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Task for Thesis

At Leangen in Trondheim, a new building area is to be built. The building area
will follow high standards of energy efficiency, thus needs a good energy profile. In
order to achieve this, a smart and energy efficient delivery system for both heating
and cooling, and for space and tap water, will be used. This will be done through a
local low-temperature grid, utilizing excess heat from different sources.

The building area is going to be divided into 13 zones, each with it’s own energy
central. This thesis will include providing an energy profile for one of these zones,
including a description of its energy demand.

Different sources of energy will also be evaluated, with a focus on the use of
excess heat from the gray water the building area is producing, and a local ice rink.
This thesis will look into different studies of utilizing this method, and compare it
with other sources and ways of covering the energy demand.

The heating and cooling demands will be covered by the help of heat pumps.
This thesis will use the modeling language Modelica to simulate a heat pump. The
simulation will use the surplus heat from the sources found, and calculate how much
energy it is possible to deliver. It will also explore the possibilities of storing this as
thermal energy.

The following tasks are to be considered:

e Reviewing of relevant literature
e Modeling an ammonia heat pump in Dymola

e Use the simulation tool SIMIEN to calculate the energy profile of a single
building and a whole substation

e Evaluate different heat sources, with focus on gray water

e Simulate a tank to hold gray water in the simulation tool COMSOL Multi-
physics

e Perform an economic analysis of the different energy delivery methods

e Analyze the results in terms of system performance, energy consumption, and
thermal energy storage potential

e Summary of report
e Draft version of a scientific paper based on the main findings of the Thesis

e Proposal for further work
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Abstract

At Tungavegen 1 in Trondheim, an old, rundown racecourse will soon be transformed
into a new, future-oriented residential area. The area will consist of apartment build-
ings, common areas, office buildings, and more. The goal is for it to be completed by
2050. These buildings are going to have a massive energy demand for space heating
and cooling, as well as for heating of tap water. This thesis will evaluate different
methods of providing this energy, in the most efficient manner.

The area will be built into 13 zones, and to get an understanding of how much en-
ergy Tungavegen 1 will need, one of these zones has been simulated in the simulation
tool SIMIEN. The energy profile is a result of construction and equipment require-
ments of a low energy consuming building, taken from the TEK17 standard. The
energy demands for space heating, domestic hot water heating and space cooling,
are 29.5kWh/m?, 30.0kWh/m? and 10.4 kWh/m?, respectively.

Every zone will contain an energy central, providing and distributing energy to all
the buildings within the specific zone. An energy central will consist of heat pumps,
thermal energy storage tanks, gray water tanks, and general pipes and circulation
pumps. Different methods of integrating the appliances have been presented and
evaluated.

The energy supply for heating of space, will primarily be delivered through a local
low-temperature thermal distribution system. This local grid will contain water that
has been heated up by excess heat from a local ice rink, and will pass through all
the 13 energy centrals. Together with a heat pump, this will be used to provide
enough heat the heat up the entirety of the zones.

In addition to this, gray water produced by the buildings will be gathered in a
tank, and used as a heat source for the heating of domestic hot water. This will be
done in the same manner as for space heating, with the help of a heat pump. The
temperature elevation of domestic hot water is much larger than for space heating,
and therefor will require a different heat pump.

In order to create an optimized energy efficient building area, heat pumps were
evaluated in order to deliver hot water to the facilities requiring higher temperatures
than what can be delivered by the low-temperature distribution system. Both CO,
and ammonia heat pumps were discussed, but only the ammonia heat pump was
evaluated in detail. It was evaluated that space heating and cooling will need a heat
pump able to deliver 140 kW and 112 kW, respectively.

Another major topic that has been inspected in this theses, is the integration
of a space cooling circuit and the gray water tank. The implementation of a space
cooling circuit, will require a separate heat pump, and will produce energy in form
of heat in the same way as the ice rink. Therefore, an integration of pipes within
the walls of the gray water tank was looked at, to see if this could be a viable heat
sink for the space cooling circuit.

The gray water tank was of concrete, and since this material has a very low
conductivity, there was not a high heat transfer rate. It was found that the tank
could only provide between 10 kW and 25 kW, which is not much compared to the
potential of 112kW. Instead, other solutions, like having an external heat exchanger
or dumping the heat in the return circuit of the local thermal grid, were evaluated
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as more efficient.

This thesis has kept in focus the enormous potential of waste heat. Some of the
biggest challenges facing our earth, is how much energy humans are consuming. If
smarter solutions are chosen, where spilled energy gets new life as a heat source, our
planet might be saved.
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Sammendrag

I et omrade i Trondheim, Tungavegen 1, vil en gammel nedslitt veddelgpsbane snart
bli omgjort til et nytt og fremtidsrettet boligomrade. Omradet vil blant annet besta
av rekkehus, leiligheter, fellesomrader og kontorbygg. Malet er at omradet skal
vaere ferdig utbygd innen 2050. Disse bygningene vil ha et enormt energibehov for
oppvarming og nedkjgling, samt oppvarming av springvann. Denne masteroppgaven
har evaluert forskjellige metoder for a levere den ngdvendige energien pa en mest
mulig effektiv mate.

Omradet skal bygges i etapper og deles inn i 13 soner. For a fa en forstaelse av
hvor mye energi som trengs i Tungavegen 1, ble en av disse sonene, B1, simulert
i simuleringsverktgyet SIMIEN. Energiprofilen ble basert pa krav til konstruksjon
og utstyr for et lavenergibygg, hentet fra TEK17-standarden. Energibehovet for ro-
moppvarming, varmtvann og kjgling, er her henholdsvis 29.5 kWh/m?, 30.0 kWh /m?
og 10.4kWh/m?.

Hver sone vil ha en energisentral som tilfgrer og distribuerer energi til alle
bygningene i den spesifikke sonen. En energisentral vil besta av varmepumper, la-
gringstanker for termisk energi, gravannstanker, rgrsystem og sirkulasjonspumper.
Ulike metoder og mulige oppsett for systemet ble presentert og evaluert i oppgaven.

Energiforsyningen for oppvarming av rom, vil i hovedsak bli levert gjennom et
lokalt lav-temperatur distribusjonssystem. Det lokale nettet vil besta av vann som
er oppvarmet av overskuddsvarme fra den lokale skgytebanen i omradet. Det op-
pvarmede vannet vil distribueres gjennom regrsystemet for hele omradet og de 13
energisentralene. Sammen med en varmepumpe vil dette oppvarmede vannet gi nok
energi til a varme opp den enkelte sonen.

I tillegg til dette, vil man samle gravann fra bygningene i en gravannstank.
Spillvarmen fra gravannet vil benyttes som varmekilde for & varme opp varmtvann
til husholdningene. Dette vil gjgres pa samme mate som ved romoppvarming, ved
hjelp av en varmepumpe. Temperaturlgftet for varmtvann er mye hgyere en for
romoppvarming, og det ma derfor benyttes en annen type varmepumpe for a fa til
dette.

For a skape et optimalt energieffektivt omrade, ble varmepumper evaluert for de
delene der det var ngdvendig med hgyere temperaturer enn det som kunne bli levert
av et lav-temperatur distribusjonssystem. Bade CO5 og ammoniakk varmepumper
ble vurdert, men bare ammoniakk varmepumper ble evaluert i detalj. Videre ble
det beregnet at en varmepumpe for oppvarming og kjsling vil trenge en pumpe som
kan levere henholdsvis 140 kW og 112 kW.

Et annet hovedtema som ble sett pa i denne oppgaven, var a integrere en
romkjolingskrets med en gravannstank. Implementering av en romkjglingskrets vil
kreve en egen varmepumpe og vil produsere energi i form av varme pa samme
mate som den lokale skgytebanen. Det ble derfor sett pa en integrering av rgr
inne i veggene pa gravannstanken for a se om dette ville vaere et egnet varmesluk i
romkjglingskretsen.

Oppgaven har sett pa en gravannstank av betong, og siden dette materialet
har lav varmeledningsevne, var varmeoverfgringshastigheten lav. Det ble funnet
at tankene bare kunne gi mellom 10kW og 25kW, noe som er lavt i forhold til



potensialet pa 112kW. Andre lgsninger ble vurdert, og det ble funnet ut at en
ekstern varmeveksler eller & dumpe varmen i returkretsen til den lokale termiske
sentralen, ville veere mer effektivt.

Denne masteroppgaven har fokusert pa potensialet rundt spillvarme. En av de
stgrste utfordringene jorden star overfor, er det enorme energiforbruket vi mennesker
har. Med smarte lgsninger der man gjenbruker energien i spillvarme til oppvarming,
har man gjort mye for a redde planeten var.

vi



Contents

Task for Thesis i
Preface ii
Abstract iv
Sammendrag vi
List of Figures xiii
List of Tables XV
Nomenclature xviii
1 Introduction 1
1.1 Background and Motivation . . . . . .. .. ... ... 1

1.2 Scope and Outline of Thesis . . . . . .. .. .. ... ... ... ... 2

1.3 Limitations of Thesis Parameters . . . . . . .. ... ... ... ... 3

2 Theory 4
2.1 Heat Distribution . . . . . .. . ... o 4
2.1.1 Principles of District Heating . . . . . .. ... ... ..... 4

2.1.2  Development of District Heating . . . . . . ... .. ... ... 5t

2.1.3 Low-Temperature Thermal Grids . . . .. ... .. ... ... 7

2.1.4 Components of Low-Temperature Thermal Grids . . . . . .. 7

2.1.5  Existing Systems . . . . . ... ... L 9

2.1.6 Relating Cost to District Heating . . . . . . .. ... ... .. 11

2.2 Heat Distribution Within a Building . . . . . .. ... ... ... .. 12
2.2.1 Heating, Ventilation and Air Conditioning Systems . . . . . . 12

2.2.2  Waterborne Underfloor Heating . . . . . ... ... ...... 12

2.2.3 Thermally Activated Building Systems . . . . .. ... .. .. 13

2.3 Heat Transfer . . . . . . . . .. ... 14
2.3.1 Conduction . . . . ... .. ... ... 14

2.3.2 Convection . . . . . . ... 14

2.3.3 Radiation . . . .. .. ... 16

2.3.4 Thermal Resistance . . . . . . . . .. .. ... ... ... ... 17

2.3.5 Heat Transfer Througha Wall . . . . . .. ... ... ... .. 17

2.3.6  Heat Exchangers . . .. .. ... ... ... .. ........ 18

Vil



2.4 Pressure Drop Calculations . . . . . . . ... ... ... ... ... .. 19
2.4.1 Dynamic Viscosity . . . . . . . ... ... 20
2.4.2 Reynolds Number . . . . . . . . ... ... . 20
2.4.3 Shear Stress . . . . . . ... 21
2.4.4 Darcy Friction Factor . . . . . .. ... ... 0L 21
2.4.5 Colebrook Equation. . . . . . .. ... ... 21
2.4.6  Pressure Drop in Straight Pipes . . . . . . ... .. ... ... 22
2.4.7 Pressure Dropin Bends . . . ... ... ... .. ... ... . 22

2.5 Building Specifications of a Passive House . . . . . ... .. ... .. 23
2.5.1 Building Specifications . . . . . ... ..o 23
2.5.2 Energy Demand . . . . . .. ... ... 24
2.5.3 Indoor Environment . . . . . ... ... ... ... 26

2.6 Heat Sources . . . . . . . . . ... 28
2.6.1 Excess Heat from Cooling Processes . . . . . . ... ... ... 28
2.6.2 Solar Collection . . . . . .. ... ... 28
2.6.3 Gray Water . . . . . .. .. 30
2.6.4 Existing System - Tromsgbadet . . . . . . ... .. ... ... 32

2.7 Heat Pumps . . . . . . . . . 34
2.7.1 Heat Pumpsin General . . . . . . ... ... ... .. ..... 34
2.7.2  Choosing a Refrigerant . . . . . . . ... ... ... ... ... 38
2.7.3 CO2 as Refrigerant . . . . . .. ... ... L. 40
2.7.4 Ammonia as Refrigerant . . . . . .. ... 41
2.7.5 Hydrocarbon as Refrigerant . . . . . ... .. ... ... ... 42

2.8 Thermal Energy Storage . . . . . . . . .. ... ... ... ... . 42

2.9 Cost Related to Electricity . . . . . . . .. .. ... ... 0. 43

Method 45

3.1 Programs . . . . .. ... 45

3.2 Leangen Building Area . . . . . . . .. ... L 46
3.2.1 The Situation Today and Further Plans. . . . . . . . . .. .. 47
3.2.2 Energy Standards . . . . . ... ... 48
3.2.3 Network Structure . . . . ... ... ... ... ... 48
3.2.4  Energy Central Structure. . . . . . ... ... ... ... ... 48

3.3 Energy Demand . . . . . . ... ... o 50
3.3.1 Reference Zone . . . . . .. ... 50
3.3.2 Model in SIMIEN . . . . .. ... ... 51
3.3.3  Supply Temperatures . . . . . . . .. ... ... ... ... .. 52

3.4 Heat Sources . . . . . . .. . . 53
341 TIceRink . . . . . ..o 53
3.4.2 Surrounding Factories . . . . . . .. ... 54
343 Gray Water . . . . . . ... 54
3.4.4 District Heating . . . . . .. .. ... ... ... . 55
3.4.5 Solar Heat Collection . . . . . . ... ... ... ... ..... 5%)

3.5 Heat Pump Models . . . . . . . ... ... .. 55
3.5.1 Space Heating and Cooling Integration . . . . . . .. ... .. 55
3.5.2 Model in CoolPack . . . . ... ... ... ... ... ... 56

viil



3.5.3 Model in Dymola . . . . ... ... ... ... L. 57

3.6 Gray Water . . . . . . . . . ... 59
3.6.1 Gray Water Implementation . . . . . . .. ... ... ..... 60
3.6.2 Energy Evaluation . . ... ... ... ... ... ... .... 61
3.6.3 Space Cooling Integration . . . . .. ... ... ... ..... 61
3.6.4 The Gray Water Tank . . . . . ... ... ... ........ 62
3.6.5 Model in COMSOL Multiphysics . . . .. ... ... .. ... 64
3.6.6 Comparisons . . . . . . . . . ... 67
3.6.7 Pressure Drop Calculations . . ... ... ... ... ..... 69

3.7 Cost Analysis . . . . . . .. 70
3.7.1 Cost for Different Heat Sources . . . . . . ... .. ... ... 70
3.7.2 Cost of Investment . . . . . . .. ..o 71

Results 72

4.1 Energy Demand for Reference Zone . . . . . . ... ... ... ..., 72
4.1.1 General Energy Demand . . . . . ... ... ... ... .... 72
4.1.2 Energy Balance . . . . . .. .. ... o0 74
4.1.3 Indoor Environment . . . .. ... ... ... ... ... ... 76

4.2 Heat Sources . . . . . . . ... 7
421 TceRink . . . .. .. o 7
4.2.2 Gray Water . . . . . . . ... 78
4.2.3 Solar Radiation . . . . . ... ... 0o 79

4.3 Ammonia Heat Pump . . . . .. ... ... ... ... ... ... 80
4.3.1 Model in CoolPack . . . . . ... ... ... ... ... ... 80
4.3.2 Heat Exchanger Calculations . . . . ... ... ... ..... 81
4.3.3 Model in Dymola . . . . . .. ... ... 83
434 DaVE Diagram . . . . . . ... .. 0oL 85

4.4  Gray Water and Space Cooling Integration . . . . . . . . .. .. ... 87
4.4.1 COMSOL Multiphysics Simulation Parameters . . . . . . . . . 87
4.4.2 The Four Initial Simulations . . . . . . . ... ... ... ... 87
4.4.3 Simulations with Different Coil Temperatures . . . . .. . .. 91
4.44 Pressure Drops . . . . . . ... 94

4.5 Cost Analysis . . . . . . . .. 97
4.5.1 Cost of Different Heat Sources . . . . . . . ... ... .. ... 97
4.5.2 Cost of Investment . . . . . . .. ..o 98

Discussion 100

5.1 Energy Demand and System Solution . . . . . . . ... .. ... ... 100
5.1.1 General Energy Demand . . . . . .. ... ... ... ..... 100
5.1.2 Energy Balance . . . . . . ... ... oL 101
5.1.3 Indoor Environment . . . . .. ... ... ... ... ... 102

5.2 Heat Sources . . . . . . . . .. 102
521 TeeRink . . . . . . .o 102
5.2.2 Gray Water . . . . .. ... 103
5.2.3 Solar Radiation . . . .. .. ... .. oo 103

5.3 Heat Pumps . . . . . . .. . 103

54 Gray Water . . . . . . .. 104

1X



5.4.1 Simulation Weaknesses . . . . . . . . .. ... 104

5.4.2 Turbulence . . . ... . .. .. ... 105

5.4.3 Tank Geometry . . . . . . . . . ... 105

5.4.4 Space Cooling Integration . . . . .. .. .. ... ... .... 106

5.4.5 Pressure Prop . . . . . . ..o 106

5.5 Cost Evaluation . . . . . . . . ... .. ... 107

6 Conclusion 108
7 Further Work 110



List of Figures

2.1
2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26

3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8

Simplified district heating system . . . . . . ... ... ... 5
The generations of district heating and temperature and effectiveness

levels . . . . . . 6
Examples of heat exchangers . . . . . . . .. ... ... ... ... .. 8
The energy staircase . . . . . . . . . .. Lo 10
Heating and cooling distribution in ectogrid™ concept . . . . . . . .. 11
The energy balance of Medicon Village . . . . . . ... .. ... ... 11
[lustration of how underfloor heating works . . . . .. ... ... .. 13
Conductive heat transfer . . . . . . .. ... ... ... ... ... . 15
Convective heat transfer . . . . . . ... ... ... 15
Thermal radiation . . . . . . . ... ... ... ... ... 16
Heat transfer through composite wall . . . . . . ... ... ... ... 18
Heat exchanger . . . . . . . . . .. ... . 19
Shear Stress . . . . . . . . . 21
Pressure drop through bends and a hexagon . . . . .. ... ... .. 23
A simple representation of the cooling process . . . . . . .. .. ... 29
Active solar heating of water . . . . . . . . ... ... ... .. 29
Annual energy use for different building types . . . . . . ... .. .. 30
On-demand and storage waste water heat recovery [64] . . . . . . .. 32
Schematics of heat pump system at Tromsg pool . . . . . . . . .. .. 33
Typical energy demands for different methods of 100kW heat production 34
The simplified process of a heat pump . . . . . . ... .. ... ... 35
The heat pump process in a ph-diagram . . . . . ... .. ... ... 36
Theoretical COP related to the temperature rise of the heat pump . . 38
Phase diagram for COy . . . . . . . . . ... ... 39
ph-diagram for subcritical and transcritical heat pump processes . . . 41
TES tanks during charging, storage and discharging . . . . . . . . .. 43
Distribution of zones at Leangen building area with local heating pipes 47
[lustration of what an energy central might look like . . . . . .. .. 49
Map over zone B1 . . . . . . . . . . .. ... 50
Dashboard on SIMIEN . . . . . .. ... ... ... ... ... 52
Energy options in SIMIEN . . . . . ... ... ... ... ... .... 52
Measured excess energy from ice rink in 2018 and 2019 . . . . . . .. 54
Possible implementation of the ammonia heat pump for summer and

winter operation . . . . . . . ... Lo 56
Start of ammonia heat pump in Dymola . . . . . ... ... ... .. 57

x1



3.9

3.10
3.11
3.12
3.13
3.14
3.15

3.16
3.17

3.18

3.19

4.1
4.2
4.3
4.4
4.5

4.6

4.7

4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15

4.16

4.17
4.18
4.19

4.20

Step 2 of heat pump implementation in Dymola . . . . . ... .. .. 58
Step 3 of heat pump implementation in Dymola . . . . . ... .. .. 59
Possible implementation of gray water excess heat utilization . . . . . 60
Integration of space cooling with gray water tank as heat sink . . . . 62
Details of the gray water tank . . . . . . ... ... ... ... ... 63
The base case model of the gray water tank in COMSOL Multiphysics 64
3D representation of the base case model of the gray water tank in

COMSOL Multiphysics showing surface temperatures at 270 min into

the base case simulation . . . . .. ... ... ... ... 65
Whole mesh and detailed mesh for the base case . . . . . .. ... .. 66
The model gray water tank for the third simulation run with fewer

pipes in the bottom concrete in COMSOL Multiphysics . . . . . . .. 68
The four points (blue dots) where temperatures were compared in the

gray water tank in COMSOL Multiphysics . . . . .. ... ... ... 68
The three different boundaries (blue) examined for Normal total heat

flux from the COMSOL Multiphysics simulations . . . . . . ... .. 69
The energy demand of zone Bl, as calculated by SIMIEN . . . . . .. 74
Monthly energy use for the different factors at zone B1 . . . . . . .. 74
The distribution of heat losses in zone B1 simulated in SIMIEN . . . 75
Energy delivered to Bl, as calculated by SIMIEN . . . . .. ... .. 75
Indoor operative temperatures through the year in the apartment

buildings . . . . . . ... 76
Measured excess energy from ice rink in 2018 and 2019 in comparison

with the monthly space heating demand . . . . . . . ... ... ... 7
Monthly energy available from gray water with a heat pump compared

to the DHW demand . . . . . . ... ... ... ... ......... 79
Solar radiation through 2009 to 2016 at Leangen . . . . . . . . . . .. 80

Final result of the ammonia heat pump in Dymola with a Qp of 96kW 84
Final result of the ammonia heat pump in Dymola with a Qg of 132kW 84
Final result of the ammonia heat pump in Dymola with Q g of 96 kW 86
Final result of the ammonia heat pump in Dymola with Qg of 132kW 86
Comparison for the temperature graphs in the gray water tank . . . . 88
Temperate comparisons at Point 2 between the four initial simulations 88
Comparison for the normal total heat flux, ® [kW], in the four initial

gray water tank simulations. All scales are different while the time

scaleisequal . . . . ... L 90

Comparisons of normal total heat flux, ® [kW]|, between concrete
wall and body of gray water for the four initial simulations. Steel
wall simulation is plotted against the right axis . . . . . .. ... .. 90
Water flow arrows for the basecase . . . . . . . ... ... ... ... 92
Water flow arrows for the larger pipescase . . . . . . . .. ... ... 92
Water flow arrows for the simulation with fewer pipes in the bottom
CONCrete . . . . . . .. 92
Water flow arrows for the steel tank case . . . . . ... ... .. ... 93

x1i



4.21 Comparisons of temperature development at evaluation point 2 for
the four simulations with different pipe temperatures. Pipe temper-
atures are 10 K different between simulations. . . . . . . . . ... ..

4.22 Comparisons of normal total heat flux, ® [kW], between concrete wall
and body of gray water for the four simulations with different pipe
temperatures . . . . ... oL L L

4.23 Break Even Scenarios . . . . .. . .. .. ... ... ... ...

xiil



List of Tables

2.1

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13

3.1
3.2
3.3
3.4
3.5

3.6

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

4.9
4.10

4.11
4.12

Some thermal conductivity rates at 300 K and under atmospheric

PTESSUTE . . . . o v v v e e e e e e e e 15
Convective heat transfer coefficient in different fluids . . . . . . . .. 16
Specific heat capacities at 20°C . . . . . . . ... ... ... ... 19
Roughness values for new commercial pipes. . . . . . . . .. .. ... 22
Drag coefficient for bends with r/d; ratio of 5 for smooth pipes . . . . 23
Building requirements for apartment buildings . . . . . . . . ... .. 24
Energy demands and internal loads for low energy apartment buildings|54| 25
Annual energy demand for space heating . . . . ... ... ... ... 25
Thermal comfort for . . . . . . . ... ... ... ... ... 26
Temperatures recommended by TEK17 . . . ... ... .. ... ... 27
Characteristics of water found in domestic sewage systems . . . . . . 31
Some refrigerants and their corresponding values . . . . . . . . . . .. 40
Some densities and specific heat values for different substances at a
temperature of 300 K and under atmospheric pressure . . . . . . . .. 43
The GFA of the different zonesinm? . . . . .. ... ... ... ... 48
Construction specifications of parameters entered in SIMIEN . . . . . 53
Energy specifications of parameters entered in SIMIEN . . . . . . .. 53
Initial Values in COMSOL Multiphysics . . . . . .. ... ... ... 67
Variable parameters in the COMSOL Multiphysics simulations that

were different from Base Case . . . . . . ... ... ... ... ... 69
Historic Spot Prices Trondheim . . . . . ... ... .. .. ... ... 71
Results from SIMIEN simulation . . . . ... ... .. ... ..... 73
Energy demand for the reference zone, B1, from SINTEF . . . . . .. 73
Specific energy demand from different sources compared . . . . . .. 73
Annual energy demand for space heating . . . . . ... ... ... .. 78
Data input in CoolPack . . . . . . . . ... ... ... . ....... 80
Data output from CoolPack . . . . . . ... ... ... ... ..... 81
COMSOL Multiphysics simulation parameters . . . . . . .. ... .. 87
Normal total heat flux received by the body of gray water for the four
initial simulations . . . . . . ... ... Lo 91
Normal total heat flux received by the body of gray water for the
higher coil temperature simulations . . . . . .. ... ... ... ... 94
Pressure loss for separate pipes . . . . . . . ... ... ... ... .. 95
Pressure drop in a circular tank . . . . . .. ..o 96
Pressure loss for separate pipesinbends . . . . . ... ... .. ... 96

Xiv



4.13 Pressure loss for separate pipes total . . . . .. ... 97

4.14 Yearly cost of different heat sources . . . . . . . .. .. ... ... .. 97
4.15 Yearly cost savings different heat sources . . . . . . . . . .. ... .. 98
4.16 Net Present Value output . . . . . .. .. ... ... ... . ..... 99

XV



Nomenclature

ATgy Superheat temperature

AT

o

Ap
ATy,

Qc
Qr
QGC

Temperature difference
Degree

Operating pressure

Log mean temperature difference
Mass flow

Heat transfer rate

Heat transfer in condenser
Heat transfer in evaporator
Heat transfer in gas cooler
Compressor power

Efficiency

Isentropic efficiency

Dynamic viscosity

Total heat flux

Density

Shear stress

Roughness

Heat flux

Drag coefficient

Surface or cross sectional area

Specific heat capacity

Xvi

bar

kg /s
kW
kW
kW
kW
kW

kg/ms

kJ/kg K



Ceomp Cost of electricity in the compressor
Cereet  Electricity cost

Clreduceda Reduced cost

Cior  Total cost

COP Coeflicient of Performance

D Diameter

d Thickness

D,y Pipe diameter

E Energy consumption

f Darcy friction factor

g Gravitational acceleration
Gfee Variable grid fee

GRyized

GR,q- Variable grid rent

H Height

h Specific enthalpy

he Convective heat transfer coefficient

7 Discounting rate of return on an alternative investment

k Thermal conductivity
L Length

m Mass

NPV Net present value

P Pressure

P..;; Critical pressure

Pe Pressure in condenser
P Pressure in evaporator
Pse  Pressure in gas cooler

Q Heat capacity or demand

XVvil

NOK
NOK
NOK
NOK

kWh
9.81m/s?
NOK/kWh
NOK
NOK/kWh
m

kJ/kg
W/m? K
W/mK

m

kg

NOK

bar

bar

bar

bar

bar



Ry

Tc
T
TCTit
T ipe
U

Thermal resistance

Net inflows and outflows for a single period

Reynolds number

Savings

Temperature

time periods
Condensation temperature
Evaporation temperature
Critical temperature

Pipe temperature

Thermal transmittance

U-value Heat transfer coefficient

v

()

Vavg

Qsn

Volume
Fluid velocity
Average fluid velocity

Space heating demand

Xvill

W/K
NOK
NOK /kWh
°C



Chapter 1

Introduction

1.1 Background and Motivation

Greenpeace recently sued the government of Norway for not taking enough responsi-
bility for their ruining of our environment. They lost. Australia almost burnt down
last winter. Money was raised in order to put out the fire, but close to nothing was
raised in order to prevent it from happening again. Instead, companies keep drilling
for oil in the Australian waters. They continue doing this because there is still so
much money in the oil industry, because we are still dependent on the energy it
provides. No one is willing to change their behavior. This cannot continue.

The energy demand for houses covers a share of 40 % of the total energy use in
Norway [52]. Further, 80 % of this is estimated to be needed to cover the heating
of space. The constant growth in energy demand, as well as the massive use of
non-renewable energy sources like oil, indicates a future where the energy demand
cannot be reached. This is a huge problem. Especially with the continued growth of
environmental challenges that we are facing. The greatest effort the building sector
can do in order to do their part for the environment, is contributing to reduce the
energy need for new building areas.

To deal with this matter, the United Nations has made 17 goals, called the
Sustainability Goals, going towards 2030. The seventh goal deals with energy, and
promises to ensure affordable, reliable, sustainable and modern energy for everyone
[62]. A future problem can be the continued growth in the worlds population.

In order to reach this goal, the building sector needs to do their part. This
thesis will therefore go through measures that can lower the energy need of building
drastically, both by reducing the need for general energy, but also by producing
their own heat and energy. The goal is to do this without compromising the actual
energy use of the building.

This is why houses with low energy consumption and renewable delivery methods
for energy is an important measure to take. At Leangen in Trondheim, a building
area is going to be built with this is mind.



1.2 Scope and Outline of Thesis

With the knowledge of needing to reduce the energy footprint of buildings in mind,
this thesis continues. Because, how can this be done?

One obvious solution is reducing the energy need by simply reducing the energy
use. Turning off the heating equipment in all buildings and stop using technical
equipment. Turning off stoves and washing machines, is a very efficient way of
reducing the need for energy. However, reducing the standards of living is not
something many people are willing to compromise with, and is therefore not a very
long term solution.

Another solution could be installing solar panels to cover the total energy use.
This, however, would be very costly and quite space consuming, and is thereby not
a optimal solution for the future.

So the question becomes: how can the energy demand of a building decrease,
without having to compromise the standards of living or it becoming a huge eco-
nomical burden?

This thesis will answer this question by the following points:

e Reviewing a variety of literature
e Introducing the building area of Leangen
e Defining a reference building zone and estimating its energy profile

e Investigating different sources of energy, with special notice to excess heat
from gray water with help from COMSOL

e Investigating the use of heat pumps through the use of the simulation tool
Dymola

e Making cost analyses and comparing different energy methods

The thesis contains 7 chapters where these points will be covered. Several of
the chapters include sections and subsections, which are all covered in the table of
contents. The 1 chapter is the current chapter, covering the introduction. The 274
chapter deals with the literature review and explains all the theory needed for the
rest of the thesis. The 3" chapter is the method section of the thesis, describing
how all the results have been found, and touches upon the strengths and weaknesses
of the methods. The 4*" chapter presents the results and analyses them. The 5%
chapter presents discussions of the findings presented in the previous chapter. The
6" chapter concludes the discussion from the previous chapter. The 7" and last
chapter comprises a suggestion of tasks that can take the concept of this thesis even
further.



1.3 Limitations of Thesis Parameters

There are some factors in this thesis that can be seen as limitations.

First of all, Tungavegen 1 is going to be built step-wise, and standards and
technologies will probably improve from the first building is built, until the last one.
Because of this, the findings in this thesis might not be applicable for the later stages
of the process.

Specifications for Tungavegen 1 has changed throughout the period of the making
of this thesis, and will most likely change again before the first building is standing.
This has affected the results in this thesis, and will also affect the reliability of the
findings in this thesis in comparison with what will actually happen at Tungavegen
1.

Another limitation, is that all simulations performed in this thesis are just that,
simulations, and not based on actual measurements. This means that the finding in
this thesis are solely theoretical, and real life cases might differ.



Chapter 2

Theory

The second chapter of this thesis, presents the theory it is based on. The chapter
starts with explaining how district heating and local thermal grids work, the benefits
of it, and how it can be used to regulate the thermal environment in buildings. Then,
the concepts behind heat transfer and pressure drop will be explained. The thesis
will then present different methods for how thermal energy grids can be made even
more sustainable and environmental friendly, through the help of heat sources, heat
pumps, and thermal energy storage. The chapter then closes with a brief evaluation
of how to calculate the costs relating to these systems.

2.1 Heat Distribution

Reaching sustainability goal 7 means providing affordable, reliable, clean, sustain-
able and modern energy for everyone [62]. One method of doing this, which is
already highly distributed in Trondheim, is the use of district heating [65]. In this
section, the concept of district heating will be explained, as well as how it can help
with the sustainability goals.

2.1.1 Principles of District Heating

District heating is a system for distributing energy from a centralized energy plant,
through systems of insulated pipes for commercial and residential heating require-
ments. The main purpose of district heating, is the heating and distribution of
water. Underground pipes are used for transportation of heated water between a
producer and an end user, usually within the same area. A district heating system
consists of several centrals, where the water is distributed to several buildings. [13]

Once the water reaches a building, the heat from the water can be used for the
heating of space, usually through underfloor heating systems or radiators. Heating
of tap water is another area of use for this energy. Both of these methods will be
explored more thoroughly later in this chapter.

The heat sources for the production plant include combustion of waste, bio fuel,
gas, oil and electricity. Heat pumps are also common parts of district heating, and
using more than one of these components together ensures a reliable supply of energy
to the end user.
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Figure 2.1: Simplified district heating system

Figure 2.1 shows a local district heating network, with a main plant, or producer,
to the left and all the houses it provides heated water for to the right. The figure also
includes solar collectors, thermal storage and heating wells, which can all integrate
with the district heating system.

The fact that district heating can integrate a hand full of different energy sources
in the same system, gives this method a huge advantage over more conventional
methods. It allows for the use of highly renewable heat sources, like solar and
geothermal heat, and, which will be the main focus for heat source in this thesis,
the use of excess heat from various processes.

2.1.2 Development of District Heating

District heating involves a centralized heat generator, which distributes heat to
remote locations. The carrier of heat is a heated medium circulating in underground
pipes. Since the start in the late 1800s, district heating systems have undergone a
huge development. FEach generation of district heating are represented by better,
safer and more efficient methods of distributing the heated medium. [31]

The first generation of district heating, involved steam as heat carrier. This
system was introduced in the 1880s, and used very high temperatures of over 200 °C.
This is now an outdated solution, because it resulted in relatively low efficiencies,
due to the heat losses caused by the steam, and could lead to explosions if leakage
occurred.

The second generation was formed in 1930s and used pressurized hot water.



These required large on-site plants, but used lower temperatures, though still usually
above 100°C. The efficiency was better, though still quite low.

The third generation from the 1970/80s used pre-insulated pipes and was able
to utilize off-site constructions. The heat carrier was pressurized water, where the
temperatures were lower than 100°C and the efficiency had reached even better
standards.

1% generation 2" generation 3" generation 4™ generation
Temperature = <200°C
level
>100°C
<100°C
<50-60°C

Energy
efficency

Y
14

Figure 2.2: The generations of district heating and temperature and effectiveness levels

The ongoing trend throughout these three generations, has been the lowering of
the heat carrier’s temperature. This is mainly because the heat losses increase with
the temperature, which again cause lower efficiencies, as summarized in figure 2.2.
Therefore, the next generation of district heating, known as 4" Generation District
Heating (4GDH), will continue this trend and should be able to implement an even
lower temperature, while still being able to deliver enough heat for space heating
and domestic hot water (DHW). In addition, the system should be able to do this
with the minimum amount of losses to ensure the best efficiencies as possible.

Another feature of this 4GDH system, which also is the most important feature, is
that it does not only focus on what we need here and now, but also on what the needs
in the future will be. As cities are getting smarter and more energy efficient, it is also
important for a better district heating system to be able to cooperate and integrate
with its functions. This includes being able to combine smart electricity, thermal
and gas grids in one united solution, as well as having the ability to recycle energy
from other energy sources, like solar power, geothermal energy or other sources that
might come. Additionally, it should ensure everything mentioned can be done in a
cost efficient manner. [31]

The 4GDH is the DH system that is in development right now. The most essential
difference between the 3™ and the 4*® generation, is that temperatures now can get
as low as 40°C to 50°C, which lowers the thermal losses significantly. In addition,
it opens up for the integration of “weaker” and renewable sources, like excess heat
from buildings, and solar and geothermal heat. [41]



2.1.3 Low-Temperature Thermal Grids

Studies show that up to one third of the heat losses can be eliminated by lowering
the temperatures in the distribution systems [26]. This is why lowered temperatures
are preferable.

However, there are limitations for how low the temperatures can be set. One is
related to the temperatures needed in the building. For instance, tap water usually
needs a temperature of at least 50°C. The temperature levels needed for space
heating vary greatly from country to country, depending on the climate. For the
Scandinavian countries, radiators should have a temperature of around 50°C, and
floor heating around 30°C. [28]

Regarding the return temperature, a lower supply temperature usually means an
increase in the return temperature. This is because the lower temperature needs to
be compensated with a higher flow rate, giving the water less time to transfer heat.
However, it is preferred to reach a lower temperature in both supply and return
pipes, to achieve lower losses. [28|

Another limitation on how low the temperature can get, is regarding sanitizing
in the equipment handling water. To prevent Legionella formation in water, a tem-
perature of above 60 °C is required. It doesn’t mean the water needs to be this warm
at all times, but all equipment needs to be exposed to high temperature once in a
while. Studies show that Legionella will be killed by exposure to 60°C for longer
than 25 minutes, and 70 °C for longer than 10 minutes. [69]

The 4GDH is made for the future. It will have the flexibility of connecting
a various set of appliances, such as renewable and recycled heat sources, as well
as thermal energy storage (TES). A main feature of the 4GDH is the use of low
temperature heat sources which secures the ability to connect to other smart energy
systems that are more efficient and open to more variety. [29|

2.1.4 Components of Low-Temperature Thermal Grids

Distribution systems using water, consists of a number of different components.
This section will introduce the most important ones, being heat exchangers, piping
systems, controlling equipment, and circulation pumps.

Heat Exchangers

To transfer heat from one medium to another, a heat exchanger is needed. Simply
explained, a heat exchanger is a component that allows two media to run through
it, where one transfers heat to the other. The two media are never in direct contact
with each other, but can be separated by, for instance, pipes or plates. [2]

There are several different types of heat exchangers. Two of them will be ex-
plained in this section. Evaluating how much energy is needed is crucial for choosing
the right heat exchanger, and deciding the size of it. Related calculations and how
they can be used, will be introduced in section 2.3.



(a) Tube and Tube

Figure 2.3: Examples of heat exchangers

Tube and Tube Heat A tube and tube heat exchanger exist of one tube within
Exchanger another tube, where the outer tube has a slighter bigger di-

ameter than the inner. Figure 2.3a shows an example of how
this can look. This design is especially applicable for systems operating with high
temperature and pressure levels, and low mass flows.

Plate Heat Exchanger A plate heat exchanger consists of multiple parallel plates

on top of each other. These plates form channels between
one another, making the liquid flow in streams. Two inlet and two outlet holes let
the two liquids flow through the plate heat exchanger. The fish bone pattern this
results in, like shown in figure 2.3b, ensures a high heat transfer. [58]

Sizes of plate heat exchangers vary greatly. They can have a plate size of a couple
of square centimeters, or up to 3 square meters. The number of plates can be as
few as 10 plates, but can also be several 100. The biggest sizes of total heat transfer
area can reach values of thousands of square meters. [45]

Controller and Regulation Systems

In order to make sure the system stabilizes, and keeps the correct temperatures
to deliver the right amount of heat, controllers and regulation systems are needed.
They can be used to control the mass flows of the media through valves and pumps
within the system. [19]

For a regulation system to work properly, sensors are needed. The sensors used
include equipment to measure temperature and pressure levels, mass flows, and
enthalpy values to name a few. Further, the system uses valves or compressors,
and regulate, respectively, the openings and speeds so that the sensors measure the
wanted value.

It is very important to make sure the system stabilizes, to prevent the pressure
to keep on growing.

Piping System

The piping system is used to transfer the liquid between the different components.
The material and thicknesses used for the pipes depend highly on the chosen fluid.
Factors that play a role on the choice of material, are whether or not the fluid is



corrosive or contain particles that will cause the pipes to erode, and the temperature
levels the fluid will operate in. The thickness of the pipes will depend on the pressure
levels, and how much stress they need to endure. [33|

The flow velocity also plays a role in choosing materials for pipes. The different
materials have different velocity requirements, including ranges. To control the flow
within a piping system, valves could be used. There are many different types of
valves, but, in essence, the more closed the valve is, the more friction it adds.

In order to have systems more complex than just a straight pipe, different fittings
are to be used as well. These can be plugs, valves, nipples, and other components,
or simply a bend. However, all components and unregularities cause hydraulic re-
sistance to the system, which needs to be taken into consideration when designing
the system.

Circulation Pumps

For a district heating system to serve its purpose of delivering heat, the heat carrier
needs to be circulating within the system. Circulation pumps ensures this by causing
a pressure difference in the pipes to control the mass flow of the carrier. To cause
motion in the carrier, the mass flow needs to overcome the hydraulic resistances
within the system. [63]

Two of the main parameters of a pump, are the mass flow, m [kg/s|, and the
operating pressure, AP |bar|. The mass flow indicates the quantity of fluid that
is transported through the pump, from the inlet to the outlet side. The operating
pressure defines the amount of energy transferred from the pump to the fluid. These
parameters are determining the size and dimensions, and thereof the characteristics,
of the circulation pump.

2.1.5 Existing Systems

More and more people are seeing the benefits of sustainable building projects, both
environmental and economical. This section includes two examples, one in Norway
and one in Sweden, where low temperature thermal grids have been used in order
to make sustainable residential buildings.

FutureBuilt at Furuset in Oslo

As a project for improving living conditions in the multicultural suburbs in Oslo,
Oslo kommune has started a FutureBuilt project at Furuset in Oslo. The goal is
to add more value to the area and the people staying there, and doing this in a
sustainable manner. The new project includes building a new area that will provide
between 1700-2300 new apartments and 2000-3400 new jobs. [3]

The energy use will be lowered by advanced regulation equipment. It will also
use a local waterborne heat distribution system that will be able to utilize excess
heat from surrounding area. A criteria for the system is that it has to be innovative,
but also can be built in stages in correspondence with the development of the area.

This project consists of several smaller projects, where some of them have already
been built. The finished projects include 36 climate neutral residential buildings,



and a passive school building.
Oslo kommune wants this projects to be a model project, and hope it will help
inspire climate-friendly environment, and show how sustainability can be accom-

plished.

Medicon Village in Sweden

Medicon Village, is a cluster in Sweden for companies and organizations researching
science for improving the health of people and making their lives better [35]. The
interesting part of Medicon Village regarding this thesis, is that it uses ectogrid™.

ectogrid™ is a concept developed by E.ON, and deals with the distribution and
reuse of thermal energy. ectogrid™ does this in a smart and energy efficient way, en-
suring a sustainable and environmental friendly solution. The ectogrid™ at Medicon
Village is the world’s very first one to be built. [16]

As shown by the energy staircase in figure 2.4, from an energy efficiency point
of view, the higher step of energy that can be utilized, the better [16]. ectogrid™
balances the needs of the different buildings involved, which corresponds to the
second best energy utilization on the staircase.

1
VA ectogrid’

( Oil & Gas :h

Figure 2.4: The energy staircase

S &1 & BN

One concept ectogrid™ utilizes, is a technology concept called “Vehicle to grid”.
This concept utilizes the batteries of parked electrical vehicles as “free” and addi-
tional energy storage. The other concept is thermal heating systems.

Medicon Village uses the thermal heating system to combine heating and cooling
needs, store energy and gather detailed information about its users. This informa-
tion, in addition to weather forecasts, energy production, energy trading prices and
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Figure 2.5: Heating and cooling distribution in ectogrid™ concept

more, is used to predict the future needs of the area and also optimize the flexibility
of the system. [16]

Supplied
Energy
3 GWh

Balanced Energy
11 GWh

Figure 2.6: The energy balance of Medicon Village

Medicon Village had before ectogrid™ an energy consumption equivalent to
10 GWh heating and 4 GWh cooling. Before the building process started, it was
estimated that the area had a potential of balancing 11 GWh, leaving only an ex-
ternal supply of 3 GWh [16]. This is illustrated in figure 2.6. This means the new
system is able to reduce the electrical bill with 78.6 %

2.1.6 Relating Cost to District Heating

The cost of a district heating system is based on several variables. The size of the
pipes used will influence the size of the investment, the bigger the pipes, the higher

11



cost. Further, the distance from the central to each apartment will have an impact.
21)

There is a wide misconception about waterborne heating systems. The installa-
tion costs are about 1000 kroner to 10 000 kroner more than of a conventional heating
system. In a larger context, this is not very much money.

Further, the use of district heating with thermal storing of excess heat, is much
more cost efficient than using electrical storage in batteries. When comparing in-
vestment in full electrical coverage in an apartment and waterborne heating, the
electrical system will be 4500 kroner more expensive per kW than waterborne heat-
ing. [38]

2.2 Heat Distribution Within a Building

The distribution of heat within a building can be done in numerous different ways.
Some ways are more complex than others, and can include other features like space
cooling and ventilation. The efficiencies vary greatly between the methods as well.
This section will introduce HVAC, underfloor heating and TABS, which are three
methods of regulating the thermal conditions of a building.

2.2.1 Heating, Ventilation and Air Conditioning Systems

The most conventional way of regulation the temperatures in a building, are heating,
ventilation and air conditioning (HVAC) systems. These systems can be used in
large industrial complexes, as well as small apartment buildings, and as the name
indicated, the systems can both heat up and cool down a building. [17]

The concept of a HVAC system, is that air is pushed by a fan over coils that
are either warmer or colder than the induced air. The air is then, with the reduced
or increased temperature, entered into the building to regulate. In buildings with
requirements of explosion proofness, the HVAC systems are also obligated to cause
a slight over pressure inside the building to prevent unwanted gases to flow into the
rooms. [22]

These solutions are quite scalable, and can be designed for either heating or
cooling, or it can be designed to do both processes. The cheapest systems only
performs one of the two, and include very few fans and fan speeds. The more
advanced the system is, the more expensive it will be, but it will also be more
efficient. [17]

2.2.2 Waterborne Underfloor Heating

Underfloor heating uses either electrical or hot water circuits installed under the
floor construction, like shown in figure 2.7. The coils heat up the floor, which then
cause radiant heat to flow into the room. Heating like this can be quite comfortable,
and do not include any visible components. The method is also quite energy efficient
and is adaptable to many different energy types, whether it being electricity, water,
or gas. [66]

12
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Figure 2.7: lllustration of how underfloor heating works

Due to the low temperatures in district heating systems, waterborne underfloor
heating is often the preferred solution [28]. Water also has much higher density
compared to air, which makes water able to deliver energy to the building at a much
higher efficiency. However, unlike a HVAC system, ventilation cannot be included
in underfloor heating and needs to be installed as well.

Other benefits of using waterborne underfloor heating, is higher thermal comfort,
higher freedom for furniture arrangements, and lower operation temperatures, to
mention some. |70]

In newer buildings, the floor surface needs a temperature of 2 to 3 °C higher than
the wanted temperature in the room. A floor surface emits about 10 W /m? for every

degree difference in temperature from the surface to the room. This corresponds to
20 to 30 W/m?,

2.2.3 Thermally Activated Building Systems

Thermally Active Building System (TABS) is a green and innovative method for
controlling the indoor temperatures in a building. The concept of TABS, is that it
utilizes the thermal capacity of the building, rather than adding additional compo-
nents like those of conventional HVAC systems. [6]

TABS uses water pipes that flow through the structure, usually floor or roof,
and heats up or cools down the entire construction. By doing this, there will be
no need to regulate the rooms differently due to their different loads, because the
system instead uses the whole construction mass to regulate room temperatures
automatically. Because this solution exploits the thermal storage capacity within
the building structure, the system can also reduce the impacts of peak loads. [7]

To use TABS for cooling, ground water or night air temperatures could be utilized
[47]. To get the cooling process to work, sun shading is an important factor. TABS
are specifically efficient when the night temperatures are low enough to cool down
the building to keep low temperatures during the day in summertime. Tubes and
heat exchangers can help the night temperatures cool down the building even faster
and further, TABS ensure that only energy needed for the distribution of the cooling
is needed, not the generation of it.

13



2.3 Heat Transfer

In thermodynamics, heat is measured as energy. The warmer a medium is, the
more energy it contains. When there is a temperature difference either within a
medium, or between two different media, the high temperature side will pass over
heat to the colder side. Eventually, everything will have the same temperature and
reach equilibrium. The phenomenon of moving energy between media is called heat
transfer.

Heat transfer can happen through three different methods. These are

e Conduction
e Convection

e Radiation

Conduction refers to the heat transfer within a stationary medium, that be-
ing either a fluid or a solid. Convection is heat transfer that happens between a
surface and a moving medium at different temperatures. Thermal radiation is the
electromagnetic wave any surface emits. [23]

Heat transfer can be presented as heat flux, ¢ [W/m?|, which is the heat transfer
rate for each unit of area. The total heat flux, & [W]|, can also be measured by
multiplying ¢ with the area of which the heat flux is happening.

2.3.1 Conduction

Conduction is, as explained, the heat transfer happening across a stationary medium.
This means that we need to look at atomic activity. The basic explanation of
conduction is that energy is transferred from particles with higher energy, to particles
with lower energy. [23]

Figure 2.8 shows this process through a wall. 77 [°C| and T3 [°C] represents the
temperatures on respectively the warm and the cold side of the wall. Qk [kW] is the
heat transfer rate through the wall. d [m]| is the thickness of the wall. A [m?] is the
area of the wall on which the calculations are done.

Thermal conductivity, k£ [W/mK], is also to be found in the figure. Thermal
conductivity defines the medium’s ability to transfer heat, and as a general rule, it
is larger for solids than for liquids, and the lowest for gases. Thermal conductivity
is also highly dependent on temperature, and some values are shown in table 2.1.

With this information, the heat transfer rate through the wall can be found with
equation 2.1.

T, — 15

®), = kA (kW] (2.1)

2.3.2 Convection

The heat transfer for convection, is due to heat transfer from one area to another
caused by the movement of a fluid. This can be done by force or it can happen

14



—d—

Figure 2.8: Conductive heat transfer

Table 2.1: Some thermal conductivity rates at 300 K and under atmospheric pressure

Thermal conductivity

k [kW/mK]|
Concrete 500
Insulation 34
Water, fluid 613
Water, vapor 19.5
Ammonia 24.7
COq 15.2
Air 26.3

naturally. Forced convection is a product of an external force causing the fluid to
move. This can be by a fan, mixer or pump. [23]

Ta>Too
Moving fluid, Teo
) ()]
—_

Figure 2.9: Convective heat transfer

Natural convection on the other hand, happens by natural buoyancy that is
caused by different densities and temperatures of the fluid. When one part of a fluid
volume gets heated, the fluid will start to rise and will be replaced by colder fluid
that again will rise. This process will continue and contribute to the whole volume
getting a higher temperature. This is the phenomena behind natural convection,
and is illustrated in figure 2.9.

In order to calculate the heat transfer potential of convection, a value called con-
vective heat transfer coefficient, h, [W/m? K], must be known. The convective heat
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transfer coefficient represents the driving force for the heat transfer rate. Typical

values for h,. for gases and liquids, as well as for media in phase change, is shown in
table 2.2.

Table 2.2: Convective heat transfer coeflicient in different fluids

Process Convective heat transfer coef.
he [W/m?K]
Free convection
Gases 2-35
Liquids 50-1000
Forced convection
Gases 25-250
Liquids 100 - 20000
Convection with phase change
Boiling 2500-100 000
Condensation 2500-100 000

The heat transfer rate for convection can be calculated by equation 2.2.

O, =h.- A- AT kW] (2.2)

Here the area, A [m?], of the surface on which the heat transfer is happening, and
AT [K], the temperature difference between the sur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>