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Preface

The following report is written by Signe Thomasen, energy engineering student from
Aalborg University in the period from the 3™ of February 2020 to the 29t of May
2020. This project report makes use findings from a 3™ semester project of thermal
energy and process engineering, based on a project oriented internship. The project
has been carried out with the guidance of Carsten Bojesen, Associate Professor, Aal-
borg University, Kim Sgrensen, Associate Professor , Aalborg University and Kasper
Vinther, engineer, Added Values.

Reading instructions

The report makes use of references according to the Harvard method. The references
will occur in the text in the following manner: [Surname/publisher, year (possible
page number)|, where the end of the report is a comprehensive list of literature.

References are made as hyperlinks in the digital copy. Figures and tables are listed
as the chapter number, followed by the figure/table/equation number, as an example
Figure 7.2 is the second figure in Chapter 7. Figure and table explanatory text can
be found below the figure and above tables. Furthermore, section references are made
using the section numbering. The unit system used in the report is the SI system with
a dot as decimal separator, with the exception of time which in some cases is stated in
hours or minutes. For readability, some temperatures are stated in C. The term heat
pump concept in the context of this thesis refers the configuration of heat pumps in
terms of number of serial or parallel connections and the capacities of each heat pump.

Aalborg University, 29t of May 2020






Resumé

Formalet med dette studie er at identificere og kvantificere hvilke og i hvilken grad
en raekke parametre har betydning for hvilke valg der ggres i forbindelse med store
varmepumper i fjernvarmen. Projektet er udfgrt i samarbejde med Added Values, og
er baseret pa et aktuelt projekt i Esbjerg, hvor et 460 MWq kulfyret kraftvarmeveerk
forventes at lukke i marts 2023. I den forbindelse forventes det, at en del af erstat-
ningen bestar af et 50 MWq havvandsvarmepumpekoncept.

Store varmepumper er en relativ ny teknologi i fjernvarmen bade pa det danske
marked men ogsa globalt set. Det betyder blandt andet, at erfaringsgrundlaget er
meget lille, nar det drejer sig om projektering af varmepumpeprojekter i stor skala.
Dertil kommer, at andelen af vedvarende energikilder i det danske energisystem stiger,
som et led frem mod at opna klimamalsesetningerne for bade 2030 og 2050, der blandt
andet indebeerer at Danmark skal veere 100 % klimaneutrale i ar 2050. I takt med den
stigende andel af vedvarende og fluktuerende energikilder, stiger behovet for systemy-
delser pa elmarkedet. I dag leveres langt de fleste systemydelser af de konventionelle
kraftvarmeveerker, men i takt med deres udfasning er alternativer en ngdvendighed.
I den sammenhang ses der potentiale i implementeringen af store varmepumper i
fjernvarmen, da varmepumperne helt generelt kan forbruge store maengder elektrisk
energi og effektivt konvertere det til varme.

Med udgangspunkt i det planlagte projekt i Esbjerg, er formalet med dette studie at
udbygge den eksisterende viden i forhold til projektering af store varmepumpepro-
jekter med fokus pa varmepumpe-konceptoptimering og fglsomhed overfor prissen-
dringer og @ndringer i driftsbetingelser. Konceptoptimering daekker over optimering
af varmepumpernes indbyrdes kobling og stgrrelse.

En dynamisk og lastaftheengig performance map baseret varmepumpemodel imple-
menteret i det multi-domeene-modelleringssprog, Modelica, danner grundlag for den
dynamiske model anvendt for den videre optimering. Den dynamiske model giver
mulighed for at koble i alt 9 varmepumper som tre parallelkredse hver med tre
varmepumper i serie. Derudover indeholder modellen i Modelica en temperatur- og
laststyring og et bud pé en kontrolstrategi samt en driftsprofil, som tager udgangspunkt
i systemet i Esbjerg. Med udgangspunkt i driftsprofilen, sgger optimeringen efter et
optimalt varmpumpekoncept, hvor bade konfigurationen mellem varmepumperne, det
samlede antal varmepumper og stgrrelserne pa de enkelte varmepumper er inklud-
eret som optimeringsvariable. Til optimeringen, eksporteres modellen ved brug af en
Functional Mockup Unit (FMU), som tillader, at modellen kan eksekveres i python.
Med henblik pa videreudvikling af optimeringsomfanget, anvendes en ulinezer opti-
meringsalgoritme, hvor en micro-genetisk algoritme er foreslaet.

vil



Optimeringen baseres pa varmepumpekonceptets ydeevne i 11 driftskategorier, der

repraesenterer eksempler pa bade fuldlast- og dellast driftsperioder, som et varmepump-
koncept vil opleve henover et ar. Varmepumpekoncepterne evalueres ud fra COP,

maksimal varmekapacitet og investeringsomkostninger. De to fgrstneevnte prissaettes

og vaegtes pa de forskelige driftskategorier ud fra deres forventede antal driftstimer

og leveret varme.

Optimeringsresultaterne indikerer, at nar bade COP og investeringsomkostninger har
indflydelse pa konceptvalget, er det i hgj grad gevinsten ved hgj COP og besparelsen
ved fa og store enheder, som er udslagsgivende. Selv ved betydelige sendringer i de
prismeessige grundlag for COP og for investeringsomkostninger, er et koncept med tre
store varmepumper ( 18.2 MW) meget robust. Begraensninger pa den maksimalt
tilladte kapacitet for en enkelt varmepumpe kan dog sendre pa resultatet, som stadig
er domineret af en balance mellem maksimering af COP og minimering af invester-
ingsomkostninger. Relativt til et referencekoncept bestaende af fire varmepumper
fordelt pa to parallelkredse hver med to varmepumper i serie, viser optimeringen at
der kan opnéas besparelser pa 1 886 414 kr/ar.

En yderligere undersggelse af den dynamiske respons for det optimerede varmepumpe-
koncept og referencekonceptet viser, at responsen for de to koncepter - med henblik
pa kravene for at tilbyde systemydelser - er meget ens. Det indikerer, at det opti-
merede system med tre store varmepumper i serie, bade er robust overfor sendringer
og samtidigt egner sig til fleksibel og meget dynamisk drift. Begreensninger pa mak-
simal kapacitet for de enkelte enheder kan dog medfgre, at andre koncepter mé tages
i betragtning, hvor balancen mellem COP maksimering og investeringsomkostninger
bliver mere fglsom overfor sendringer i omkostningsbetingelserne. Yderligere med-
tagen af blandt andet omkostninger for vedligehold, redundans, systemydelser og
kontrolstrategier i forbindelse med optimeringen, kan desuden ogsa pavirke optimer-
ingsresultatet.



Nomenclature

Symbols
COP Cost Coefficient
Capacity Cost Coefficient
f Frequency Deviation
H Enthalpy Difference
Temperature Difference

Heat Pump Scaling Factor

m Mass Flow Rate
Q Heat Flow Rate
N Normal Distribution
Micro or Mean Value
Standard Deviation
A Heat Exchanger Area
d Normalised Maximum Distance
G Total Investment Cost
H Enthalpy
k Tournament Size or Proportional Gain
N Population Size
n Loan Period
P Electric Power
r Interest Rate
T Temperature
t Time
U Overall Heat Transfer Coefficient

u Hysteresis Limits

ix
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y Fitness Value
Notation
G Equality and Inequality Constrains Matrix
g Equality and Inequality Constrains Vector
u Input Vector with Capacities
\Y Fixed Input Vector with External Boundary Conditions
X System State Vector
Y Population Fitness Vector
Subscripts
Gene/Variable in Individual/Solution
S Solution
air Air Source
c Cooling or Crossover
dh,out  District Heating Water, Outlet
dh,return District Heating Water, Return
down Downward Regulation
eva Evaporation Temperature
f Female
h Heating
high Higher Limit
invest Investment
LMTD  Logarithmic Mean Temperature Difference
low Lower Limit
m Male
max Maximum
min Minimum
n Nominal



opt
ref
set
T1
T2

up

Optimised
Reference
Set Point
Test 1
Test 2

Upward Regulation

Abbreviations

GA
AC
aFRR

CAPEX
COP
CPU
CS
DAE
DE
DK1
DK2
DKK
DTU
El

EB

EN
EOS
FCR
FCR-D

Micro Genetic Algorithm
Alternative Concept

Automatic Frequency Restoration Reserve
Category

Capital Expenditure

Coefficient of Performance
Central Processing Unit
Co-simulation

Differential Algebraic Equation
Depreciation Expense

Western Denmark

Eastern Denmark

Danish Krone

Technical University of Denmark
Energnist 1

Electric Boiler

Energinet

Economy of Scale

Frequency Containment Reserve

Frequency Containment Reserve for Disturbances



FCR-N
FMI
FMU
GB
HFC
HP
HVAC
ME
mFRR
PI
SI-units
VSD
WCB

Frequency Containment Reserve for Normal Operation
Functional Mock-up Interface

Functional Mock-up Unit

Gas Boilers

Hydro-Fluorocarbons

Heat Pump

Heating, Ventilation and Air Conditioning
Model-exchange

Manual Frequency Restoration Reserve
Proportional Integral

Systéme International d’Unités

Variable Speed Drive

Wood Chip Boiler
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1 Introduction

As a part of the green transition of the energy systems, large scale heat pumps are
expected to play a signi cant role to provide climate friendly heat. EU regulation
requires that Denmark by 2030 reduce emissions in the so called non-quota sectors,
which among other things include agriculture, transport and some residential heating,
by 39 % compared to 2005 levels. Political targets are even more ambitious, and aims
to reach a 70 % reduction to 1990 levels in 2030. Furthermore, a 100 % renewable
energy target is set to be ful lled by 2050. [Klima-, energi- og forsyningsministeriet,
2019]

As the discussion of power-to-x becomes gradually more and more interesting due to
the increasing amount of renewable energy dominating the power grid, the heating
sector has the potential to become an important player. The heating sector can
absorb a large amount of electricity, and does additionally have the potential to store
the energy [Bach et al., 2016].

According to a study from [Mgller et al., 2018], around 64 % of the households in
Denmark are supplied by heat from the district heating network. Despite district
heating itself being a good step in reaching the climate targets, the heating sector
still faces some challenges, as 2018 numbers show that 40 % of this heat is produced
from fossil fuels. Figure 1.1 shows the district heating production from di erent
district heating production units.

Figure 1.1: District heating production from di erent units from 1980 to expected heat production
distribution in 2050 [Mgller Thomsen et al., 2018]

What is notable in Figure 1.1 is how the share of more renewable and environmental
friendly district heating production units is expected to continue increasing. However,
some of the challenges, which was also outlined in a study from [Popovski et al., 2019]
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for a German district heating system, have been the costs related to the integration
of new and environmental friendly solutions as for instance large scale heat pumps.
In Denmark, some political steps haven been taken to assist reaching the climate
targets. This includes relaxing the rules regarding heating production as well as taxes
for electricity for heat production. This, in combination with a complete phase-out
of coal and withdrawn subvention for gas-supplied units supports the electri cation
of the heating sector. Some of the rule relaxations and tax reductions relevant for
the advancement of electri cation are listed below:

Electric energy taxes
The electric energy taxes reduces from 405 DKK/MWHh to 155 DKK/MWh ¢
over the years 2018 to 2021 [Boye Petersen, 2018].

Requirements for power plant heat

Traditionally, the production of both power and heat have been a requirement
for power plant heat. These requirements are now open for exemption. [Siemens
A/S et al., 2018].

Taxes on surplus heat
Previous taxes of 51 DKK/GJ is replaced by xed tax of 25 DKK/GJ, (possi-
bility of reduction to 10 DKK/GJ) [PricewaterhouseCoopers, 2019].

All of the above mentioned relaxations increase the incentive for large scale heat
pumps, as it become desirable to utilise wind power and photovoltaics for heat produc-
tion. Additionally, large scale heat pumps take advantage of local, usually unutilised
heat from renewable energy sources as sea water, sewage water or air.

1.1 Heat Pumps in the Danish District Heating System

A number of recent studies investigate the potential of large scale heat pumps in
district heating systems. The socioeconomic study in [Lund et al., 2016] nds that,
the potential for heat pumps can ideally mount up to a socioeconomic benet of 750
million DKK pr year despite being sensitive to electricity and fuel prices. The study
also concluded that variations in performance and investment costs did not appear
as a risk to the feasibility of large scale heat pumps. A script produced foDanish
Energy Agency and Grgn Energi, [Kortegaard Stachkel et al., 2017], describes how
large scale heat pumps have some unique features:

Allows for the usage of energy from low temperature heat sources as sea water,
air or waste water.

Combines the usage of surplus heat and the industrial need for cooling with
heat production.

Increases the e ciency of existing units (boilers, power plants etc.) by using
the surplus heat in the ue-gas.
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All of these features are either related to the usage of renewable energy sources or
to the usage of energy which otherwise was wasted. [Kortegaard Stgchkel et al., 2017]

In the technology catalogue presented from Danish Energy Agency and Energinet
[2016], it is described how learning curves express the idea, that each time a unit
from a particular technology is produced, some learning is accumulated. As a result,
the next unit becomes cheaper. Additionally, the innovation of the particular tech-
nology has two aspects: the market-pull model and the market-push model. The rst
mentioned includes the technologies evolving and thereby pushing themselves into the
market, whereas market pull where the market itself leads to development and inno-
vation of the technology. Last mentioned is to a great extent dependent on climate
and energy policies, which currently attracts an increasing amount of attention. Since
heat pumps as described are a promising tool for increasing the e ciency of existing
energy systems, these are expected to see a signi cant market-pull. Based on this,
the incentive to acquire more information and experience regarding large scale heat
pumps and the application of them increases. While the existing experience is very
limited, modelling results and new knowledge on sensitivity on heat pumps systems
become interesting for future design and development of such systems. Additionally,
large investments in heat pump systems are associated with a number of uncertain-
ties, since investment costs and performance is evaluated against fuel and electricity
prices. With high electricity prices, it would be pro table with a more expensive but
better system in terms of performance, while low electricity costs might imply that
low investment costs are more important than performance. Furthermore, the costs
of fuel in uences the competitiveness of the heat pumps. [Danish Energy Agency and
Energinet, 2016]

One reason for large scale heat pumps being particular interesting in the debate
of the modern energy systems in Denmark is, aside from the recent relaxation of
regulations and its potential for using renewable energy sources, its possibilities for
providing ancillary services. The report from Energinet, [Moll Rasmussen et al., 2019]
which outlines the assumptions and conditions for analysis and reports published
by Energinet, describes how an increasing electricity demand in the coming year is
associated with a number of uncertainties mainly due to the limited experiences with
projecting new technologies as large scale heat pumps. A number of existing coal-
red units faces a phase-out and many of these are most likely set to be replaced by
(among other things) large scale heat pumps. The expected capacity increase for large
scale heat pumps is expected to be in the order of 350 MWn 2040. This is followed
by a capacity increase for both wind- and solar power. The underlying challenge is
that the development and the forecasts depends strongly on the development of the
new technologies in terms of e ciency improvement and fuel costs [Moll Rasmussen
et al., 2019].

Figure 1.2 illustrates how the electricity consumption for large scale heat pumps is
expected until 2040.
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Figure 1.2: Expected electricity demand for both centralised and decentralised heat pump units
in the Danish district heating. [Moll Rasmussen et al., 2019]

A distinct increasing tendency in seen in Figure 1.2. Furthermore, the tendency
indicates that a signi cant increase is expected in a short-term perspective. One
decisive reason for this tendency is however based on the expected lifetime of the
existing units (e.g. a number of existing power plants is expected to be replaced). In
continuation hereof it was found that the operators almost without exception want
long-term conversions of their existing centralised power units to a more decentralised
heat production based on a mix of smaller units. An example of a system, which is
already in the process of planning such a phase out of a centralised coal red plant is
located in Esbjeg, Denmark. This plant will further form the basis for the example
system used in this thesis.

1.2 Esbjerg Case study

This project is conducted in cooperation with Added Values and revolves around a
subject related to an ongoing project in Esbjerg.

In March 2023 a 460 MW coal red power plant is set to close along with a number
of other small oil- red reserve plants. The system and the planned phasing out of
the oil- and coal red plants in and around Esbjerg is seen in Figure 1.3.
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Figure 1.3: Map of the planned phasing out of oil- and coal red plants in and around Esbjerg.

An apparent consequence of this, is that new units must be introduced to replace the
coal- and oil red capacity. As a part of the solution, a considerable amount of large
scale heat pumps is expected to be relevant. The integration of heat pumps in such a
system can be accomplished in many ways, where an example of how such a system
could be designed can be seen in Figure 1.4.

Among both wood chip boilers, electric boilers, gas boilers and a waste incineration,
a 50 MW, sea water heat pump unit is expected to be implemented. These sea water
heat pumps in a system as presented in Figure 1.4 will form the underlying basis for
the requirements and operating conditions presented in this study.

One contributing reason for Figure 1.4 being a reasonably suggestion to a system
design is its potential for ancillary services. Aside from the heat pumps, a relatively
large wood chip boiler is introduced to boost and maintain the temperature of the
district heating water. The heat pump does, aside from its advantages in using re-
newable energy for district heating production, in combination with the electric boiler
form a reasonable potential for providing ancillary services. This due to an expecta-
tion of that the heat pumps can be within a short amount of time can reduced in load
while the electric boilers (which by default is switched o ), consumes power almost
immediately. However, especially due to the very limited amount of experience, a
number of questions regarding the implementation can be raised. First of all, the
heat pump unit in Figure 1.4 would have to be a designed as a concept consisting
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