in Trondheim that was finished in
2017. It is an extension of an existing office building. The tenant of the building
have a high demand for process cooling and the waste heat from the cooling
generation is delivered to the connected neighbor building for space heating.
The thermal energy system consist of a borehole storage with 25 boreholes
at 258 m that deliver heat to the evaporator side of the heat pump. The heat
pump cover the space heating, preheating of domestic hot water, snow melting,
process cooling and space cooling. Waste heat is delivered to the neighbor office
building and to the boreholes for thermal charging. If the borehole temperature
is above 20 °C, the surplus heat is released through the snow melting system.
A simplified scheme of the thermal energy system is presented in appendix A
figure A.6. The main issue with the thermal energy system is the temperature
level of the surplus heat delivered to the neighbor building. The temperature
is very high, and the heat transfer is not as efficient as it could be. The high
temperature level reduce the seasonal performance factor. (Alfstad 2018).
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3.6 Challenges in The Applied Thermal Energy Systems

Variation in pre-calculated and actual heating and cooling demand is a chal-
lenge as the pre-calculated demand is used to size the system. If there are
high deviations the system can be sized incorrectly.

Temperature level of the system is influencing the heat pump performance
and if the temperature level is too high this can tear on the compressor
and is will reduce the overall performance of the system.

Supercooling of borehole storage can become an issue if the ratio between
the cooling and heating demand is too low. The temperature of the bore-
hole storage should be monitored to ensure that the temperatures are not
too low.



Method for Modeling the Thermal
Energy System

Chapter 4 presents the mathematical model that was developed. The model was
divided into three main parts that is presented separately. The first sub-model
is the borehole configuration, which operate as a seasonal thermal energy stor-
age and is presented as the third sub model. The second sub-model is the heat
pump and how the evaporator, condenser and compressor capacities are ob-
tained. The third sub-model is the water storage tank that operate as a short-
term thermal energy storage. The sub-models are based upon hourly weather
data and heating and cooling demand incorporated with thermodynamic prin-
ciples. This chapter explains the model, and significant equations and schemes.
Information flow charts are utilized to obtain a sufficient detail level. The model
presented in this chapter is the basecase model. The results developed from the
model are presented in the following chapters.

4.1 System Layout and Introductory Part

This section begins with explaining the layout of the thermal energy system
that is used for building the model. Then

4.1.1 Plant Configuration and Operational Conditions

The model that was built in this master’s thesis was based on a typical ground-
source heat pump plant integrating long- and short term energy storage. The
heat pump configuration have different operational conditions depending on
the seasonal differences in the demand. Figure 4.1 presents the layout of the
thermal energy system that was modelled.

19
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Figure 4.1: General heat pump configuration with bedrock boreholes

The heating system is where the heat generated by the thermal energy system is
supplied to cover the demand. While the heating system usually consists space
heating from of radiators and heating of ventilation air and heating of domestic
hot water, these loads are assembled into one large heating demand. The same
applies to the cooling demand which usually consist of both process cooling
and cooling ventilation air. The thermal energy system have three operational
conditions; overall heating mode, overall cooling mode and free-cooling mode.

Overall Heating Mode

The system operate in overall heating mode when the heating demand is lar-
ger than the cooling demand. Figure 4.2 shows the operational conditions. The
evaporator is supplied with heat from the boreholes and the heat pump gener-
ate heat that is distributed to the heating system on the condenser side. If the
heat pump is not able to cover the heating demand, the peak load will be used
to cover the remaining demand. After the evaporator, the brine will deliver heat
to the cooling system. The cooling demand in overall heating mode is usually
process cooling of for example a data center.

Overall Cooling Mode

The system operate in overall cooling mode when the cooling demand is lar-
ger than the heating demand. Figure 4.3 presents a scheme of the operational
conditions in overall cooling mode. The heat pump supplies the cooling system
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with low temperature brine on the evaporator side. The heating demand will
be covered by the condenser heat. The surplus heat from the condenser will
be sent back to the boreholes for seasonal thermal energy storage. In overall
cooling mode the borehole thermal energy storage is charged with heat so that
the temperature will increase.

Free-Cooling Mode

The system operate in free-cooling mode when the heating demand is zero and
the cooling demand can be covered by the borehole thermal energy storage.
In free cooling mode the heat pump can be turned off. Figure 4.4 presents the
operational conditions in free-cooling mode.
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Figure 4.2: Heat pump configuration in overall heating mode
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Figure 4.3: General heat pump configuration in overall cooling mode
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Figure 4.4: General heat pump configuration in free-cooling mode

4.1.2 Introductory Part

Before the first sub-model there is an introductory part where input data is
loaded and the primary set-point temperatures for the thermal energy system
is set. The input data that is loaded is presented in table 4.1.

Input data Name Unit
Heating demand at hourly interval Qni kW
Cooling demand at hourly interval Qu kW
Outdoor temperature at hourly interval T, °C
Condenser coefficients Condensercyefficients -
Evaporator coefficients Evaporatorcyefficients -
Compressor coefficients Compressor coefficients -
Condenser temperature coefficients CondenserTempcoefficients

Table 4.1: Input data for the model of the thermal energy system

The heating and cooling demand are input data in the model. The loads are
calculated or measured in advance. For the heating and cooling demand, the
model is tested with two distinct loads, the two loads and their particular char-
acteristics are presented in chapter 5. The time step resolution of the demand
is hourly intervals. The outdoor temperature T,,, was obtained from a weather
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data file that have logged the outdoor temperature each hour for a year. Figure
4.10 shows the outdoor temperature that was used as an input in the model.
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Figure 4.5: Hourly outdoor temperature over a year that is loaded as an input
in the model

Evaporator, condenser and compressor coefficients are input data loaded in the
introductory part. The coefficients are obtained from the Bitzer software. Bitzer
is a manufacturer that deliver refrigeration and air conditioning technologies
with competence in developing compressor technology (BITZER 2020). The
coefficients are obtained by performing a regression on manufacturer data from
several operating conditions.

4.2 Modeling the Boreholes

The heat source of the thermal energy system is thermal heat from the ground.
The heat is extracted by heat exchangers in several vertical boreholes connec-
ted in parallel. The borehole configuration act as a seasonal thermal energy
storage. In this section the modelling of the borehole storage is presented. The
borehole configuration was modelled as a control volume using a determin-
istic and dynamic-state approach. Figure 4.6 shows a simplified scheme of the
borehole configuration and its connection to the thermal energy system.
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Figure 4.6: Simplified scheme of borehole configuration

4.2.1 Sizing the Volume of the Borehole Configuration

The sizing of a thermal energy borehole storage was presented in chapter 2.3.1.
Since the model is not located at a specific area the thermal ground properties
can not be obtained from a thermal response test and the properties are instead
assumed from typical values in Norway. The sizing of the borehole configura-
tion was performed by utilizing a "rule of thumb" to calculate the total meters
of boreholes from the evaporator capacity. In general, this is not sufficient for
sizing a borehole storage (Ramstad 2017). An EED simulation was carried out
later in the thesis to obtain an impression of how realistic the sizing was. The
thermal properties of the ground are presented in table 4.2.

Parameter Name Value Unit

Heat effect Qground 40 Wm!
Thermal conductivity Aground  2.62 W m 1K1
Temperature in unaffected ground  Tgrqung 6 °C

Length to unaffected ground | 10 m

Table 4.2: Thermal properties of the ground
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The thermal energy borehole storage was sized from the properties of the ground
and the heat pump. Note that this calculation of sizing the boreholes is a math-
ematical approach and experience was not taken into account. Equation 4.1
and 4.2 are used to calculate the evaporator capacity and then 4.3 calculate
the meters of effective boreholes that is required to cover the evaporator capa-

city.

coprp = Q 4.1)
w
Qe - Qc -w (4‘2)
Qe
Mporeholes = (4.3
ground
cop = Coefficient of Performance [-]
Q. = Condenser Capacity [kW]
w = Compressor Power [kW]
Q. = Evaporator Capacity [KW]

Mporenoles = Meter of effective boreholes required [m]

Qground = Specific heat effect in ground [Wm™]

Length of the boreholes is usually between 150-300 meters. (Ramstad 2017).
The amount of boreholes can then be decided by dividing the total length of
effective boreholes with the chosen length for the boreholes. The length and
amount of boreholes are calculated. The volume of the borehole storage is es-
sential for further calculations. To obtain a simplified calculation of the total
volume, the borehole configuration is modelled as a square configuration of the
boreholes with 6 meters distance between each borehole. The distance between
each borehole in the square configuration is 6 meters, each borehole have a ho-
rizontal surface area of 36 square meters, a graphic example is given in figure
4.7. Note that the components in the figure are not scaled.
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When the number of boreholes were cal-
culated a simplified horizontal area was
found by multiplying the number of bore-
holes with the surface area for each bore-
hole. Further, the volume was obtained
by multiplying the total horizontal area
with the length of the boreholes. The
volume was then used to calculate the
surface area of the total borehole storage.
The calculation is a simplification assum-
ing a square configuration of the bore-
holes even if the number of boreholes do
not add up in a square configuration.

4.2.2 Thermal energy calculations
for the borehole storage

36 m?

O O O em

O O O
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Figure 4.7: Example of borehole con-
figuration with six meters distance
between each borehole

The borehole configuration is an indirect system with heat exchangers in the
boreholes, figure 4.8a shows a simplified scheme of the borehole storage. A
control volume approach is used to model the thermal system of the borehole
storage. Figure 4.8b present how the control volume is set up. The inflows and
outflows for each borehole are combined to inflow and outflow. The direction
of the heat transfer to the surrounding ground will depend on the temperature

in the borehole storage.
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Figure 4.8: Schemes of the the actual thermal energy flows in a thermal energy
borehole storage and the simplified control volume

Equation 4.4 is the heat balance used to model the system. Qgompys is the heat
rate of the brine transported through the boreholes, and Qs iS the heat trans-
fer to the surrounding ground.

dEpp(t)
dt

It is assumed that the heat transfer from the brine to the borehole storage is
ideal and that the temperature of the brine at the outlet of the control volume
is equal to the borehole temperature. Equation 4.5 presents the heat rate over
inflow and outflow of the borehole configuration.

= eromHS + Qlosges (4_4)

eromHS = CpmAT = Cpm(Ts,bh - Tbh) (4.5)

Fourier’s law was used to calculate the heat transfer to surrounding ground. It
was assumed that the horizontal area at the top of the borehole storage is insu-
lated. The heat transfer with surrounding ground occur vertically at the bottom
of the storage and horizontally at the vertical edges of the storage. Equation 4.6
presents the heat transfer with the surrounding ground.
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: . dT A
Qlosses =G A= —AVT-A= —)LE A= —E(Tbh - Tground) A (4.6)

The change in temperature over time is presented in equation 4.7.

dTbh(t) 1 . A
1t :cppV Cpm(Ts,bh_Tbh)_E(Tbh_Tground)'A 4.7)

This was the main equation used in the calculation of the hourly temperature
development over a year. To calculate the temperature development a temporal
discretization is performed on equation 4.7, where At accounts for an hour time
step and i represent the current time instance. The temporal discretization is
presented in 4.8.

ATpr(0) _
At

1
PV (Cpm(i — (T pp (i — 1) = Tpp(i — 1))

A

- H(Tbh(i —-1)— Tground) 'A) (4.8)

Tpp(i) = Tpp(i — 1) + ATyp(7) (4.9

T; bh is dependent on the operational mode of the heating system. When the
system runs in overall heating mode or in free-cooling mode Ty}, is the return
temperature after the cooling system, and when the system is in overall cooling
mode Ty, is the temperature of the surplus heat after the heating system on
the condenser side. The temperature for T}, for the three operational modes
are listed in table 4.3.

Operational mode Ts bh

Overall heating mode T, g
Overall cooling mode T, yg
Free-cooling mode Tics

Table 4.3: The temperature of the brine at the inlet of the borehole storage
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The return temperature for the cooling system T, . was calculated from the
equation of the cooling demand, the calculation is presented in equation 4.10.

Tocs =Tscs— P (4.10)

Q = cooling delivered to cooling system [W]

¢, = specific heat capacity [J kg ' K™!]

T, cs = temperature delivered to cooling system [K]
m = mass flow in the cooling system kgs™

Figure 4.9 is a flowchart that presents the information flow for the sub-model
of the borehole storage. The most important calculations from this section are
displayed.
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Borehole configuration and thermal energy storage

Input: Geothermal and Heat pump properties

v
W = f (Qk, COP)
Qf = f (Qk, W)
v

m_bh =f (Qf, g_ground)
length_bh = f (m_bh)

number_bh =f (m_bh, length_bh)
v

A_bh_tot = f (A_bh, number_bh)

V_bh =f (area_tot, length_bh)

K =f (k, V_bh, length_bh, delta_x)

v

C_bh =f (y, cp_ground, rho_ground, V_bh)

i

T s CS=T_r_evap
T_r_CS =1 (Qcl, m_dot_CS, T_s_CS)

b ' b
Heating mode: Free cooling mode: Cooling mode:
T s bh=TrCS Tsbh=TrCS T s bh=T_r_cond
[

h 4

Q_in_bh = f (m_dot_CS, T_s_bh, T_bh, C_bh)
Q_loss_bh = f (K, C_bh, T_bh, T_ground)

v

deltaTbh(i) = f (Q_in_bh(i-1), Q_loss_bh(i-1))
T_bh(j) = f (deltaTbh(i), T_bh(i-1))

v

E_bh(i) = f (C_bh, deltaTbh(i), E_bh(i-1))
Erate_bh(i) = f (E_bh(i), E_bh (i-1))

Figure 4.9: Flowchart borehole sub-model

30



Chapter 4: Method for Modeling the Thermal Energy System 31

4.3 Sub-Model for the Heat Pump

The second part of the model is the heat pump. Here the evaporator, condenser
and compressor capacity was calculated as well as the actual operating power of
the components related to the heating and cooling demand. The model consist
of a regression model with data from compressor manufacturer BITZER. The
coefficients obtained from the regression was uploaded to MATLAB for further
steady-state calculations of the operation and performance. Figure 4.10 present
a scheme of the heat pump.

S

«— X «——

Figure 4.10: Scheme of the heat pump

4.3.1 Set-Point Temperatures in Thermal Energy System

The return temperatures from the evaporator and compressor in the system was
set to a constant temperature.

For the heating system in the model it was decided to have two different temper-
atures dependent on the outdoor temperature. The desired return temperature
from the condenser was set to be 55 °C when the outdoor temperature was
under 7 °C and 50°C when the outdoor temperature was above 7 °C. The same
solution was decided for the cooling system. The return temperature from the
evaporator was set to be 7 °C when the outdoor temperature was under 7 °C
and 5°C when the outdoor temperature was above 7 °C. A scheme of the system
layout with relevant parameters from the MATLAB model can be found in the
Appendix A.1.

The temperature difference over the condenser and evaporator was assumed
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to be 5 °C. The temperature difference over the condenser and evaporator is
used to calculate the refrigerant temperature at the compressor discharge and
evaporator. Figure 7.22 shows a scheme of the heat transfer in the condenser
and evaporator to and the temperature differences that are assumed. Equation
4.11 and 4.12 shows the calculation.

Condenser Evaporator
O t, Ol ta
;'———————:—————————3'— }ATcond 9
5 S
g g
8 g
€ I
2 2
tC-i 7777777 i 7777777 } ATGVED
_________________ te
Relative length of HX [-] Relative length of HX [-]
(a) Heat transfer in condenser (b) Heat transfer in evaporator

Figure 4.11: Heat transfer in condenser and evaporator, where AT, 4 and
ATy, is marked (Stene 2019b).

Td = Ts,HS + ATcond (4-11)
TO = TS,CS - ATevap (412)

4.3.2 Polynomials Derived from the Bitzer Software

In the Bitzer software different compressor types can be selected together with
input data regarding the operating conditions. The software calculate cooling
and evaporator capacity, COB mass flow for the relevant compressor. The Bitzer
software compute a polynomial for the evaporator, condenser and compressor
capacity and the condenser temperature as a function of the temperatures Td
and To presented in section 4.3.1, f (Td, To). These polynomials are generated
for various operational conditions to generate more data (BITZER Group 2020).
From this data, a curve fitting regression is performed to generate functions for
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the condenser, compressor, evaporator and condenser temperature capacities.
These are functions of the evaporator capacity as a function of To and Td and
the condenser capacity, compressor capacity and the condenser temperature
as a function of To, Td and the evaporator capacity, f (Td, To, Qcl,) and the
coefficients for these polynomials are loaded into the MATLAB model. Equation
4.13, 4.14, 4.15 and 4.16 show the polynomials used in the model.

Quo=q1+ 9T +qsT> +quT> +qsT; +qeTy + ;T4 T, +qg Ty T (4.13)

Qed0=C1+ CoTg+ C3Ty + C4Qer0+ CsTy T, + CoQer0Ta + C7 T2 + CgQu 07T,
(4.14)

Peomo =Py +PyT, + Py Ty +PyQu 0Ty +PsT. + P6TdQ§1,o +P;Q 0+ PsTonl,o
(4.15)

T.=a;Tg+ayT,+asT? + ag+asTyT, + agT> + a; T2 + agTyT?  (4.16)

4.3.3 Compressor Choices

The model contains 15 different options for the compressor in the heat pump.
The compressors are operate with different refrigerants and at different tem-
perature levels. The compressors also have different types of regulation. The
compressor models and their properties are presented in table 4.4 and the cool-
ing and heating capacity as well as the COP for each model is presented in the
diagram in figure 4.12.
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Index Model Series Type Refrig® To[°C] Tc[°C]
1 8FE-70Y Semi-Hermetic Reciprocating R134a -20/11 20/80
2 HSK8591-180 Semi-Hermetic  Screw R134a -20/20 20/70
3 CSH95113-320Y Compact - CSH Screw R134a -45/20 10/60
4 OSK8591-K Open - OSK(A)  Screw R134a -20/20 20/70
5 W6FA-K Open type Reciprocating R717 7/15 10/55
6 OSKA95103-K Open - OSK(A) Screw R717 -20/12  20/65
7 OSHA7452-K Open - OSHA Screw R717 -5/25 18/60
8 OSHA7472-K Open - OSHA Screw R717 -5/25 18/60
9 GSD80485VA - Scroll R410A 8/20 20/65
10 8FE-70Y Semi-Hermetic  Reciprocating R404A  -20/7 10/55
11 6E2Y-K Open Type Reciprocating R404A  -45/8 20/55
12 HSK8591-180 Semi-Hermetic  Screw R404A -20/7 10/55
13 OSK8591-K Open - OSK(A) Screw R404A  -20/7 10/55
14 4NSL-30K Semi-Hermetic Reciprocating R744 -50/-15 -20/15
15 6CTE-50K Semi-Hermetic Reciprocating R744 -20/0 5/30

Table 4.4: Properties for compressors obtained from Bitzer, *Reciprocat-

ing,**Refrigerant

Nominal cooling and heating capacity and COP for compressor models

1600 7

1400 6
g 1200 5
%1000 4 -
§ 800 g
T 600 35
§ 400 2

n
o
S

mQe mmQc

—COP

Figure 4.12: Nominal cooling and heating capacity and COP for the com-
pressors specified by the manufacturer Bitzer
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4.3.4 Part Load

The part load of the heat pump is a number between zero and one that repres-
ent at which load the compressor operate. If the part load is one, the maximum
capacity is reached and the heat pump load is at its maximum. If the heat-
ing or cooling demand is higher than the capacity a peak load must cover the
remaining demand. The part load was calculated for both the condenser and
evaporator, then for simultaneity the highest part load was chosen as an over-
all part load. There are not set any limitations regarding step regulation or a
minimum speed for regulation for the part load, so it was assumed that the
compressor can operate at any part load between zero and one. Equation 4.17
and 4.18 show how the calculations are performed.

Qu Qu
L, = and l.= 4.17)
Ptn ch Pl Qev
pl = max(ply, pl.) ifpl>1 — pl=1 (4.18)

The actual condenser and evaporator loads were calculated by multiplying the
capacities with the part load as shown in equation 4.19

ch,real =Qcq- pl and Qev,real =Qe - pl (4.19)

The main result from the heat pump part of the model were the operating con-
denser, evaporator and compressor power. Figure 4.13 shows a flowchart of
the information flow from the BITZER software to the heat pump part of the
MATLAB model.
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COEFFICIENTS FROM BITZER
SOFTWARE
Select compressor series
v
Select: refrigerant, compressor type,
operating point, capacity control

!

| Select operational conditions
v
| Download polynomial

Enough data to
develop polynomial
for all operating
conditions?

Curve fitting regression to obtain polynomials
for Qcl=f(To,Tc), Qcd=f(To,Tc,Qcl),
Pcom =f(To,Tc,Qcl), and Ted =f(To,Tc,Qcl),

l

Coefficients g, C, P and a can be

START MATLAB
Load Qhl, Qcl and Tout
Coefficients from Bitzer: q,C, P, a
Chose compressor index

!

Set supply temperature for heating
and cooling system: T_s_HS and
T_s_CS

v

Assume delta_Tcd and delta_Tev to
calculate dischargeand evaporation
temperature: Td and To

¥

Calculation of:
Evaporator, condenser and
compressor capacity
Qcl =f(Td, To)

Qcd =f(Td, To, Qcl)
Pcom =f (Td, To, Qcl)
and condensing temperature
Tc =f(Td, To, Qcl)

v
Calculate part load for
condenser and evaporator
plh and plc

v

Part load
pl =f (plh, plc) € (0,1)
If pl > 1 > capacity is reached

uploaded to MATLAB model

'

Output
Qcl,real = pl * Qcl
Qcd,real = pl * Qcd
Pcom,real = pl * Pcom

Figure 4.13: Flowchart for BITZER software and heat pump section in MATLAB

model

4.3.5 Performance

When the heat pump was not able to cover the heating load, the peak load
Qpeak cover the remaining load. In the model the peak load lifted the supply
temperature in the heating system if the temperature was below 50 °C and
it covered the remaining demand when the capacity of the heat pump was

reached.
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From the calculations of the capacity and real operation of the compressor,
condenser and evaporator several performance measures were calculated. The
coefficient of performance factor COB was calculated from the compressor power
and condenser heat shown in equation 4.20.

— %
cop == (4.20)

The seasonal performance factor for the heat pump is the ratio of the total heat
output from the condenser and the electricity input to the compressor over a
year, equation 4.21.

SPFyp = % (4.21)

HP

The total seasonal performance factor of the thermal energy system was also
calculated. The total seasonal performance factor of the thermal energy system
was calculated by dividing the total thermal energy obtained from heating and
cooling from both heat pump and other equipment that cover the total load with
the total amount of electricity supplied to operate the equipment. Equation 4.22
shows the calculation.

Q + Qeooti +Q
SPFtot _ heat,HP cooling HP peak (4.22)

Eheat,HP + Ecooling,HP + Epeak

4.4 Modeling of Water Storage Tank

The last sub-model is the water storage tank. The water that is heated by the
condenser is transported to the storage tank. In the model it was decided to
implement the storage tank layout explained in chapter 2.2 with have three
connected pipes; one inflow from the condenser, one outflow to the heating
system and one outflow to obtain the mass balance. There is no heat generation
inside the tank so the change in energy will be the sum of the flows and losses
due to convection.
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Table 4.5 presents relevant properties to perform the calculations.

Parameter Name Value Unit
U-value U 022 Wm?K!
Temperature of surroundings Tourr 10 °C
Temperature stratification in tank AT, 5 °C
Ratio between radius and height i ﬁ -

Table 4.5: Thermal properties of the ground

The mass flow of the heating system is dependent on the heating demand. Equa-
tion 4.23 show the calculation of mass flow in the heating system in kgs™!.

Q
-AT

m= (4.23)

p

Q = heat delivered to heating system [W]
¢, = specific heat capacity [J kg 'K™!]
AT =T, s — T, s , temperature difference in heating system [K]

For the base case of the model, the water storage tank was sized by assuming
a volume for the different loads that are used. The volume was set to be Vi, =
100m3. The reason for this is that some issues occur if the volume was too
small. The sizing of the buffer tank is a research question that will be further
evaluated in chapter 6. The modeling of the thermal energy in the tank was
calculated by summation of the in- and outflows in the tank and extract losses
due to conduction. The energy balance was presented in equation 4.24.

dE(t) . . )
dt = Qinflow - Qoutflow — Qiosses (4.24)

The inflow heat Q5. Was equal to the heat delivered from the condenser
presented in equation 4.25.
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Qin =Qed (4.25)

The outflow is the sum of the outflow sent to the heating system and the out-
flow that directly returns to the condenser. The total heat rate over the heating
system was calculated as in equation 4.26.

Qout = Cp(mHS + (mc - thS) ' (Ttank - Ts,cond) = Cp mc : (Ttank - Ts,cond) (4-26)

The heat losses due to conduction are calculated from Fouriers law multiplied
with the area of the tank. The area of the cylinder shaped tank can be calculated
as in equation 4.27 and the losses as shown in equation 4.28.

Atank =Atop T Abottom T Awalls = 2nr? + 2nrh = 2nr(r + h) (4.27)

Qlosses = UA(Tiank — Tsurr) (4.28)
The energy level can be expressed as shown in equation 4.29.

dE=c,-p-V-dT (4.29)

dE(t) . )
dt = ch - Cp mc(Ttank - Ts,cond) - UA(Ttank - Tsurr) (4.30)

dTyank(t) _ ch _ Me(Trank — Ts,cond) _ UA(Tianic — Tourr)
dt cp-p-V p-V PV

(4.31)

To obtain the hourly development over time, the equation was temporal discret-
ized, At represent the houly time step and i is the current hour. The temperature
difference for the steps are calculated as in equation 4.32 and the temperature
in the boreholes are calculated as in equation 4.33.
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ATtank(i) _ ch(i - 1) _ mc(i - 1)(Ttank(i - 1) - Ts,cond(i - 1))

At B pp-V oV
_ UA(Ttank(i - 1) - Tsurr) (4.32)
pp-V
Ttank(i) = Ttank(i - 1) + ATtank(i) (4.33)

Figure 4.14 shows the flow chart of the water tank sub-model.

Water Storage Model
Geometric properties for tank,
Thermal properties, Qcd

l

f(ch)
S =f (Qhl)

i

Qloss =f (U, A, Vtank, Ttank_avg, Tsurr)
Qout = f (m_HS, m_c, T_tank, T_r_HS, Vtank)
Qin = f( Qcd, Vtank)

I

deltaTtank(i) = f (Qloss(i-1), Qout(i-1), Qin(i-1))
Ttank = f (Ttank, deltaTtank)

)

Etank(i) = f (deltaTtank(i), Etank(i-1))
Erate_tank(i) = f ( Etank(j), Etank(i-1))

Figure 4.14: Flowchart water storage tank
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4.5 Overview of Assumptions That are Made

A lot of assumptions and simplifications are performed to carry out the model.
This section presents an overview of these assumptions and simplifications.

1.

Heat loss in pipes and in heat exchangers are neglected. Ideal heat transfer
and heat transport between components.

. No limitations for compressor operation. Variable speed drive from 0-100

%.

. Simplified water storage tank.

a. Thermal stratification of the tank is not calculated but assumed, the
height of the tank is not taken into account.

b. Independent operation of water storage and heating system is not
implemented.

c. Heat rates are calculated rather than flow rates

. Geothermal properties. Geothermal properties are assumed from typical

or average values in Norway. Must be known for the actual location to be
interpreted in actual system.

. All heating and cooling demand for building or area are combined to one

load. No distinguishing between domestic hot water and space heating or
space cooling and process cooling.

. Inflows and outflows for each borehole is combined to one large inflow and

outflow.

. The temperature of the outflow of the borehole storage is equal to the tem-

perature in the borehole storage.



Results of Base Case Model with
Two Heating and Cooling Loads

In this section results from the base case of the model is presented. The model
was tested with two particular loads and the results are used to validate the
model. The chapter is wrapped up by remarking some issues with the results.

5.1 The Loads Used in the Model

The model is tested with two main base loads, these are presented in this sec-
tion. The two loads consist of an hourly heating and cooling demand. The first
load have a relatively high and constant heating and cooling demand through-
out the year, this load is named Load 1. The other load have larger seasonal
differences in the demand, this load is named Load 2. The purpose of using
two loads is to compare if some solutions work better for one load type than
the other.

5.1.1 Load 1 - Constant and Large Heating and Cooling Demand

Load 1 consist of a large heating and cooling demand. The heating demand is
relatively constant over the year with a small increase in demand during the
winter months. The cooling demand is constant over the year and there are
no seasonal differences. There are simultaneous heating and cooling demand
so that the condenser and evaporator both supply their corresponding heating
and cooling system. Table 5.1 present key information for the load and figure
5.1,5.5 and 5.3 shows the hourly heating and cooling demand for a year, the
monthly heating and cooling demand and the duration curve for Load 1.

42
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Demand Maximum [KW] Total [MWh]
Qn 2768 6436

Qq 1015 3386
Ratio (Q4/Qp) - 0.53 [-]

Table 5.1: Maximum and total heating and cooling demand for Load 1
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Figure 5.2: Monthly heating and cooling demand for load 1
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Figure 5.3: Duration curve for Load 1

5.1.2 Load 2 - Heating and Cooling Demand with Seasonal Differ-
ences

Load 2 originally consist of a smaller heating and cooling demand. Both the
heating and the cooling demand have large seasonal differences and the de-
mands are not overlapping. This means that if there is a heating demand, there
is no cooling demand. Table 5.2 present key information for the load and figure
5.4 shows the hourly heating and cooling demand for a year. Monthly demand
is presented in figure 5.2. The maximum cooling demand is much higher than
the maximum heating demand, but the monthly demand shows that the total
cooling demand during the summer is lower than the heating demand during
winter months. The high cooling demand is only for short periods of time. Fig-
ure 5.6 presents the duration curve for Load 2.

Demand Maximum [KW] Total [MWh]
Qn 334.7 1073.4
Qg 832.5 316.2
Ratio (cl/hl) - 0.29 [-]

Table 5.2: Maximum and total heating and cooling demand for Load 2
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Figure 5.6: Duration curve for Load 2

The duration curves for Load 1 and Load 2 are presented in figure 5.3 and 5.6.
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While Load 1 have a moderate slope for both heating and cooling demand,
Load 2 have an exponential slope for the cooling demand. The duration curve
demonstrate that the heating and cooling demand are never overlapping for
Load 2, when the heating demand is larger than zero, the cooling demand is
zero, and opposite.

5.2 Results From the Basecase for Load 1 and Load 2

Load 1 and Load 2 is run with the basecase model presented in chapter 4.

5.2.1 Basecase for Load 1

The basecase model is tested for Load 1. The base case of the model include de-
mand control for borehole storage and the water storage tank. For Load 1 com-
pressor number 6 is used. Compressor number 6 is an open screw compressor
using Ammonia as refrigerant and have a maximum condenser capacity of 1340
kW. The condenser capacity is approximately 50 % of the maximum demand.

Parameter Name Value Unit
Energy delivered to heating system Qhs 6549 MWh
Energy delivered to cooling system Qg 6076 MWh
Heat covered by heat pump Qnp 6161 MWh
Heat covered by peak load Qpeak 388 MWh
Average compressor capacity Peomp 112 kw
Average condenser capacity Peond 1221 kW
Average evaporator capacity Peyap 1109 kW
Seasonal Performance Factor SPF 10.9 -
Carnot, Seasonal Performance Factor SPF oot 15.7 -
Maximum/minimum temperature in boreholes Tph,max 7.1/5.9 °C
Average temperature in boreholes T e 6.5 °C
Maximum/minimum temperature in storage tank Ty min 55.4/40.9 °C
Average temperature in storage tank Tl sree 51.8 °C

Table 5.3: Main results from Basecase with Load 1
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Figure 5.7 presents the temperature, energy level, heat rate and cumulative
heat rate in the boreholes.
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Figure 5.7: Load 1: Temperature level, energy level, heat rate and cumulative
charge and discharge in borehole storage
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The last diagram in figure 5.7 shows a cumulative graph of the charging and
discharging in the borehole storage. When the charge curve is steeper than
the discharge curve the temperature increases and the discharge curve is the
temperature decreases. The slope of the charging and discharging curves have
been calculated for four time steps over the year. The time steps have been
chosen graphically from where the slope seems to change steepness. The result
of the calculations are presented in table 5.4. The rates are a bit higher than
the heat rate of the ground which usually is 30-40 Wm™!, but the values are
still within reasonable values (NGU 2020a).

Time step [h] 0:2000 2001:6500 6501:8760
Slope Charge [W/m] 52.5 47.1 56.6
Slope Discharge [W/m]  41.0 58.0 39.8

Table 5.4: Load 1: Slope of charging and discharging the boreholes.

The temperature level, energy level, heat rate and cumulative charging and
discharging in the tank is presented in figure 5.8. The reduction in temperature
from during summer season is due to the reduced set point temperature for the
heat pump when the outdoor temperature exceed 7 °C. The temperature and
energy level in the water storage have a much faster response time, which is
expected from the short term energy storage.
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Figure 5.8: Load 1: Temperature level, energy level, heat rate and cumulative
charge and discharge in water storage tank
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A cumulative charging and discharging graph is also made for the water storage
tank, this is presented in figure. The charging and discharging of the tank follow
each other quite close which indicate that the flows in the tank are in balance.
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The temperature level in the heating system is presented in figure 5.9. If the
temperature in the buffer tank is below 50 °C it will be lifted by the peak load.
The return temperature in the cooling system is calculated from a constant mass
flow and there is therefore more variation than for the other temperatures.
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Figure 5.9: Load 1: Temperature heating system

The peak load will lift the supply temperature to the heating system when
needed, and it will also cover the heating demand that exceeds the heat pump
capacity. Figure 5.10 shows the heat delivered from the heat pump and from
the peak load over the year. Figure 5.11 shows the monthly demand covered
by the peak load in relation to the demand covered by the heat pump.
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Figure 5.11: Load 1: The coverage of the base load and the peak load, the
base load in this case is the heat pump.

It can be observed that the total heating system sometimes deliver more heat
than demanded, but usually the heating system is equal to the heating demand.



Chapter 5: Results of Base Case Model with Two Heating and Cooling Loads 52

Figure 5.12 shows the frequency of part load for the system.
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Figure 5.12: Load 1: Part load frequency
The heat pump is running at full capacity almost 1000 hours over the yeas, from
the lowest graph it can be seen that the is more often on full capacity during
the winter months.

5.2.2 Basecase for Load 2

The results from testing the basecase model with Load 2 is presented in this
section. For Load 2 the compressor model is 8FE-70Y which is a Semi-Hermetic
Reciprocating compressor. The compressor have a condenser capacity of 234
kW and uses R404A as refrigerant. Table 5.5 present the main result for the
thermal energy system with Load 2.
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Parameter Name Value Unit
Energy delivered to heating system Qs 1058 MWh
Energy delivered to cooling system Qs 1101 MWh
Heat covered by heat pump Qnp 1003 MWh
Heat covered by peak load Qpeak 55 MWh
Average compressor power Eoprs 44.9 kW
Average condenser power Peond 271.8 kW
Average compressor power Pevap 228.1 kw
Seasonal Performance Factor SPF 6.1 -
Carnot, Seasonal Performance Factor SPF .ot 12.8 -
Maximum/minimum temperature in boreholes Thh,max 10.6/6 °C
Average temperature in boreholes Thh,ave 85 °C
Maximum/minimum temperature in storage tank Ty may 55/40.2 °C
Average temperature in storage tank Toh,avg 50.2 °C

Table 5.5: Main results from Basecase with Load 2

The temperature level, energy level, heat rate and cumulative charging and
discharging of the tank in the borehole storage is shown in figure 5.13. It can
be seen that there are seasonal temperature differences and that the borehole
storage respond as desired and is charged during summer season.
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Figure 5.13: Load 2: The temperature level, energy level, heat rate and cumu-
lative charging and discharging of the tank in the borehole storage

The heat rate in the borehole storage is presented in figure. The positive heat
rate is the head delivered to the boreholes and the negative heat rate is the
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heat extracted from the boreholes. The last graph in figure 5.13 presents a
cumulative graph of the charging and discharging. The slope of the charging
and discharging is almost zero until t = 2000h, then both increase until t =
7000h then, the slope for both is decreasing towards zero. The slope of the
charging curve from t = 2000:7000 is 70 W/m and for the discharge curve
60 W/m, the values are a bit high compared to the values presented by NGU
(2020a).

The water storage tank work as a short term storage, the temperature level, en-
ergy level, heat rate and cumulative charge and discharge of the tank is presen-
ted in figure 5.14. From the temperature and energy levels it can be observed
that the temperature in the tank is decreasing for a longer period of time. The
cumulative graph indicate that the discharging of the tank is larger during sum-
mer season. This indicate that the storage tank might be too large, the sizing of
the tank will be further evaluated in the research questions.

The heat rate of the water storage tank is presented as the third graph in figure
5.14. The positive heat rate is the heat delivered to the tank and the negative
heat rate is the heat extracted from the tank.
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Figure 5.14: Load 2: Temperature, energy, heat rate and cumulative charge
and discharge in water storage tank

The supply temperature in the heating system is assumed to be equal to the tank
temperature, unless the tank temperature is below 50 °C, then the temperature
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is lifted by the peak load. The temperature level in the heating system can be

seen in the upper figure 5.15. The return temperature is 30 °C lower than the
supply temperature.
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Figure 5.15: Load 2: Temperature heating system

The demand for peak load to cover remaining heat demand after the heat pump
is presented in figure 5.16. The demand for extra heat to cover the total demand

is mainly during winter season.
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Figure 5.16: Load 2: Peak load demand
The frequency of the part load is presented in figure 5.17.
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Figure 5.17: Load 2: Part load frequency

5.2.3 Remarks

There are some remarks to be made for the results presented for the base case
for Load 1 and Load 2.

e Seasonal temperature development in boreholes for Load 1 is not re-
sponding as desired, the temperature increases during the first quarter
of the year, then in the second and third quarter of the year the temper-
ature is decreasing before it increases in the last quarter.

e High COB due to low compressor capacity. Even if the evaporator and
condenser capacity is maximized, the compressor load is lower than the
capacity.

e The short term water storage tanks thermal energy storage are within
reasonable limits regarding the temperature and energy balance. The
charging and discharging follow each other. But for Load 2 the temper-
ature in the storage tank decreases for a longer period.

o The peak load power is frequently very high for Load 1.



Research Questions in Model

In this chapter, research questions in the model are presented for further ana-
lysis and discussion. The purpose is to identify and understand how such an
integrated plant will work and perform under different conditions. The re-
search questions include improvements in the model and testing of common
issues in thermal energy systems with heat pumps. Research questions regard-
ing the model and how assumptions and simplifications affect the results are
evaluated, as well as research questions regarding the system’s performance
regarding various loads, methods for sizing, temperature levels, choices for the
compressor, and control solutions.

6.1 Influence of Various Loads in Model

Variation in the heating and cooling load is tested in the model to see how the
system responds to different loads. For the SWECO building in Bergen, the ac-
tual cooling demand was 70 % lower that the pre-calculated demand (Aaberg
2019), this results in a possibility of supercooled borehole storage over time.
Variation in the load can influence the performance of a ground-source heat
pump system using the borehole configuration as a seasonal thermal energy
storage. The heating and cooling load is calculated in advance and used to
size the thermal energy system. For this reason, the deviation between pre-
calculated and actual heating and cooling demand will result in a thermal en-
ergy system that is poorly dimensioned. If the thermal energy demand is smal-
ler or higher than the pre-calculated demand, this can result in poor perform-
ance of the system and an unbalanced seasonal thermal energy storage that
will become supercooled with time. For this section, an analysis of the loads is
performed in Energy Earth Designer to compare the temperature development
with the result in the model and to evaluate the consequences of deviation in
the actual loads compared to the pre-calculated loads. By changing the heat-
ing and cooling loads and their ratio and perform a simulation under the same
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conditions in Energy Earth Designer, it would be possible to estimate the long
term storage sizing and operation.

6.1.1 Energy Ratio Between Heating and Cooling Demand

Load 1 and Load 2 are scaled and changed to test the model with different
loads. In Load 1 and Load 2, the yearly cooling and heating demand ratio is
approximately 0.53 for Load 1 and 0.29 for Load 2. The loads are scaled and
changed to test the model and EED with different loads and ratios. The main
goal is to evaluate the influence of the various loads in the borehole storage.
The test ratios are presented in table 7.4.

Load Changein Qcl Ratio | Load Change in Qcl Ratio
Load 1 Base Case 0.53 | Load 2 Base Case 0.29
Load 1 -50% 0.26 | Load 2 +50% 0.44
Load 1 +50% 0.79 | Load 2 +150% 0.74

Table 6.1: Energy ratio of cooling and heating demand tested in model and in
Energy Earth Designer

6.1.2 Energy Earth Designer

Energy Earth Designer can be used to check the temperature in the borehole
storage over time. This is executed by implementing the same ground prop-
erties, borehole configuration, properties of the brine and the monthly energy
values for base and peak load. The input values used to test the borehole stor-
age can be found in the Appendix A.7. The main goal of using Energy Earth
Designer is to test the energy balance in the borehole storage over time. If the
extracted heat is much higher than the heat delivered to the boreholes there
is a risk of cooling down the borehole storage over time. If the temperature
become too low there is a risk of freezing the brine and for the temperature lift
for the compressor to become large. If the temperature lift in the compressor
is too large, this can result in higher wear on the compressor and at worst a
compressor breakdown. The purpose of testing the loads in EED is to compare
the results from the software with the results from the model.
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6.2 Sizing the Thermal Energy Storages

The integrated thermal energy system consists of two thermal energy storage.
The borehole storage is a seasonal thermal energy storage that is thermally
charged during the summer season and thermally discharged during the winter
season. The water storage tank between the condenser and the heating system
is a short-term storage with an hourly perspective on charging and discharging
heat. The sizing of these systems is essential to the operation of the integrated
thermal energy system. This section presents solutions for sizing the thermal
energy storage that was tested in the model.

6.2.1 Sizing the Short-Term Water Storage Tank

In the base-case, the volume of the water storage tank is sized from assuming
a volume. This solution was chosen for simplicity. As presented in chapter 2.2,
there are several solutions for sizing a water tank storage. It was tested to size
the heat pump using the minimum part load capacity method and the residence
time method. The methods are presented in respectively equation 6.1 and 6.2.

Vstorage,tank = PQk,min * Q- Vspecific (6.1)
where:
Pokmin = Minimum Performance Step [%]

Qx = Condenser Capacity of Heat Pump [kW]

Vipecific = Specific Volume [1kW ]

Vstorage,tank =7T-m (6.2)
where:
7 =residence time [h]

V = volume of the tank [m>]
ri = nominal mass flow supplied to the heating system [m®/h]
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For the minimum part load capacity method the following minimum part load
capacity and residence time was tested in the model. It is expected that the
model have more rapid response as the tank become smaller.

Min Performance Step: 20% 30% 40% 50% - -
Residence Time 7: 30min 1h 1.5h 2h 3h 4h

6.2.2 Sizing the Seasonal Borehole Storage

The sizing of the boreholes in the model is presented in section 4.2.1. The siz-
ing involves simplifications and assumptions. When the model is run, it can be
observed that the temperature differences in the borehole storage are limited
compared to the temperature differences by running the system in the Energy
Earth Designer. One reason for this can be the enormous volume calculated as
the volume of the borehole configuration. Another reason can be that the mass
flows of the brine in each borehole are merged into one large flow in the model.
This simplification of the boreholes will probably affect the temperature distri-
bution on the borehole configuration. It is tested if reducing the total volume
will have an impact on the temperature differences. The total volume of the
borehole storage is increased and reduced to observe the impact on the tem-
perature difference. It is predicted that reducing the volume of the borehole
configuration will increase the seasonal temperature difference in the storage.

6.3 Influence of Temperature Levels

Temperature levels in a thermal energy system is essential to its performance
and efficiency. Otto Nielsens Vei 12 E delivered surplus heat to the neighbor
building at high temperature levels and this results in a reduced amount of
delivered energy and reduced performance of the heat pump (Alfstad 2018).
In this section particular temperature levels in the system are evaluated. The
return temperature from the evaporator and condenser are input values in the
model, and can be changed within some limits.
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6.3.1 Temperature Level for Heating System

In the base case model, the heating system’s temperature level is set to change
between two set-point temperatures depending on the outdoor temperature.
The model is tested with a second strategy for the temperature level of the
condenser’s secondary side. The first strategy is to increase the temperature by
decreasing outdoor temperature. The relation between the supply temperature
and the outdoor temperature is obtained from measurements from two heat
pumps at NTNU obtained from the facility operator NTNU drift. A curve fitting
regression is performed on the measurements to generate the relation. The re-
lation between the outdoor temperature and the temperature in the heating
system is presented in figure 6.1, and the temperature level using this temper-
ature strategy during the year is presented in figure 6.2.
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Figure 6.1: Temperature from Heat Pump relative to outdoor temperature
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Figure 6.2: Hourly temperature from Heat Pump over a year

This strategy will be tested and compared to the strategy in the base case. Note
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that using these temperature levels will for some time over the year exceed the
heat pump capacity for the condenser temperature.

The strategy used in the base case for choosing the return temperature for the
secondary side of the condenser is to use a higher temperature when it is cold,
and a lower temperature when it is warmer, in the model it is tested to use 55°C
when T, is lower than 7 °C and 50 °C if T, is higher than 7 °C. Over a year
this will result in the following temperature from the condenser presented in
figure 6.3.
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Figure 6.3: Hourly temperature from Heat Pump relative to outdoor temper-
ature

Return Temperature in Heating System

The return temperature in a heating system is essential to the performance of
a heat pump. An issue that frequently occur is that the return temperature to
the condenser is too high. This results in inadequate performance for the heat-
ing system. The return temperature in the model is either set to be the supply
temperature minus an assumed temperature difference or is calculated due to
an assumed mass flow. The goal was to test the influence of the performance
due to the return temperature, but since the performance polynomials are not
a function of the return temperature this was not possible.
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6.3.2 Temperature Level for Cooling System and Its Influence On
the Borehole Temperature

The return temperature on the secondary side of the evaporator is set to be 7 °C
when the outdoor temperature is lower than 7 °C and 5 °C when the outdoor
temperature is higher than 7 °C. The return temperature from the evaporator
is equal to the temperature supplied to the cooling system T ¢s. This results
in a return temperature T, g from the cooling system that is quite high, as
presented in chapter 5. From the base case in chapter 5 for Load 1 it can be
observed that the temperature in the boreholes do not respond as desired. The
seasonal temperature differences are low and the temperature is decreasing
during summer season. It is tested if reducing the temperature in the cooling
system with 4 °C will have a impact on the response. The expectation is that
the temperature in the borehole storage will increase during summer also for
Load 1. For Load 2 it is assumed that the temperature difference will increase.

6.4 Choice of compressor for Heat Pump

The various compressors for the heat pump vary in capacity and COP. The com-
pressors must be evaluated to find the best match for the thermal energy system
that it will operate in. The size, refrigerant and efficiency of the heat pump can
be used to make a choice. Different compressor models are tested for the model
to analyze which compressor have the best overall performance in the thermal
energy system. Since the heat pump capacities in the model only depend on
the set-point condenser and evaporator temperatures. The test is performed
with the evaporator and condenser temperature from the base case model. For
some of the compressor the set-point temperatures are outside of their oper-
ating temperature range. How this affect the performance will be evaluated in
the results.

Compressor CSH95113-320Y is tested with different temperature levels in its
operating range to see how the temperatures and the temperature lift impact
the performance. This compressor have a wide range of operating temperatures
for both the condenser and evaporator. The temperatures presented in table 7.5
are tested. For simplicity the temperature is kept constant over the year and is
not change due to outdoor temperature.
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Temperature lift T, .nq/Trevap Unit

Base Case 55/5 °C
+10 60/0 °C
10 50/10 °C

Table 6.2: Change in temperature lift to influence the performance

6.5 Control of the thermal energy storage

There are two thermal energy storages in the model. One short-term energy
storage and one seasonal storage. In this section the various control solutions
are presented for further testing.

6.5.1 Control of Water Storage Tank

The water storage tank is a short-term energy storage. In the base case model
the buffer tank was demand controlled. This means that in free cooling mode
there are no heat supplied to the tank from the condenser. From chapter 5 it
can be seen that the borehole temperature for both loads are within reasonable
limits, but for Load 2 there is a long term decrease in temperature and energy
level. There are several solutions for control of a water storage tank. Some tanks
do not have control at all, and the tank is only damping the largest disturbances.
Other tanks are controlled to enable independent operation of the tank and the
heating system. The model is tested with no control strategy to observe how
such a strategy differ from the demand controlled tank.

6.5.2 Control of Boreholes

Two control strategies are tested for the seasonal thermal energy borehole stor-
age. The first strategy is the strategy used in the base case control of the system
considering the heating and cooling demand. The second strategy is control
based on season. Control on demand is implemented by using an if-sentence
with conditions associated with different operational modes. The conditions are
presented in table 6.3.
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Operational mode Condition for if-sentence
Overall heating mode if Qn>0Q

Overall cooling mode if Q.1>Qy

Free cooling mode if Q>0 && Q;==0

Table 6.3: Conditions to control system in particular operational modes

Control on season is obtained by shifting the control of the system during the
season. In the model this is obtained by using a for loop for each season with
change in operational conditions. The particular for loop for each operational
mode contains the relevant heat rates for mode the during the relevant period.
The for loops shift to overall cooling mode during summer months and then
shift back to overall heating when the summer is over.

6.6 Sensitivity Analysis of Uncertain Input Data in the
Model

The thermal energy system consist of many assumptions and simplifications
that causes uncertainties in the model. In this section a sensitivity analysis will
be performed in order to evaluate the influence of uncertain components in the
model.

6.6.1 Influence of BITZER Coefficients

The coefficients obtained from BITZER are an element of uncertainty in the
model. It is not easy to control their validity without performing measurements
on a thermal energy system with an integrated compressor from BITZER. As
the coefficients are delivered from the manufacturer there is a possibility that
the coefficients deliberately provide very good performance for the system. The
model is tested with increasing and decreasing the coefficients by 10 %.
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q,C,Ba +/—0%
g, CBa +10%
g, CBa —10%

Table 6.4: Sensitivity analysis of the Bitzer coefficients



Results of Research Questions

7.1 Various Load

7.1.1 Variation in Load and the Influence in Boreholes in Model

Results from changing the ratio in the model is presented in table 7.1. The effect
on the boreholes are presented in figure 7.1 and 7.2.

Load Change QCl Ratio Emax/Ernin [k‘]] Tmax [OC] Ebalance [kW] SPFtot[']

Load 1 Base Case 0.53 1.11/1.10 x 102 7.1 1.21 x 10° 1.0
Load 1 -50% 0.26  1.11/1.10 x 102 7.4 1.59 x 10° 1.0
Load1 +50% 0.79  1.10/1.08 x 102 6.2 —4.77 x 10° 1.0
Load 2 Base Case 0.29 1.38/1.36 x 10! 10.6 1.57 x 10° 5.0
Load 2 +50% 0.44 1.39/1.36 x 10%! 11.4 1.39 x 10° 5.4
Load 2 +150% 0.74 1.39/1.36 x 10%! 12.4 1.33 x 10° 6.3

Table 7.1: Results for changing energy ratio of cooling and heating demand
tested in model by reducing cooling load
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Figure 7.2: Temperature and cumulative diagram for Load 2 when changing

the ratio

For Load 1 the boreholes do not respond as desired at all. For Load 2 the results
are more reasonable, the maximum temperature in the boreholes increase with
increased cooling load and the total SFP in the system increases at the heat
pump cover a larger cooling demand.
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7.1.2 Variation in Load and the Influence in Boreholes in EED

The black line represent the fluid temperature and the green present the specific
heat extraction.

84 ~ M oMooM N m M ~ ~ - 2

8z

5 -15

78 4

76 @

74 058
72 -
5 o 2
® a8 2
3 05 -
‘i 66 :
- -
8> T8
£ &2 8
ﬁ R 15 8
S sa E
Lo : B

{ | 2

52 ®3

5 3

48

a 35

44 I

0 2 4 6 8 10 12 14 16 18 20 2 2
Years

Figure 7.3: Load 1: Result from EED, ratio=0.53

ﬂ

iy

(] 3361 UoRRX 20y dypdads

it

‘3)[

(a) Load 1: Result from EED, ratio=0.26 (b) Load 1: Result from EED, ratio=0.79

Figure 7.4: Fluid temperature and specific heat extraction for Load 1 using
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Figure 7.6: Fluid temperature and specific heat extraction for Load 2 using
EED

Relatively small yearly temperature differences for Load 1. Large yearly tem-
perature difference for Load 2. For both loads the cooling over heating ratio
around 0.5 provide the most stable result over 25 years.
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7.2 Sizing of Thermal Energy Storage

7.2.1 Sizing The Water Storage Tank

The result of using the minimum operating step method is presented by the
temperature level in the water storage tank in figure 7.7, 7.8 and 7.9.
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Figure 7.8: Temperature in tank at residence time 2h, 3h, 4h, 5h - zoomed in

Note that the temperature development in the tank for Load 2 is much better
than in the base case where the temperature in the tank was decreasing over
time. When the minimum operating step was 20 % a mistake occurs for both
Load 1 and Load 2. The diagrams are presented in figure 7.9. It can be seen
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that both loads achieve a low negative temperature and especially for Load 2
the maximum and minimum temperature is way out of range.
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The results for sizing the water storage tank using the residence time method
are presented below if figure For Load 1 the nominal flow of the heating system
is equal to 5.83 kg/s and for Load 2 it is 0.97 kg/s.
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Figure 7.12: Load 2: Temperature in tank at residence time 1.5 h, 2h, 3h

The results show that the longer residence time the more accurate temperature
in the tank. When the graph is zoomed is it can be observed that the smallest
tank size give the most rapid changes, but this also result in larger deviation
from the desired temperature in the tank. The sizing methods provide smaller
volume of the tank than the assumed volume in the base case. For Load 2 es-
pecially this results better temperature development over the year. When the
tank become to small, the calculations are not good.
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7.2.2 Sizing the Borehole Configuration

76

The volume of the boreholes is increased and reduced. Table ?? shows the the

influence on the temperature difference from changing the volume.

Load Change of volume Temperature difference Temperature change in %
Load 1 Base Case 1.15 -
Load 1 +10% 1.08 -6.1%
Load 1 +50% 0.87 -24.3%
Load 1 —10% 1.23 +7.0%
Load 1 —50% 1.79 +55.7%
Load 2 Base Case 4.64 -
Load 2 +10% 4.50 -3.0%
Load 2 +50% 4.07 -12.3%
Load 2 —10% 4.80 +3.4%
Load 2 —50% 5.60 +20.7%

Table 7.2: Temperature difference in boreholes when changing volume

By reducing the volume of the borehole storage, the seasonal temperature dif-

ference over the year increases as expected.

7.3 Temperature levels

The strategy where the return temperature on the secondary side of the con-
denser increases with decreasing outdoor temperature is tested in the model to
see how this temperature level influence the performance. The result is presen-
ted in figure 7.13 and 7.14. The figures show a reduced performance of the heat
pump when the temperature is too high, not strange when the temperatures are
out of range.
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7.3.1 Influence on Boreholes and Performance due to Reduction in
Temperature Level in Cooling System with 4 °C

Parameter Name Value Unit
Average compressor power Peomp 130.2 kW
Average condenser power Peond 1061.1 kw
Average compressor power Pevap 932.5 kW
Seasonal Performance Factor SPF 8.1 -
Carnot, Seasonal Performance Factor SPF oot 11.2 -
Maximum/minimum temperature in boreholes Ty, 1.y 6/4.2 °C
Average temperature in boreholes st 5.0 °C
Table 7.3: Load 1
Parameter Name Value Unit
Average compressor power Peomp 38.8 kW
Average condenser power Peond 246.6 kw
Average compressor power Peyap 208.3 kw
Seasonal Performance Factor SPF 6.4 -
Carnot, Seasonal Performance Factor ST S— 12.9 -
Maximum/minimum temperature in boreholes Ty, .y 7.6/3.4  °C
Average temperature in boreholes Wi ciog 53 °C

Table 7.4: Load 2

The temperature difference in the boreholes increases when reducing the tem-
perature in the cooling system. The performance of the system was reduced as
the temperature lift was increased.
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Figure 7.16: Borehole temperature when reducing the temperature level in
the evaporator circuit by 4 °C

From the temperature development in the boreholes it can be seen that when
the temperature in the cooling system is reduced the assumption for the initial
temperature in the borehole storage is not good. The initial temperature in the
boreholes are changed to Ty,oehotes (1) = 3°C. The results are presented in figure
7.17 and 7.18.
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Figure 7.18: Load 2: Borehole temperature development when Ty, epoles (1) =
3°C

By reducing the temperature in the cooling system the performance of the sys-
tem is reduced, at the temperature lift for the compressor become larger. The
temperature development in the boreholes for Load 1 is not improved, but for
Load 2 the temperature difference is increased.

7.4 Choice of compressor

The performance of the heat pump in the model is a function of the preset
evaporator and condenser temperature. Each compressor type is testes with
the base case temperatures to test the performance for each compressor. The
results are shown in figure 7.19. Note that the seasonal performance factor is
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significantly larger than the COP given by the manufacturer. For model W6FA-
K, 4NSL-30K and 6CTE-50K the temperature levels in the base case are out of
their operating range and this can have an effect on the performance. Especially
for W6FA-K, the SPF is unlikely high.

Average cooling and heating capacity and SPF for compressors
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Figure 7.19: Compressor performance with temperature level from Base Case

Compressor CSH95113-320Y is tested with different temperature levels in its

operating range to see how the temperatures and the temperature lift impact
the performance.

Temperature lift T; cond / T, evap Unit SPF Qcond Qevap Poom
Base Case 55/5 °C 5.29 761.33 617.43 143.99
+10°C 60/0 °C 440] 63459 490.22| 144.287
-10°C 50/10 °C 6.557 918.087 779.127 140.08 |

Table 7.5: Change in temperature lift to influence the performance

When the temperature lift is reduced by 10 %, the performance increases by
23.8 %.
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7.5 Control of thermal energy storage

7.5.1 No Control in Water Storage Tank

The results of implementing no control of the borehole storage are presented
in figure 7.20 and 7.21.

IS
[=)
=]

— Storage tank temperature i

[4]
[=]
o

—

Temperature [°C]
P [\
(=] [=]
o o

| | | | | 1 |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time [h]

Figure 7.20: Load 1: No control in water storage tank
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Figure 7.21: Load 2: No control in water storage tank

The results of implementing no control in the water storage tank are not good.
The temperatures are too high and it seems like there is a mistake in the model.

7.5.2 Demand Controlled Borehole Storage

The demand control for the borehole storage was used in the base case of the
models from 5 it can be seen that demand control work well for Load 2, while
Load 1 is not responding as expected.
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7.5.3 Seasonal controlled borehole storage
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Figure 7.22: Temperature and cumulative diagram for Load 2 when changing

the ratio

The results of implementing seasonal control on the borehole storage do not
respond as well as desired, there are no sign of energy balance in the system.

7.6 Result of Sensitivity Analysis

The thermal energy system consist of many assumptions and simplifications
that causes uncertainties in the model. In this section a brief sensitivity analysis
of the influence of the BITZER coefficients have been performed in order to
evaluate the influence of an uncertain components in the model. The results of
the sensitivity analysis of the BITZER coefficients are presented in table 7.6
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Load1:q,C,Ba +/—0% 10.96 Change of SPF in %
q,CRBa +10% 43.61 +398.0%
q, C Ba —10% 6.13 -44.1 %
Load2:q,C,Ba +/—0% 6.10 Change of SPF in %
q, C Ba +10% 5.53 -9.3%
q,C,Ba —10% 6.60 + 8.2%

Table 7.6: Sensitivity analysis of the BITZER coefficients

Increasing the coefiicients with 10 % for Load 1 results in an increase of SPF of
398 %.



Discussion

This chapter presents the discussion of the results that was achieved in the
previous chapter. In the first part, the most important results are summarized.
Second, the sub-models are evaluated and discussed. Then the limitations of
the model are presented and the consequences of the limitations are discussed.

The goal of the masters thesis have been to establish a model of a ground source
thermal energy system and use the model to perform analysis and evaluations
of the system. Several research questions have been investigated in the model
in order to improve the model and evaluate the thermal energy system. Sim-
ulations performed in Energy Earth Designer show that the ratio between the
heating and cooling demand have significance for the energy balance in the
boreholes. Various load in the model also demonstrate that the SPF,ot is higher
with a higher cooling demand. The sizing of the thermal energy storages have
great influence on the behaviour of the storage and the response of the changes.
The boreholes that act as a seasonal thermal energy storage with a large volume
responds slower than the storage tank that act as a short term energy storage
which have an immediate response to changes. The temperature difference in
the boreholes is small, and by reducing the volume the temperature difference
increase. The temperature levels of the heating and cooling system have a great
influence on the system performance and a low temperature lift for the com-
pressor results in improved overall performance. The heating system is eval-
uated with different strategies for deciding the heating system temperature.
When the return temperature from the condenser is increased with reduced
outdoor temperature the performance of the heat pump is reduced. The tem-
perature level of the cooling system is analyzed in regard to the temperature
level in the boreholes. The temperature development in the boreholes with Load
2 is more realistic when the return temperature from the evaporator is reduced
by 4 °C. The temperature development in the boreholes for Load 1 are not
responding as desired. Demand control and seasonal control of the borehole
storage have been interpreted in the model. The results are significantly bet-

86
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ter with demand control, even for Load 2 with large seasonal differences. The
compressors obtained from BITZER provide very high COP and SPF for the heat
pump. The sensitivity analysis demonstrate that the changing the coefficients
for compressor index 6 have large impact on the performance and the coeffi-
cients are very sensitive, but for the compressor index 10 the changes are more
moderate and expected.

The model of the borehole storage deliver occasionally good results, especially
together with Load 2 the borehole storage responds well to adjustments, and
the results regularly meet the expectations. When the volume of the storage is
reduced the temperature difference increase as the volume of mass to heat up
is reduced. The borehole storage with Load 2 works well with the demand con-
trol strategy that is implemented. The seasonal control of the borehole storage
do not present as good results as expected. It was expected that the seasonal
control of the borehole storage would work well with Load 2 as the load have
large seasonal differences. A pervasive result in the model is that the borehole
storage does not respond as intended when Load 1 is implemented. There are
not obtained a convinced reason for this in the thesis, but the combination of a
simplified model and a too general control strategy of the borehole storage are
most certainly impacting the result. From the EED simulation it can be observed
that the temperature development in such a borehole storage over several years
would have a larger seasonal temperature differences with a higher temperat-
ure during summer season and a lower temperature during winter season. For
Load 1 EED presents a very stable borehole storage. For Load 1 a better control
strategy could possibly improved the results. The simplifications in the bore-
hole storage model most definitely impact the results. The influence of each
borehole to the ground is not possible to evaluate. As the flows for each bore-
hole is connected to one large inflow and outflow the temperature distribution
become more concentrated for a small area, and the temperature distribution
is not as even as it is in an actual borehole storage. Figure 8.1 presents three
various alternatives for the effect from the boreholes to the ground. To improve
the borehole storage a more detailed model must be implemented. Claesson
et al. (2011) presents a method to calculate each borehole as separate units in
a mesh grid, this method is transferable to MATLAB. Another solution would be
to model the borehole sub-model in another simulation program that include
ground heat exchanger models as for example TRNSYS and then implement a
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co-working technique to build the overall thermal energy system.

Figure 8.1: Three alternatives of the effect of the heat from the boreholes to
the surrounding ground

The research aimed to identify the influence of variations in the heating and
cooling demand. The results from reducing the cooling load and thereby in-
creasing the cooling over heating ratio. For Load 1 the results did not meet the
expectations as the borehole model did not respond well to Load 1. The total
Seasonal Performance Coefficient SPF,, is increased when the cooling demand
increases as the system cover a larger cooling demand without large.

The sub-model of the water storage tank works very well when the sizing and
control is good. For both loads the water storage tank act as a short term energy
that supply the heating system with even temperatures. Since the water storage
tank is not overly complex the simple control volume and discretization over
hourly time steps seems to be a good interpretation. When the tank is small
the response time is rapid, but the best temperature level is obtained when the
tank is a bit larger, for example with a response time of two hours. For future
modeling of water storage tanks it should be considered modeling the more
common tank with four pipes instead of three. That would make it easier to
interpret several layers.

The sub-model of the heat pump provide good calculations for the performance
of the heat pump. The performance of the heat pump is very high regardless
of compressor choice and temperature choices. The high performance calcu-
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lations is a result of high condenser power and low compressor power in the
model compared to the stated capacities from the manufacturer. The perform-
ance data of the heat pump is obtained from the regression model of the BITZER
coefficients. Underwood (2016) states that a regression model performed from
manufacturer data often will provide good results due to the environment of
the calculations. The capacity calculations are often simulated in a idealized
environment, as for example the BITZER Software, and the influence of lay-
out and installation is not considered. Kim et al. (2013) also addresses the gap
between idealized performance data and the actual performance. A regression
model based on actual experimental data would probably provide more realistic
results.

Madani et al. (2011) suggest a map for the complexity of a model figure 8.3,
and suggests the required level of complexity compared to the subject that is
to be investigated in the model. The model of this master thesis investigate the
overall system and the performance of the system from a yearly perspective. It
does not include details from daily operation and neither the model of the heat
pump unit nor the heat source are models of high complexity. The model is for
this reason situated in Zone A, which describe the purpose of the model very
well; comparative analysis of different control strategies in the system level.
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Figure 8.2: Model complexity (Madani et al. 2011)
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The regression model of the BITZER coefficients provide some limitations in the
heat pump model regarding the input parameters that can be used to calculate
the performance of the heat pump. Since the capacity is calculated from the
BITZER polynomials that are functions of specific parameters, the influence of
other parameters can not be tested in the model. This limitation for regression
models was presented by Underwood (2016) and for the model in this thesis,
the exact problem presented itself when the influence of the return temperature
in the heating system was supposed to be tested. Since the polynomials are not
functions of the return temperature, the influence of the return temperature
on the performance of the system can not be evaluated. This is a limitation for
several parameters that in an actual system would influence the performance
of the system.

The model consist of several uncertainties and assumptions. Rohde (2019)
presents in his PhD thesis a diagram that shows the potential error in the pre-
dictions versus the model complexity.

Total error

Inputs uncertainty

%elacfuf'acy

Model complexity

Potential error in performance prediction

Figure 8.3: (Rohde 2019)

A thermal energy system is complex and there are many parameters that must
work together. In the model of this master’s thesis a lot of assumptions and
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predictions are adapted in order to make a solution with limited input. The
results from the thesis are various reflect the limitations of the model, some
results are good while others are useless. The approach in this model have been
to create several simplified sub-models, another approach that might would
provide just as good results would be to start with modeling one component,
and model it to a level certainty so that it would not be a source of uncertainty.



Conclusion

In this chapter a conclusion will be presented as well as recommodations for
further work.

The main results show from this work have been that demand control of the
borehole storage provide the best temperature development in the borehole
storage, and a low temperature lift for the compressor provide good perform-
ance in the system. If the temperature lift become too large the performance
reduced. This masters thesis show that overall analysis and evaluation of a
thermal energy system integrating short- and long therm energy storage can
be performed in a MATLAB model consisting of several sub-models. The work
suggests a method and model for analyses and evaluation of a thermal energy
system. The model provide quite good results for Load 2 and the temperat-
ure development in both the boreholes and the water storage tank behave as
expected when changes are performed.

9.1 Recommendations for Further Work

The work of this thesis have been to develop a model in MATLAB of a thermal
energy system with a heat pump and a borehole storage as heat source and use
the model to perform various test various research questions, both for improv-
ing the model and to check the thermal energy system itself. To obtain a perfect
model would require a lot more work and suggestions for further work is given
below.

e The sub-models of this work deliver various results, improvements of the
sub-models especially for the borehole storage would provide a better
model. Improvements could be done by for example modeling each bore-
hole in a mesh grid that take the surrounding boreholes into account.
Improving the water storage tank could include modeling stratification
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layers and make independent operation of the storage tank and the heat-
ing system possible.

e The connection of each sub-model could to a larger degree include pumps
and valves for more detailed operation.

e The manufacturer performance data should be compared to actual meas-
urements to obtain performance results for a more realistic system.

e Transfer the thermal energy system to more detailed simulation and mod-
eling software or implementing Simulink/Carnot package in MATLAB.
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A.1 Model Layout with MATLAB parameters

Figure A.1: Simplified system layout with MATLAB parameters.
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A.2 Vulkan energy plant
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A.3 SWECO building
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A.4 Moholt 50 | 50
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A.6 Otto Nielsens Vei 12 E
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A.7 EED output file



EED 4.19 - www.buildingphysics.com — license for
wenche.w.finseth@ntnu.no

Input file:UNTITLED.DAT

This output file: UNTITLED.OUT Date: 6/24/2020 Time: 3:01:32 PM

MEMORY NOTES FOR PROJECT
[]

QUICK FACTS

Cost -
Number of boreholes 160
Borehole depth 290 m
Total borehole length 4.64E4 m
DESIGN DATA
GROUND
Ground thermal conductivity 3.5 W/(m-K)
Ground heat capacity 2.38 M3/ (m3:K)
Ground surface temperature 6 °C
Geothermal heat flux 0.05 W/m2
BOREHOLE
Configuration: 598 ("160 : 10 x 16
rectangle")
Borehole depth 290 m
Borehole spacing 6 m
Borehole installation Single-U
Borehole diameter 110 mm
U-pipe diameter 32 mm
U-pipe thickness 3 mm
U-pipe thermal conductivity 0.42 W/ (m-K)
U-pipe shank spacing 70 mm
Filling thermal conductivity 0.6 W/(m-K)
Contact resistance pipe/filling 0 (m-K)/W

THERMAL RESISTANCES

Borehole thermal resistances are calculated.

Number of multipoles 10

Internal heat transfer between upward and downward channel(s) is
considered.

HEAT CARRIER FLUID

Thermal conductivity 0.43 W/(m-K)
Specific heat capacity 4298 1/(Kg-K)
Density 971 Kg/m3
Viscosity 0.0045 Kg/(m-s)

Freezing point -14.6 °C



Flow rate per borehole 0.55 1/s

BASE LOAD

Seasonal performance factor (DHW) 1

Seasonal performance factor (heating) 4

Seasonal performance factor (cooling) 3

Monthly energy values [MWh]

Month Heat load Cool load Ground load
JAN 673 286 124
FEB 573 262 80.7
MAR 529 289 11.5
APR 455 277 =27
MAY 426 291 -68.2
JUN 403 278 -67.7
JuL 478 292 -30.1
AUG 493 287 -12.5
SEP 519 278 18.6
0CT 576 287 49.1
NOV 635 281 102
DEC 681 283 134
Total 6443 3389 314

PEAK LOAD

Monthly peak powers [kW]

Month Peak heat Duration Peak cool Duration [h]
JAN 200 100 0 0
FEB 200 100 0 0
MAR 200 100 0 0
APR 200 100 0 0
MAY 200 100 0 0
JUN 200 100 0 0
JUL 200 100 0 0
AUG 200 100 0 0
SEP 200 100 0 0
0CT 200 100 0 0
NOV 200 100 0 0
DEC 200 100 0 0

Number of simulation years 25

First month of operation SEP

CALCULATED VALUES

* Monthly calculation *

Total borehole length 4.64E4 m

THERMAL RESISTANCES



Borehole therm. res. internal 0.63 (m-K)/W

Reynolds number 5822

Thermal resistance fluid/pipe 0.008782 (m-K)/W
Thermal resistance pipe material 0.07868 (m-K)/W
Contact resistance pipe/filling 0 (m-K)/W
Borehole therm. res. fluid/ground 0.1498 (m-K)/W
Effective borehole thermal res. 0.1583 (m-K)/W

SPECIFIC HEAT EXTRACTION RATE [W/m]

Month Base load Peak heat Peak cool
JAN 3.66 3.23 0
FEB 2.38 3.23 0
MAR 0.34 3.23 0
APR -0.8 3.23 0
MAY -2.01 3.23 0
JUN -2 3.23 0
JUL -0.89 3.23 0
AUG -0.37 3.23 0
SEP 0.55 3.23 0
oCT 1.45 3.23 0
NOV 3 3.23 0
DEC 3.95 3.23 0

BASE LOAD: MEAN FLUID TEMPERATURES (at end of month) [°C]

Year 1 2 5 10 25
JAN 8.07 6.53 6.05 5.4 4.36
FEB 8.07 6.86 6.34 5.71 4,67
MAR 8.07 7.5 6.93 6.33 5.29
APR 8.07 7.9 7.31 6.72 5.69
MAY 8.07 8.36 7.77 7.2 6.17
JUN 8.07 8.42 7.87 7.31 6.27
JUL 8.07 8.1 7.6 7.03 6
AUG 8.07 7.95 7.49 6.91 5.89
SEP 7.88 7.66 7.21 6.64 5.61
oCT 7.56 7.36 6.9 6.33 5.31
NOV 6.97 6.79 6.33 5.76 4.75
DEC 6.55 6.38 5.9 5.34 4,34

BASE LOAD: YEAR 25
Minimum mean fluid temperature 4.34 °C at end of DEC
Maximum mean fluid temperature 6.27 °C at end of JUN

PEAK HEAT LOAD: MEAN FLUID TEMPERATURES (at end of month) [°C]
Year 1 2 5 10 25

JAN 8.07 6.65 6.18 5.53 4.49
FEB 8.07 6.61 6.09 5.46 4.42



MAR 8.07 6.65 6.08 5.47 4.44
APR 8.07 6.71 6.12 5.54 4.5
MAY 8.07 6.81 6.23 5.66 4.62
JUN 8.07 6.88 6.33 5.77 4.73
JuL 8.07 6.89 6.39 5.82 4.79
AUG 8.07 6.89 6.43 5.85 4.83
SEP 7.09 6.87 6.42 5.85 4.83
oCT 7.03 6.83 6.38 5.8 4.79
NOV 6.91 6.73 6.26 5.69 4.68
DEC 6.76 6.59 6.11 5.55 4.55

PEAK HEAT LOAD: YEAR 25
Minimum mean fluid temperature 4.42 °C at end of FEB
Maximum mean fluid temperature 4.83 °C at end of AUG

PEAK COOL LOAD: MEAN FLUID TEMPERATURES (at end of month) [°C]

Year 1 2 5 10 25
JAN 8.07 6.53 6.05 5.4 4.36
FEB 8.07 6.86 6.34 5.71 4.67
MAR 8.07 7.5 6.93 6.33 5.29
APR 8.07 7.9 7.31 6.72 5.69
MAY 8.07 8.36 7.77 7.2 6.17
JUN 8.07 8.42 7.87 7.31 6.27
JuL 8.07 8.1 7.6 7.03 6
AUG 8.07 7.95 7.49 6.91 5.89
SEP 7.88 7.66 7.21 6.64 5.61
oCT 7.56 7.36 6.9 6.33 5.31
NOV 6.97 6.79 6.33 5.76 4.75
DEC 6.55 6.38 5.9 5.34 4.34

PEAK COOL LOAD: YEAR 25
Minimum mean fluid temperature 4.34 °C at end of DEC
Maximum mean fluid temperature 6.27 °C at end of JUN



Analyses and Evaluation of the Heat Pump Based Energy Supply System Integrating Short- and Long Term Storages

Norwegian University of
Science and Technology

@ NTNU



	Preface
	Abstract
	Sammendrag
	Contents
	Figures
	Tables
	Introduction
	Thesis Outline
	Method
	Structure and Contents

	Theoretical background
	Heat Pump
	Sizing a Heat Pump

	Water Storage Tank
	Boreholes
	Sizing Borehole Configuration

	Modelling and Application of Ground Source Heat Pumps
	Models of Thermal Energy Systems
	Dynamic Modelling of Thermal Energy Systems


	Applied Thermal Energy Systems in Norway
	Vulkan energy plant
	The SWECO Building
	Moholt 50  50
	KIWI Dalgård
	Otto Nielsens Vei 12 E
	Challenges in The Applied Thermal Energy Systems

	Method for Modeling the Thermal Energy System
	System Layout and Introductory Part
	Plant Configuration and Operational Conditions
	Introductory Part

	Modeling the Boreholes
	Sizing the Volume of the Borehole Configuration
	Thermal energy calculations for the borehole storage

	Sub-Model for the Heat Pump
	Set-Point Temperatures in Thermal Energy System
	Polynomials Derived from the Bitzer Software
	Compressor Choices
	Part Load
	Performance

	Modeling of Water Storage Tank
	Overview of Assumptions That are Made

	Results of Base Case Model with Two Heating and Cooling Loads
	The Loads Used in the Model
	Load 1 - Constant and Large Heating and Cooling Demand
	Load 2 - Heating and Cooling Demand with Seasonal Differences

	Results From the Basecase for Load 1 and Load 2
	Basecase for Load 1
	Basecase for Load 2
	Remarks


	Research Questions in Model
	Influence of Various Loads in Model
	Energy Ratio Between Heating and Cooling Demand
	Energy Earth Designer

	Sizing the Thermal Energy Storages
	Sizing the Short-Term Water Storage Tank
	Sizing the Seasonal Borehole Storage

	Influence of Temperature Levels
	Temperature Level for Heating System
	Temperature Level for Cooling System and Its Influence On the Borehole Temperature

	Choice of compressor for Heat Pump
	Control of the thermal energy storage
	Control of Water Storage Tank
	Control of Boreholes

	Sensitivity Analysis of Uncertain Input Data in the Model
	Influence of BITZER Coefficients


	Results of Research Questions
	Various Load
	Variation in Load and the Influence in Boreholes in Model
	Variation in Load and the Influence in Boreholes in EED

	Sizing of Thermal Energy Storage
	Sizing The Water Storage Tank
	Sizing the Borehole Configuration

	Temperature levels
	Influence on Boreholes and Performance due to Reduction in Temperature Level in Cooling System with 4 °C

	Choice of compressor
	Control of thermal energy storage
	No Control in Water Storage Tank
	Demand Controlled Borehole Storage
	Seasonal controlled borehole storage

	Result of Sensitivity Analysis

	Discussion
	Conclusion
	Recommendations for Further Work

	Bibliography
	Additional Material
	Model Layout with MATLAB parameters
	Vulkan energy plant
	SWECO building
	Moholt 50  50
	KIWI Dalgård
	Otto Nielsens Vei 12 E
	EED output file


