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Abstract

Swimming pools are complex buildings that place high demands on both building bodies
and technical systems. A well-functioning air handling unit with optimum control of
temperature and humidity control is very important to create a good indoor climate and to
avoid moisture damage in the building structure. Energy consumption is very high
compared to other building categories, as large volumes of air and water are to be heated
to comfortable temperatures. In addition, the process of dehumidifying the indoor air is a
very energy-intensive process that requires large volumes of air. This requires good
solutions to make a swimming pool system as energy efficient as possible. In this master
thesis, a model has been developed of the swimming pool at Dalgdrd School and Resource
Center, where the aim has been to validate the model with regard to evaporation rates
and the thermal energy needs for various posts in the facility. The model is further used
to investigate possible measures of improvement, which may reduce the energy

consumption of the swimming pool.

Dalgdrd swimming pool is an old facility from 1978, which went through a partial
rehabilitation in 2014. The swimming pool is mostly used by the school's students, as well
as some associations in the evening. Measurements were carried out between February 25
and March 11, where there was still activity in the pool before the facility was closed.
Measurements of temperature and relative humidity have been carried out at several
locations in the plant, and energy consumption is measured in the heating coil of the air
handling unit and in the primary heat exchanger for the pool water. These measurements
are further used in calculations of evaporation rates and energy consumption. The model
of the swimming pool is developed in the simulation tool IDA ICE, based on the technical

documentation of the ventilation unit and observations within the facility.

Compliant results were found between simulations in the model and calculations based on
measurements for several posts. Simulated evaporation rate was found to be 8.5% higher
than the calculated and the energy consumption for heating of pool water was 10% higher
than that measured. Regarding the heat transfer in the heating coil within the air handling

unit, the simulations gave a 4.7% lower average power than the measurements showed.

Unfortunately, the integrated heat pump in the air handling unit was out of order during
the measurement period. Therefore, simulations were conducted both with and without
heat pump, to see what effect this had on the energy performance of the facility. For the
analyzed measurement period, the energy consumption for heating of air and water was
reduced by 50.6 and 30.4% respectively. A one-year simulation showed that the heat

pump could reduce the total energy consumption of the swimming pool facility by 26%.
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Sammendrag

Svgmmebhaller er komplekse bygg som stiller hgye krav til bAde bygningskropp og tekniske
systemer. Et velfungerende ventilasjonsaggregat med optimal styring av temperatur- og
fuktkontroll er sveert viktig for @ skape et godt inneklima og for 8 unngd fuktskader i
bygningskonstruksjonen. Energibruken er sveert hgy sammenlignet med andre
bygningskategorier, da store luftvolumer og vannmengder skal varmes opp til komfortable
temperaturer. I tillegg er prosessen med avfukting av inneluften en sveaert energikrevende
prosess som krever store luftmengder. Dette krever gode Igsninger for & gjore et
svemmehallanlegg sa energieffektivt som mulig. I denne masteroppgaven er det utviklet
en modell av svsmmehallen ved Dalgard skole og ressurssenter, hvor malet har veert a
validere modellen med tanke pa fordampning og det termiske energibehovet ved ulike
poster i anlegget. Modellen er videre brukt til & se pa hvilke Igsninger som kan forbedres,

for & redusere energibruken til sytgmmehallen.

Dalgdrd svgmmehall er et gammelt anlegg fra 1978, som gikk gjennom en delvis
rehabilitering i 2014. Svgmmehallen blir stort sett brukt av skolens elever, samt noen
foreninger pa kveldstid. M3linger ble gjennomfgrt i perioden 25. februar til 11. mars, hvor
det fortsatt var aktivitet i bassenget for anlegget ble stengt. Malinger av temperatur og
relativ luftighet er gjennomfert pa flere steder i anlegget, og effektforbruk er malt i
varmebatteriet til ventilasjonsaggregatet og i primarvarmeveksleren til bassengvannet.
Disse malingene er videre brukt i beregninger av fordampningsrate og energibruk.
Modellen av svemmehallen er utviklet i simuleringsverktgyet IDA ICE, basert pd den

tekniske dokumentasjonen til ventilasjonsaggregatet og observasjoner i anlegget.

Resultatene viser et godt samsvar mellom simuleringer i modellen og beregninger gjort ut
ifra malinger pa flere punkter. Simulert fordampningsrate viste seg @ vaere 8.5% hgyere
enn den som ble beregnet, og energibruken til oppvarming av bassengvann var 10%
hoyere enn det som ble malt. Nar det gjelder varmeoverfgringen i varmebatteriet i
ventilasjonsaggregatet, ga simuleringene en 4.7% lavere gjennomsnittlig effekt enn det

O,. -
malingene viste.

Den integrerte varmepumpen i ventilasjonsaggregatet var dessverre ute av drift i perioden
malingene ble gjennomfgrt. Det ble derfor gjennomfert simuleringer bdde med og uten
varmepumpe, for 8 se pa hvilken effekt dette hadde p& energiytelsen til anlegget. For den
analyserte maleperioden ble energibruken til oppvarming av luft og vann redusert med
henholdsvis 50.6 og 30.4%. En arssimulering viste at varmepumpen kunne redusere det

totale energiforbruket til svgmmehallen med 26%.

I1I



Table of Contents

o 1<) = o= PP I
A o 1] = Lot o PP I1
1F= 1] =10 o [ =T RSP III
Iy o ) T [ = PP VII
LISt Of TableS .. e e IX
ADDrEVIAtiONS o IX
TN OdUCHION e 1
1.1 Background and motivation .....ciiiiii e 1
0 © ] o =T w7 3 1
2 Theory and literature review..............ooiiiiiiii i 3
2.1 Indoor climate and building phySiCS .....ciiiiiii 3
2.1.1 [ 070 0o = 1 PP 3
2.1.2 Water treatment and air quality ... 5
2.1.3 BUIlAING PRYSICS 1ttt e 5
2.1.4 EVaPOratioN .o e 7
2.1.5 Energy balance ..o 11
2.2 Ventilation prinCiPles .o e 12
2.3 AIrhandling UNQt .o 14
2.3.1 LAY OUL Lttt 14
2.3.2 [ (== ol 01U o o PP 15
2.3.3 Illustration in Mollier chart.... ... 17
2.3.4 Control system fundementals .......c.cooiiiiiiiiiiii i 19
2.4 Requirements and recommendations .....cciiiiiiiiiiiiiic 20
2.4.1 Ventilation requUIremMENTS .. .o e 20
2.4.2 Water EXChaNg vt e 21
2.4.3 Relative humidity ..o e 21
2.4.4 Energy requUiremMeEnts . i 22
2.5 Building performance simulation (BPS) ..o 23
2.5.1 SIMUIAION TOO0I v e 23
2.5.2 Existing swimming pool mModels.......c.cviiiiiiiii 23
3 System desCHIPtiON ... e 26
3.1  Water treatment SYyStem ... e 27
3.2 AHU e aan 28
3.2.1.1 Temperature CONTrol. ..o i e 30
3.2.1.2 [ ol o) o o | PP 31



3.2.1.3 Priority of output signals .....cooiiiiiii 32

4 Methodology ..o e 34
4.1 MEASUIEMENTS L. utitiiii e 34
4.1.1 LOCatioN Of SENSOMS ...ttt e 34
4.1.2  ACHIVITY 10g ceieiiiiii e 35
4.1.3 AHU operation mode, pool cover and temperature setpoint ..................... 36
4.1.4 Calculation of evaporation rates ......ccviviiiiiiiiiiii i 38
4.1.5 ASHRAE @QUAtION .o e 39
4.1.6 Thermal energy gains and l0SSES........vieiiiiiiii e 39
4.2  IDA ICE MOAEIS. ..ttt s e s e a s e s e s e e s naes 40
4.2.1 =T WY1 o 1] oY I o Yo L= = PP 40
4.2.2 Climate data.....cviiiii e 42
4.2.3 POOI MOdEl L. e 43
4.2.4 AIr handling UNit .o e 44
4.2.5 FAY o LU R leT 0 ] o To] V=] ] =T 45
4.2.6 AHU control strategies ..oovuiiiiiiiiii i 48
4.2.7 AHU model with heat pump ..o 51
4.2.8 POOI Water CIFCUIL .. v e e eeas 53
4.2.9 BalancCe tank ... e 54
4.2.10 Summary of simplifications and assumptions.........c.ccciiiiiiiiiiiiiii i, 55

B RESUIES ... e 56
5.1 Estimated activity factors ... 56
5.2 Model Validation ... e 58
5.2.1 EVapOration Fates . it e 58
5.2.2 (O0e] =1 =1 (0] o 13 59
5.2.3 Effect of variable air temperature on evaporation ...........ccocoiiiiiiiiinnnnn. 61
5.2.4 Air and water temperature .....cvoiiiii 63
5.2.5 Return air characteristiCs ... ..o 65
5.2.6 Exhaust air temperature ..o 66
5.2.7 Thermal energy NEEdS ..o e 66
5.3 Results with heat pUMID . ..o e 68
5.4  Annual energy CONSUMIPEION .. .iitiitiiti ittt aeae e raesaesarsanaasaaneanennens 72
5.5 Model sensitivity @nalysSis ..ouiiriiiiii i e 74
5.5.1 Reduced water temperature setpoint ......ccvviviiiiiiii i 74
5.5.2 IMPact of POOI COVEN .. e e aaeaas 74
5.5.3 Increased insulating ability of the building constructions ......................... 75
L 0 T oL 1 1] T o 77



6.1 Model Validify .o e 77

6.2  Significans Of FrESUILS ...t e 79
7 CONCIUSTON ..ot 81
8 FUrther WOrK ... ..o 83
2= =] =T o T ot =T 84

JaY o] o 1= [ I Tol= L= PP 88

VI



List of Figures

Figure 2-1: Mollier Chart ... o e e e as 4
Figure 2-2: Pressure distribution over a wall with evenly distributed leakages ............... 6
Figure 2-3: Water vapor mass balanCe .......ciiiiiiiiii e 10
Figure 2-4: Energy balance of the thermal system in a swimming pool facility.............. 12
Figure 2-5: Ventilation air supplied beneath the external windows ...........c.ccviiviiininnnns 13
Figure 2-6: Ventilation air directed towards the pool water surface .............ccccoeeieininens 14
Figure 2-7: Principle sketch of the AHU ... e 14
Figure 2-8: Cross-flow heat exchanger temperature efficiency .......cccooeviiiiiiiiiiiiinn. 15
Figure 2-9: Principle heat pump CYClIe ..t e 16
Figure 2-10: Heat pump in AHU ..o r e s e e ane e 17
Figure 2-11: Thermal processes in the AHU ... ..o e 19
Figure 2-12: Principle control 100P ..o e 20
Figure 3-1: Swimming pool and AHU at Dalgard ............ceveevivrueeeriiiiieeeeeesiineeeesennnnnns 26

Figure 3-2: System sketch of Dalgdrd Swimming Pool. The sketch is based on an illustration
of the water treatment system retrieved from the SD system of the facility, as well as own
observations of the system. pH regulation and UV radiation are omitted in this illustration.

.......................................................................................................................... 27
Figure 3-3: Illustration of the AHU ... e eeas 28
Figure 3-4: Temperature control. The sketch is based on an illustration of the control
strategy in the technical documentation of the AHU provided by Menerga.................... 29
Figure 3-5: RH control. The sketch is based on an illustration of the control strategy in the
technical documentation of the AHU provided by Menerga .........cocoviiiiiiiiiiiiiniinenaen, 29
Figure 3-6: AHU control strategy ..ooviieiiiii i e ae 30
Figure 3-7: Cascade heating CONtrol.......oiiiiiiiiiiii i e e e 31
Figure 3-8: RH setpoint night mode. The figure is based on an illustration in the AHU
technical documentation provided by Menerga .........cooviiiiiiiiiiii e 32
Figure 3-9: Fresh air damper CONtrol. ... oo 32
Figure 3-10: ComMpPresSSOr CONTIOl ...ttt e r e e eneas 33
Figure 3-11: Fan CoNrol. ..o e e e aea 33
Figure 4-1: Sensor [0CAtIONS ...o.iiiiiii it 35
Figure 4-2: Activity [evel SCale ..o e 36
Figure 4-3: Water level of balance tank ......cooiiiiiiiiiiii e 36
Figure 4-4: Operation Mode AHU ......oiiiiiiiiii e s n e e n e neanens 37
[ Te U g R o o Yo ] I oo V= PP 37
Figure 4-6: Return air temperature setpoint........ccoviiiiiiiiiiiiii 38
Figure 4-7: General folder of an IDA ICE mModel.......ccoviriiiiiiiiiiiii e naeas 41
Figure 4-8: Schematic view of an IDA ICE model.......ccoieiniiiiiii e 41
Figure 4-9: 3D view of IDA ICE model of Dalgard swimming pool ...............uceeeerrvvnnnnn. 42
Figure 4-10: ClHmate file. ..ot e e e neens 42
Figure 4-11: Distance between swimming pools and weather stations (Google Maps)....43
Figure 4-12: POOI MOAEIS......ue i et e e e e aeaeas 44
Figure 4-13: Schematic view of the AHU model for Dalgard ...........ccvveeerevrvneeeerennnnnn. 44
Figure 4-14: Illustration of the IDA ICE MiXiNg DOX.....oviiiiiiiiiiiiiiiiiiiiieieeienaenaeans 45
Figure 4-15: IDA ICE air-to-air heat exchanger .....c.ccoiiiiiiiiiiiiiiic 46
FIgure 4-16: IDA TCE fan ...uceie i et et et et et e e e e e e e e e e e nenenanens 46
Figure 4-17: IDA ICE heating Coil ....ciiriiiiiiiii i e ae e aeas 47
Figure 4-18: IDA ICE ValVe .. it et et e s aees 47



Figure 4-19: IDA ICE standard boiler .....coiiiiiiiii e 48
Figure 4-20: IDA ICE RH CONTrol MacCro .iuiiiiiiiiii it e e 48
Figure 4-21: RH cONtroller Macro ....ciieiiiiiii it a e e n e neanens 49
Figure 4-22: RH PI controller. Credit: Ole SMedegard ..........cccuuieierieiiieeeiieeeiiieeenns 49
Figure 4-23: RH controller hysteresis. Idea: Ole SMedegard ..........oevvvereirnreerieienneennnss 50
Figure 4-24: Controller Neutralizar.....covi i e 50
Figure 4-25: Levels of RH control, bathing mode ... 51
Figure 4-26: IDA ICE piecewise proportional controller.........coociiiiiiiiiiiiiiiiiiiiciiceaens 51

Figure 4-27:

Schematic view of the AHU model for Dalgard, including the integrated heat

181 1 o P 52
Figure 4-28: Condenser side of heat pump CirCuit........cocoiiiiiiiiiiiii e 52
Figure 4-29: IDA ICE air to water heat pump ..o 53
Figure 4-30: Schematic view of the pool water circuit model for Dalgard ..................... 53
Figure 4-31: IDA ICE PMTMUItiT COMPONENE ...ttt aea 54
Figure 4-32: Balance tank mModel ... ..o e 54
Figure 5-1: Illustration of water movements due to pool cleaning robot....................... 57
Figure 5-2: Correlation for estimating Fa....c.ooviiiiiiiiiiiii e 57

Figure 5-3: Observed evaporation rate by mass balance, different correlations and
simulation
Figure 5-4: Correlation between evaporation rate calculated from mass balance and with
ASHRAE equation
Figure 5-5: Correlation between calculated evaporation rate from mass balance and with
Shah equation
Figure 5-6: Correlation between calculated evaporation rate from mass balance and
simulation
Figure 5-7: Comparison of average evaporation rate versus return air setpoint temperature

for unoccupied pool (mass balance and simulation) .........cciiiiiiiiiii 61
Figure 5-8: Comparison of average evaporation rate versus return air setpoint temperature
for unoccupied pool (ASHRAE and simulation) ..o 62
Figure 5-9: Comparison of measured and simulated RH in periods of no activity in the pool,
at different return air temperature setpoints .....ccoiiiiiii i 63
Figure 5-10: Comparison of measured and simulated water temperature in periods of no
activity in the pool, at different return air temperature setpoints ..........ccovviiiiiinnnnnn. 63

Figure 5-11: Comparison of measured and simulated air temperatures (hourly moving
average)

Figure 5-12:
Figure 5-13:

Comparison of temperature in overflow channel (hourly moving average) .64
Measured and simulated return air volume flow rate (hourly moving average)

.......................................................................................................................... 65
Figure 5-14: Measured and simulated RH (hourly moving average).........ccovevivvinvinnnnnns 66
Figure 5-15: Exhaust air temperature (hourly moving average)........ccveviviiiiniinninnnnnns 66
Figure 5-16: Average pool water heat gains [kW], measured and simulated ................ 67
Figure 5-17: Comparison of supply air temperatures (hourly moving average) ............. 68
Figure 5-18: Comparison of heat transfer in the AHU heating coil (hourly moving average)
.......................................................................................................................... 68
Figure 5-19: Comparison of AHU exhaust air temperature, with and without heat pump
(NOUFTY MOVING @VEIAGE) .ttt sttt st et s r s e s e s n s e s anannsaneaneanens 69

Figure 5-20

Figure 5-21

: Comparison of heat transfer rate in AHU heating coil, with and without heat
pump (hourly moving average)
: Heat transfer rate in air condenser and heating coil (hourly moving average)



Figure 5-22: Comparison of supply air volume flow rates (hourly moving average)....... 71
Figure 5-23: Comparison between heat pump operation and return air RH (hourly moving

V=T =T =) IR PP 71
Figure 5-24: Heat transfer rate in pool water condenser and primary heat exchanger
(e Le]8 1 NV 1 g (o )Vl aTe = V=T = [ 1)) B PR 72
Figure 5-25: Comparison of annual energy consumption per usable floor area ............. 73
Figure 5-26: Comparison of energy consumption per water surface area..................... 73
Figure 5-27: Sensitivity analysis of reduced water temperature setpoint...................... 74
Figure 5-28: Impact of increased insulating ability of the external constructions........... 75

List of Tables

Table 2-1: Evaporation rates for different types of pool .......ccooviiiiiiiiiiiiiii 10
Table 2-2: Ventilation requirements public buildings, TEK 17 ......cocoiiiiiiiiiiiiiiiians 21
Table 2-3: Requirements for U-values in different building codes...........ccoviiiiiiinnen. 22
Table 5-1: ImMpact Of POOI COVEE ..t e raeas 75

Abbreviations

AHU Air handling unit

ASHRAE American Society of Heating, Refrigerating and Air-

Conditioning Engineers

BCVTB Building Control Virtual Test Bed

BPS Building Performance Simulation

CFC Chlorofluorocarbon

GWP Global warming potential

HCFC Hydrochlorofluorocarbon

HFC Hydrofluorocarbon

IDA ICE IDA Indoor Climate and Energy

NTU Number of transfer units

RH Relative humidity [%]

SPH Swimming pool hall

TEK Norwegian building code (Byggteknisk forskrift)

TRNSYS Transient Simulation Tool

IX



Introduction

1.1 Background and motivation

Swimming pools are buildings with very high energy consumption compared to other
building categories. Large amounts of energy are required for heating of pool water and
air. In addition, the process of dehumidifying the air is very energy intensive and requires
large airflows. In a Norwegian study from 2008 [1], the total energy consumption was
found to be 300 kWh/m? for the investigated facilities. Other studies [2] have found even
higher values, and statistics vary a lot. Through the Climate Change Act [3], the Norwegian
Government aims for a 40% reduction of greenhouse gas emissions by 2030 compared to
the reference year 1990, and a 80-95% reduction by 2050. To achieve these targets, all
sectors of the society must contribute, also the building sector. A deeper understanding of

feasible energy saving measures is therefore essential.

Despite the intensive energy use, swimming pools are not categorized as an own building
type in the building code (TEK) [4] and the most crucial aspects of the energy performance
are neglected. The extent of energy efficient solutions for this building category is therefore
strongly dependent on high ambitions among the building managers. A detailed dynamic
model of these facilities will enable an understanding of which parameters are crucial for
the best possible energy performance. With such a model, one can initiate an optimization
process in terms of energy, contributing to the achievement of the climate goals set in the

Paris Agreement.

Building performance simulation (BPS) is an important tool in the design phase of most
building projects and should be especially important for complex buildings like swimming
facilities. However, due to lack of requirements in the building codes, the motivation has
been small. In addition, the difficulty of modeling all the complex systems and components
of the plant has reduced the willingness to utilize BPS. This master thesis aims at further
validating detailed dynamic models for swimming pool facilities, using the BPS package
IDA ICE.

1.2 Objectives

The present thesis is a continuation of the work carried out by Henrik Alvestad [5]. The
purpose is to further analyze the thermal energy needs and characteristics at various posts
in @ swimming pool facility. A good understanding of these needs and characteristics is
essential in order to improve the current buildings and their technical installations, as well
as to improve their design procedure. Understanding of the energy needs is also a

necessary background to start an optimization process for such buildings.
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The main objective of the thesis is to validate a detailed dynamic model of a swimming
pool facility, in this case the swimming pool at Dalgard in Trondheim. It should be
developed in IDA ICE, a main building performance simulation (BPS) package, and contain
the main thermal systems of the facility, including the air handling unit and pool water
circuit. The objective is to determine how accurate the model can predict evaporation rates

and heating needs and, therefore, how simulations can support the swimming pool design.
The following tasks are to be considered:

1. Literature review on thermal and physical characteristics of swimming pools, and
previous dynamic models of such buildings.

2. Perform measurements relevant for a comparison with the IDA ICE model. This
includes measurements within the swimming pool hall, air handling unit, and pool
water circuit.

3. Comparison of simulations and measurements in terms of evaporation rates,
thermal energy needs and ventilation losses.

4. State suggestions for improvements of the thermal systems within the swimming

pool facility.



2 Theory and literature review

This chapter discovers the underlying theory on the building physics and energy
performance of swimming pools. Different requirements, norms and recommendations are
presented, and various issues are discussed. Finally, a review of the existing literature on

thermal performance of swimming pools using detailed dynamic simulations is included.

2.1 Indoor climate and building physics

The indoor air of swimming pool facilities is characterized by a significantly higher
temperature and humidity than other building categories. In addition, the water
temperature should be high enough to ensure thermal comfort of the swimmers.
Consequently, swimming pool facilities face many challenges regarding the building
physics, energy performance and indoor environment. These challenges and other

fundamental aspects of the swimming pools are discussed in the following sections.

2.1.1 Humid air

When describing the indoor climate in terms of humidity, the relative humidity, RH, is
commonly used. It affects the thermal comfort, and is defined as the ratio of water vapor
partial pressure (p,) to saturation pressure (ps,:) at a given temperature (T). The RH is

commonly given as a percentage, as expressed in equation 5.1.

_ py(T)
®=

At an RH of 100%, the air is saturated, and further humidification of the air will cause

-100% 2.1

water droplets to condense. The saturation pressure can be found in different tables, but

in this context the equation suggested by Buck [6] will be used (ps,; given in kPa, T in °C):

Psar(T) = 0. 6112118678 - 7345) GE7aa+T) 2.2

For the humid air inside a swimming pool facility, the properties are within the range where
both the vapor and dry air component can be treated as ideal gas [7]. The partial pressures
is therefore given by the mass (m), ideal gas constant (R = 8314 J/kmolK), molar mass (M =

28.97%(dryair),M=18.02%(1]@907’)), temperature (T) and volume (V) of the given

component, as shown in equation 5.1.

RT
p _m 2.3
MV



Equation 5.1 can be used to find the absolute humidity (x), which is another measure of
the humid air. It is defined as the ratio of mass of vapor to mass of dry air, and by
combining equation 2.1 and 5.1, and using the fact that p,,; = p, + p,,, the relationship given
in equation 5.1 can be found. The absolute humidity will be used to find the vapor content

when estimating the evaporation rate from the swimming pool.

m
x=—v=0.622(L) 2.4
mg Ptot — Pv

A frequently used tool in humid air calculations is the Mollier chart shown in Figure 2-1.
Similar to a psychrometric chart, it relates the temperature, humidity, and enthalpy of the
moist air at a given total pressure. An important term in the humid air calculations of
swimming pools is the dew point temperature of the ambient air. It is defined as the
temperature at which the air must be cooled, under constant pressure, to achieve
saturation[8]. For example, air at 31°C and 50% RH will have a dew point temperature of
19.4°C at a total air pressure of 1 atm. In the Mollier chart, the dew point temperature is
found by following a vertical line from T = 31°C, ¢ = 50% until the saturation line (¢ =
100%) is reached.

o RH [%]
N
00 T: ORI A
,\' >~i§\—¥ ' N
RN N
RS KRR
55 POk S L BVAN N e
R AN REer R
;(/7%\:—\ kS“ o 9 > N
10 I X g
1.100 i\,‘ﬁ\ '\; \3\5. . X ), oo
o BVA TR AYA N
45 Y0k ALY S BTV T S WA
B 3 -\7-‘"\ AR WANAW ‘@l :j o
o Ay e RN
\.% A WA £>E~>~ : SO \j.j
» AN AN SN NSRS N o
AN u Nk TORSTS XY 4
15035 IS S SR S SR et T
, Al . O A W AV A 9( < o
f A e T R e S AV AP B 2 o
= MRAVY \)"‘\‘X~~ X SR L) « N
2 30 B - — e T x__\ s { \oool‘u
2 AR R b Rt
5 AN ERVA \$ RSP SE T | [
s 25 SIS 0] | | Y
c - AN > 1t °
= INATEY BN\VA W {Z_’V /\‘( > /_)0 %
3. A A XSRS S ASEE
o | SRR T, | [4
Y AN X s &, N
FReReRke | %] | [
X A A | \
15 - K €
;?}75%7}5/ . b N\ 40
N RIS XA A\ \
N A g 2 o) \. \.
o | 10 YA AN % & \ Zé
sl Sl N A3
/ 2 % N | A
A & \ LA 14—
W Ve b W e e e e e 1
3 IINI ’/49 \ (PrE======
0 R \ N\ —— 25
00 V4 06 | \ \ V4
1 1% \ ——
— R AN ,/L 20 %
P i —+T15 s
) A =
o 12 - Ee=—" S
[ e =10 §
- = = = 1 - =
i AR =S=== : : 5
i it I 5 2
1 e e e e e et T =
= —1 = | 0
0 5 10 15 20 25

Absolute humidity (x) [g/kg]

Figure 2-1: Mollier chart
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2.1.2 Water treatment and air quality

Water treatment is an important part of the swimming pool operation, and consists of
water exchange, disinfection, filtration, heating and pH control[9]. Today, chlorine is used
as disinfectant in all Norwegian swimming facilities[10]. As a strong oxidizing agent, it both
kill bacteria and destruct organic matter from the swimmers. In the chemical reactions
between the chlorine and the organic matter, undesired by-products as chloramines and
trihalomethanes are formed[11]. Trichloramine is toxic, causes irritated mucous
membranes and respiratory tract, and is very volatile. This causes the compound to go
into vapor form and is released into the air over the water. Nitter et al. [12] found that the
compounds will accumulate in a lower layer above the water surface due to a higher density
compared to the ambient air. This is just within the breathing zone of the swimmers, and
frequent air exchange in combination with good hygiene is therefore necessary to achieve

a satisfactory air quality for the swimmers.

The air quality is also affected by the RH of the ambient air. Arundel et al. [13] found that
the optimum range for the relative humidity, in terms of human health, was 40-60%. While
a low relative humidity creates favorable conditions for different types of viruses, the
growth of bacteria, fungi and mold increases at higher relative humidity. Exposure to the
presence of these substances over a longer period of time might result in respiratory
issues. A low relative humidity will also affect the thermal comfort of the occupants. Due
to higher evaporation rates from the surface of the skin at low RH’s, the swimmers will feel
a cooling sensation when they leave the pools. The recommendation given in the ASHRAE
Handbook is 50-60% RH for all type of pools[9].

2.1.3  Building physics

With air temperatures around 30°C and RH of 50%, swimming pool facilities face great
challenges with respect to the building physics. As illustrated in the Mollier chart in section
2.1.1, air with such properties has a high dew point temperature. If the air is cooled to a
temperature lower than the dew point, it will be saturated, and condensation occurs. It is
therefore important that the inner surfaces of the facility maintain a temperature higher
than the dew point temperature of the air. In cold northern climates, this requires that the
outer constructions have a high insulating quality (low U-value) and that thermal bridges
are avoided. In 2006, 34 of all the Norwegian swimming pool facilities were older than 25

years[14], which illustrates that condensation issues might be present in many facilities.

Condensation can also occur inside the constructions if the humid indoor air penetrates the
walls. This happens if the vapor pressure inside the swimming pool hall is higher than in
the adjoining rooms or outdoor, or if the indoor air pressure is higher than the outdoor air

pressure. As the air moves through the construction layers it will be cooled, and



condensation might occur[8]. An excess vapor pressure is commonly observed inside the

swimming pool hall due to evaporation from the water surface.

The pressure difference between indoor and outdoor air varies with the height due to
buoyancy forces. If leakages are evenly distributed over the wall height, the neutral plane,
where the indoor and outdoor pressure are equal, will be located halfway up the wall [8].
Away from the neutral plane, the pressure will increase towards the roof and decrease
towards the floor, as indicated by equation 2.5. This effect is higher inside the swimming
pool hall than outdoor due to a higher air temperature and density. The resulting pressure
distribution across the wall is illustrated in Figure 2-2, where an overpressure is established

beneath the ceiling and an under pressure at the floor.
Ap = pgAh 2.5
Over pressure

(vi > po)

E—

Indoor Outdoor

Neutral plane

Under pressure
(Pi < Po)

Figure 2-2: Pressure distribution over a wall with evenly distributed leakages

The characteristic pressure difference across the wall is commonly known as the stack
effect, where outdoor air infiltrates the building envelope close to the floor and indoor air
exfiltrates near the ceiling [8]. Swimming pools do typically have high ceilings, and the
overpressure beneath the ceiling can be significant. The Norwegian Swimming Federation
has established requirements for the least free ceiling height in swimming pools. Without
any diving facility, it should be at least 5 meters for the 25 meter pool facilities and 7.5
meters for the 50 meter pool facilities[15]. Larger facilities and aquatic center houses

attractions like slides and diving facilities which requires an even higher ceiling.

To eliminate or reduce the overpressure, it is common to use the ventilation system to
establish an under pressure of 10-20 Pa [16]. Due to the stack effect, this under pressure
has to be higher for facilities with a high ceiling to keep the under pressure over the entire
wall. This might result in an unacceptable large under pressure at the floor. Doors could

be hard to open, and emergency exits blocked. An overpressure close to the ceiling is
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therefore in many cases unavoidable. To avoid vapor penetrating the construction and

increase the risk for moisture damages a tight vapor barrier should always be installed.

2.1.4  Evaporation

A natatorium design guide from 2013[17] describes three different sources of moisture
considered in swimming facilities: internal loads, occupants and outdoor air loads. Internal
loads are evaporation from wet surfaces, which contributes to the greatest part of the
moisture added to the ambient air of the swimming pool. The major part of the wet surface
is the swimming pool surface, but phenomena like waves, sprays, wet deck, wet bodies,
and water slides will increase the contact area between water and air. As a result, the total

evaporation will increase.

In order to maintain an acceptable indoor air quality and avoid moisture problems on the
building construction, the vaporized water should be removed from the ambient air of the
swimming pool. A good estimation of the evaporation rates is thus important to size the
HVAC system correctly. An undersized system not capable of keeping the humidity at an
optimal level is unfortunate for the indoor environment and the life span of the building

constructions, while an oversized system can lead to unnecessarily high energy costs [18].

Both natural convection and forced convection are driving mechanisms of the evaporation,
where the former dominates for small air velocities above the water surface. As the air in
a thin layer just above the water surface is saturated, it will have the same temperature
as the water surface. Due to the fact that moist air has a lower density than dry air, the
water vapor in this layer will start to rise. If the relative humidity inside the room is held
constant, a lower air temperature results in a higher evaporation rate. This can be observed
from the Mollier chart in Figure 2-1 and equation 2.6. The saturation pressure at room air
dew point (psqqp) decreases, resulting in an increased (Psqew — Psatap) factor and therefore
a higher m,,q,. The same is observed if the RH is decreased at a constant air temperature.
As a measure against this evaporation issue, Byggforsk and ASHRAE recommends to keep

the air temperature at 2 and 1-2°C above the water temperature, respectively[10][9].

Estimating evaporation from indoor water surfaces has a long history, and one of the most
widespread correlations was formed by Carrier back in 1918 [19]. The correlation is shown
in equation 2.6 and several of the correlations made in recent times are based on this
equation. Equation 2.6 is an empirical correlation which is, according to Shah [20], based
on experiments performed on an unoccupied pool where air was blown along the water
surface. The equation says that the evaporation rate (,,q,) in kg/s is a function of the
pool surface area (4) in m?, latent heat of vaporization (Y) in kl/kg, saturation vapor
pressure at surface water temperature (psq. ) in kPa, saturation pressure at the room air

dew point (psqqp) in kPa, and the air velocity (u) over the water surface in m/s.
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. A
Meyap = ? (psat,w - psat,dp)(o-os9 + 0'0782u) 2.6

According to ASHRAE [9], the Carrier correlation is valid for pools with normal activity
levels, involving splashing and limited are of wetted deck. As of today, a modified version
of equation 2.6 provided by ASHRAE [9] is among the most used. This correlation includes
an activity factor (F,) to alter the evaporation rate at different activity levels. The
correlation is given in equation 5.1 and is valid for air velocities between 0.05 and 0.15

m/s and a latent heat of vaporization around 2400 kJ/kg.

mevap =4 1O_SA(psaLL',w - psat,dp)Fa 2.7

F, depends on the activity level in the water and is a measure of the water agitation.
Phenomena like waves, sprays, wet deck, and wet bodies should be implemented into this
variable. For that reason, the number of bathing people is, in addition to their activity level,
an important variable that should be considered when estimating the activity factor. The
typical activity factor for an unoccupied pool is 0.5, while for public and school pools it is
set to 1. An overview of typical activity factors for various types of pools, retrieved from
the ASHRAE 2007 Handbook [9], are given in appendix B. Seen from equation 5.1, the
evaporation rate is proportional to the activity factor, and it is therefore of great importance
what value is chosen to insert into the equation. It does not exist any instrument that
measure the activity factor, but it is totally based on observations of the activity in the

swimming pool, which to a large extent is of subjective perception.

Many studies deal with the evaporation from indoor swimming pools, and the authors have
come up with different correlations for both unoccupied and occupied pools. Most of these
correlations are based on experimental data obtained within the respective study, and as
the conditions in the different swimming pools or test objects vary, the correlations do the
same. On the other hand, there are analytical formulas based entirely on theory of heat
and mass transfer. The method suggested by Shah [20][21][22], given in Appendix A, is
a combination of heat and mass transfer theory and empirical considerations. It is based
on data collected from several external sources and takes both natural convection and
forced convection into account. The latter might be significant when the air currents from

the ventilation system is directed along the water surface.

Empirical correlations are based on measurements of the real evaporation rates. There are
several methods to do this, where measurements of the condensate collected at the air
handling unit dehumidifier and energy balance on the pool water are two common
approaches. The latter was utilized by Smith et al. [23] to determine the evaporation rate
from an indoor swimming pool. With this approach, it was found that the Carrier correlation

(equation 2.6) corresponded well with measurements with a small number of people in the



pool. For an unoccupied pool, he found that the Carrier correlation overpredicted and
suggested a multiplication factor of 0.74, while for fully occupied pools, a multiplication

factor of 1.26 was suggested due to underprediction.

Both the condensate method and the energy balance method involve some simplifications
in determining the evaporation rate. When measuring the condensate, it is not accounted
for any infiltration or exfiltration of water vapor through the building construction. Instead
it is assumed that all the condensate can be attributed to the evaporation from wet surfaces
inside the swimming pool hall. The energy balance on the other hand does not include
evaporation from wetted decks. Summing all the heat gains and losses of the pool water,
the evaporation rate could be estimated by equation 2.8. Somewhat simplified the gains
include the primary heat (Qpeqc), PUMp Work (Q,ump) and eventually solar gain (Qsoiar gain)
while the losses include the water exchange in terms of makeup water (Q,,,), heat losses
in the pipes (Qpipe 10ss), @S Well as evaporative (Qeyqp), cONvective (Q.ny) and radiative (Q,q4q)
heat loss from the pool water surface.

. _ Qevap _ Qheat + qump + Qsolar gain — Qmw - Qpipe loss — Qconv - Qrad 2.8
Mevap = Y = Y .

Another approach for estimating the evaporation rate is to apply a water vapor mass
balance on the swimming pool hall. The water vapor entering the hall through evaporation
(Mevap), ventilation (1, gp,1y) and infiltration (m, ;) should equal the amount leaving the
hall through ventilation (1, ,¢..») @nd the change in water vapor content in the hall air per

time unit (dm’;%). Figure 2-3 illustrates the water vapor mass balance of the swimming

pool hall, and the evaporation rate is given by equation 2.9.
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Figure 2-3: Water vapor mass balance
: . : . dam,
Mevap = My return — My, supply — My,inf + % 2.9

The water vapor flow rates can be found by equation 2.4 with dry air mass flow rate and
absolute humidity as input variables. In many cases it is more convenient to measure the
volume flow rate, such as over the supply air and exhaust fan. By assuming ideal gas
properties and combining equation 2.1 - 2.4, the water vapor mass flow rates can be

expressed as

) ) Da . 0.622p
m,,=pan=Ra V — L 2.10
21 P—Dy
M
In the same way, the change in room air vapor content is given by
dmv,room _ 1 (&)i
dc R \T/)at 2.11

M

Based on experience, Byggforsk has tabulated evaporation rates for different types of
pools, as a function of typical water temperatures. As expected, these values increase with

the water agitation, water temperature and activity level of the occupants[10]:

Table 2-1: Evaporation rates for different types of pool

Type of pool Typical water temperature | Evaporation rate [kg/m?h]
[°C]
Night mode/unoccupied 28 0.10
Residential pool 27-28 0.10
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Therapy 32-36 0.35-0.50
Hotel 27 0.18
Public, schools 28 0.25
Whirlpools 36-38 0.9-1.0
Water slides 31 0.5 kg/h per m slide

2.1.5 Energy balance

Due to the high demands for water heating and air treatment, swimming pool facilities
typically have a large energy consumption. In a study from Statistics Norway from 2008
[1], the average energy use of Norwegian swimming pool facilities was found to be 300
kWh/m? total area. Kampel et. al [2] chose to investigate the energy use in terms of
kWh/m? water surface area, as a great part of the energy use is related to the pools. Based
on data from 41 different Norwegian swimming pool facilities, they found a variation in
consumed energy from 1000 to 11 000 kWh/m? water surface. When designing a
swimming pool facility, it is of high interest to predict the overall energy needs. If the needs
of the various posts in the thermal system are known, it will be easier to implement energy

saving measures and improve the design.

Figure 2-4 shows the heat gains and losses over a control volume enclosing the swimming
pool hall, water treatment system and AHU. Electricity consumption is not considered in
this heat balance. The losses include the transmission losses through the building envelope
(Qtrans), ventilation losses (Quenti0ss) @nd losses associated with the water exchange in the
pool water circuit (Quqrer o). In addition, there will be losses through the pool construction,
pipes, and ventilation ducts, but these are considered negligible compared to the other
losses due to typical high air temperatures in the technical rooms of the facility. The gains
include pool water heating (Quaternea:), heating of ventilation air (Quencnear), heat from

pumps (Qpump), UV irradiation (Qyy), solar gains (Qs.,,) and internal gains from people and

lighting (Qne)-
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Figure 2-4: Energy balance of the thermal system in a swimming pool facility

2.2 Ventilation principles

The ventilation principle of a swimming facility should always aim to fulfill thermal comfort
and healthy conditions for the occupants. Historically this has not always been the full
truth. In this section, two different approaches which emphasizes different parts of the

purpose of ventilation are described.

Aas et al. [24] describes four important tasks of the ventilation system in a swimming pool.
As in other building categories, the main purpose of the ventilation system should be to
provide thermal comfort and fresh air to the users. A satisfying indoor environment is
important for users to revisit the facility. Secondly, the system should be able to remove
pollutants and contaminants from the space, to keep the desired indoor climate. Further,
to deal with the humidity challenges described in section 2.1.1, the ventilation system
should have a high dehumidifying capacity. Lastly, the system should be optimized
regarding energy performance, to reduce economic costs and climate impact. As the
humidity level and pollution concentration in the room strongly affects the indoor air

climate, there is a great relationship between the former purposes.

The ventilation air has commonly been used as a preventive measure to avoid condensation
at the outer surfaces[24]. Dry air is typically supplied through slits beneath grates in the
floor along the outer construction, typically beneath windows due to the high U-values
compared to other construction parts. The air will stick to the window surface and prevent
condensation. This principle, shown in Figure 2-5, limits the possibility of optimizing the
ventilation system with respect to the air quality in the occupied zone, which should have

been its main function.
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Figure 2-5: Ventilation air supplied beneath the external windows

A German study from 2018 [11] looked at how one should rethink the on the possible
ventilation solutions in swimming pools, as buildings become of ever higher energy
standards. The U-value of exterior walls and windows decreases, and the temperature
inside these surfaces will approach the temperature of the indoor air. This opens up the
possibility to optimize ventilation to a greater extent with regard to air quality, as
condensation on external surfaces will no longer be a problem. Exterior constructions of
higher energy quality will in themselves lead to lower energy consumption but can also

indirectly influence energy consumption in several positive ways.

A ventilation system with a full focus on air quality and a good indoor climate for the users
may require less energy, than if it additionally should protect against condensation on the
outer structures. A tighter outer construction may also allow a higher RH inside the hall,
which will cause less evaporation from the wet surfaces. This in turn will result in a lower
dehumidification requirement and a lower heat loss from the pools. Energy consumption
for both the ventilation system and pool water heating will decrease. However, it is
important that the RH in the hall is not higher than what is comfortable for users, and
special attention must be paid to those parts of the hall volume where overpressure occurs.
Figure 2-6 illustrates how the supply air can be directed towards the pool water surface
and remove contaminants and chlorination by-products from the breathing zone of the

swimmers.
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Figure 2-6: Ventilation air directed towards the pool water surface

2.3 Air handling unit

Air treatment in terms of pool hall space heating, dehumidification and control of volume
flow rates is handled by the swimming pool AHU. This section gives a brief introduction to

the thermal processes occurring in this unit.

2.3.1 Layout
An illustration of an typical AHU used in swimming pool facilities is shown in Figure 2-7.

The figure is based on the layout of the real unit analyzed in this thesis and is reused in

chapter 3.
Fiesh 1 2 \ 7 o ’
air air

Figure 2-7: Principle sketch of the AHU

Inside the unit, dampers (labeled 2, 9, 10, 12 and 13 in Figure 2-7) are used to adjust the
composition of the supply air. Due to the high energy consumption observed in swimming
pool facilities, recirculation of return air (through damper 9 and 12) is essential. Without
recirculation, large amounts of heat would be lost through the exhaust air. To utilize the
heat in the return when the fresh air demand inside the hall is large, and there is little or
no recirculation, a cross flow heat exchanger (labeled 3 in Figure 2-7) should be installed
[25]. The recuperative heat exchanger (the airflows are not in contact with each other)

prevents transmission of humidity and potential harmful contaminants from exhaust air to
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supply air [26]. Due to harsh conditions, the heat exchanger must be corrosion-free, and
is typically made of polypropylene[27]. The temperature efficiency of the unit is expressed

in equation 5.1 and illustrated in Figure 2-8.

_ Leout — Lein

2.12

n:

th,in - tc,in

Figure 2-8: Cross-flow heat exchanger temperature efficiency

2.3.2 Heat pump

In modern swimming pool air handling units, it is common to utilize a heat pump solution
for both dehumidification of the return air and heating of supply air [10]. The
dehumidification of the return air makes it possible to extract the latent heat of vaporization
stored in the humid air at the heat pump evaporator and reuse it at the air condenser.
Commonly, the evaporator is referred to as the dehumidifier due to its purpose. A Swedish
study from 2001 showed that implementation of a heat pump could reduce the annual

energy demand of the facility by 14% [28].

The heat pump is a technology that moves thermal energy between two sources, with
electrical energy input. The advantage with a heat pump is that the thermal energy moved
is greater than the electrical energy consumed. This relationship is called the coefficient of
performance (COP), and the typical thermal energy output is 3-4 times greater than the
electrical input. The underlying thermodynamic process of a heat pump is the vapor
compression refrigeration cycle. This cycle is illustrated in the pressure-enthalpy (Log-p-

h) diagram in Figure 2-9:
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Figure 2-9: Principle heat pump cycle

e 1-2 Isentropic compression. The lossless compressor work is given by the product
of refrigerant mass flow rate (my) and enthalpy increase (h, — h;):

W = mg(hy — hy) 2.13

e 2-3 Isobaric heat rejection at the condenser, given by:

Qc = Qg + W = mg(h, — h3) 2.14

e 3-4 Isenthalpic expansion, constant enthalpy during expansion

h3 =h4 2.15

e 4-1 Isobaric heat extraction at the evaporator, given by:

Qp = mg(hy — hy) 2.16

The COP is given by the relationship between delivered heat Q. [W] electrical input W [W]:

T,
COP,p = % = ﬁ 2.17
The heat pump transports heat from the low temperature (T,) exhaust air and delivers it
to the high temperature (Ty) supply air. The circulating medium inside the heat pump
transporting this heat is called working fluid, or refrigerant. The refrigerant has certain
desirable thermophysical properties such as low boiling point and high heat capacity.
Historically the working fluid was natural substances such as CO2 and ammonia, used in

refrigeration systems for cooling purposes. In the 1930’s synthetical refrigerants was
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developed and took over the marked. These fluids were chlorofluorocarbons (CFC) and
hydrochlorofluorocarbons (HCFC), which had a high ozone depletion potential (ODP). This
led to the Montreal Protocol in 1989, in which synthetic refrigerants containing chlorin was
banned[29]. As a result, the development of hydrofluorocarbons (HFC) increased, which is
still widely used today. The HFC's has zero ODP, but high global warming potential (GWP),
and several regulations and restrictions has been implemented to decrease the use of HFC’s
with high GWP.

R407C is the common refrigerant used for heat pumps in AHU applications[27]. It is a
tertiary HFC mixture of R125, R32 and R134a and will have a temperature glide in the
condenser and evaporator[30]. At 1 bar it has a boiling point of -43,8°C, and the critical
temperature and pressure are 86°C and 46,3 bar, respectively. The GWP is 1770, but it is
neither toxic nor flammable[30]. Any leakage of the refrigerant could possibly be led to
the people inside the swimming pool, either through the ventilation or into the water
through the pool water condenser. The non-toxic property is thus of great importance.

Figure 2-10 is a simplified sketch of how a heat pump unit is implemented in an AHU.

Return

air

Fresh
air

Exhaust
air

Supply
ar

Exp.Valve

Figure 2-10: Heat pump in AHU

2.3.3  Illustration in Mollier chart

In Figure 2-11, the thermal processes (1 — 6) occurring as the air moves through the AHU
is illustrated in a Mollier chart. In this case, there is some recirculation both through the
dehumidification damper (labeled 12 in Figure 2-7) and heat recirculation damper (labeled
9 in Figure 2-7).

As the cold fresh air enters the AHU, it is mixed with recirculated dehumidified air (process
1). The state of the mixed air will lie on a straight line between the state of the entering
fresh air and recirculated air, weighted with respect to the amount of the airflows. In
process 2, the mixed air is heated through the cross flow heat exchanger represented by
a vertical line in the Mollier chart. The absolute humidity remains constant, while the RH

drops. A new mixing process occurs after the heat exchanger, and the absolute humidity
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and temperature increases. Finally, the supply air is further heated through the air
condenser and heating coil at constant absolute humidity (process 4). To be able to
dehumidify and heat the air inside the swimming pool hall, the supply air should have a

lower RH and higher temperature than the return air setpoint, respectively.

The return air is first cooled through the crossflow heat exchanger in process 5 at constant
humidity. Depending on the properties of the airflows, it eventually reaches saturation
where condensation occurs. After the heat exchanger, the return air is further cooled in
the dehumidifier (process 6), where the latent heat in the humid air is recovered in the

heat pump cycle.

The heat obtained and extracted in the condenser, heating coil and dehumidifier is

expressed by equation 2.18 and 2.19.

Liquid side of heat exchangers:

Q =1y, - Cpy - AT 2.18

Air side of heat exchangers:

Q = Mgy Cp,air * AT = pgir Vair * Cpair * AT 2.19

18



Air temperature [°C] \d* RH[%] .‘d’p

60 o C AN \\\ RVAY JAN “f\' AN - \\\\\\ V\\
S BIAY 0 WAN AW W AYAY SEACIN
E OO N \\‘\\\\\\ \‘S\
55 P \\\ \\\ \\“ X AL TN ERIAN N L\\‘\ - 30
YA X, N SECRC . AT 1
Pe AVAN WA ATAN.YA B AVAW WA RYAY N\ AN
O AYAN X N AN > ath NI
WAL N AVAY A VAN \ \\\ &\
50 - A N\ N\ e S LAY AN 3
1100 1—ESERSEPASOE NV, - ANAWR
o r'\ L\ i\) - SIS < \\\;\\\ I \ L Aﬁ‘*’
£ a5 \\ ATAN &N b '\\;‘ L5 5w o W Y \; a¥
~ o @ 4
iy NN Supply air  gi. Returnair << oo
- I\ A N - A\ AN
o~ AY N NN s M Y AN AN WS W W
g " SO N R RS AN o o
VAN AYAY 2
5 S STANAN SRR - SO _h 'ﬂvh
& 1450 435 POOR RRRZAE B 1S aim A e e e
Ry '\\ PR 4:Heating | A\ Sk S At oo
SN AN A SR - x N8
3oq\ 88 SNAN AR IAT S we
SRR, 3: Mixing - “PETT s,
4 :(\ \\, < M 5: Cooling g %, 1%
\ \ A\l N
N AISXKCN A" )/) /4
N : AY
1.200 LK AY bﬁ\ > % T\
20-KN 2: Heating % 4
\\ NN NZA UL - \ \
A ' 6: Condensation \
15 R R E '
AN 4 F,] | \ \
ANINRANSAY 40
&N \JA
1250 | 10§ 1: Mixing 5 3 Q)\ =
gy, Q~\\“\ N N\ 35
A o e
5 e \\.(@ \1
-] N 0 <& \ 30
% \ =
. = N \ zs.é
. 4 = —
, b :
I | 20 S
5 \ A a
] % 8
1350 §1° i = : g
4 *_.7 ; 10 g
-15 14 ) x - s
20 0
0 5 10 15 20 25

Absolute humidity (x) [g/kg]

Figure 2-11: Thermal processes in the AHU

2.3.4 Control system fundementals

The operation of the AHU and the state of the air supplied to the swimming pool hall relies

on a well-designed control system. This section gives a brief introduction to control theory.

If one considers a room with a given desired air temperature, y, (setpoint), the following
control strategy can be implemented in order to keep the temperature at the setpoint.
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Figure 2-12: Principle control loop

A sensor inside the room measures the air temperature (y) and sends the signal to a
controller. In this controller, the measured value is compared to the setpoint. Based on the
calculated difference, the error (e), the controller sends an output signal (u) to an actuator
(for instance the valve in a heating coil). As the performance of the actuator changes, the
process of heating the air changes. In the case of a heating control, if the measured
temperature is far below the setpoint, the value of u should be large; more heating is

needed. Continuously, the controller attempts to minimize the error, e.

There are three commonly used controllers in modern control systems; a proportional
controller (P), a proportional-integral controller (PI) and a proportional-integral-derivative
controller (PID). The output of the P controller is proportional to the measured control
error. An amplifier multiplies the measured difference, e, with a gain parameter, k. If any
disturbances are present in the process, using a single P controller will always result in
constant undesired offset from setpoint[31]. The aim of introducing an integrator term to
the controller is to remove this residual deviation. It continuously integrates the control
error, to compensate for the limitations of the P controller. The aim of the derivative term
in a PID controller is to reduce the action of the integrator term when approaching the

setpoint.

2.4 Requirements and recommendations

In the following sections, some recommendations and requirements regarding ventilation

and energy performance of swimming pools are presented.

2.4.1 Ventilation requirements

For public buildings, TEK 17 says that the least required fresh air volume should be

evaluated based on the following pollution sources [32]:
A - Persons
B - Materials, products, and installations

C - Activities and processes
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When calculating the necessary fresh air volume, the highest value of (A+B) and C should

be used. The requirements are given in Table 2-2:

Table 2-2: Ventilation requirements public buildings, TEK 17

Pollution source Requirement
A 26 m3/person
B (when occupied) 2.5 m3/h per m? floor area
B (unoccupied) 0.7 m3/h per m? floor area
C (bathrooms) 54 m3/h per shower (extract air)

In swimming pools, there are no requirements other than that it must ensure a satisfying

indoor air quality. However, the following recommendations are given by Byggforsk[10]:

- 4-7 ACH for larger facilities
- 8-10 ACH for therapy pools

The highest value of

- 1.4 Il/s per m? total floor area (pool + deck)

- 2.8 /s per m? water surface (pool + spillway + shower area)

The values differ among the international codes, and the recommendations in ASHRAE
are[9]:

- 4-6 ACH for pools with no spectator areas
- 6-8 ACH for pools with spectator areas

- 4-6 ACH for therapeutic pools

2.4.2 Water exchange

In order to maintain a satisfactory quality of the pool water, it should be replaced with
fresh make-up water at regular intervals. The Norwegian association for technical solutions
in swimming pools (Norsk Bassengbad Teknisk Forening) has the following guidelines for

the amount of water exchange [33]:

- 30 liters per person per day (for normal public pools)

- 60 liters per person per day (for pools with a water temperature higher than 34°C)

2.4.3 Relative humidity

A higher RH inside the swimming pool hall will reduce the evaporation from the water
surface since the vapor saturation at room air dew point is increased. This can be observed
from equation 2.1 and the Mollier chart in Figure 2-1. However, as described in section

2.1.3, the RH should be limited to avoid moisture problems in the building construction.
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The following recommendations are given in Byggforsk [25] and the ASHRAE Handbook
[9]:

e Byggforsk
o 50 -55% RH during winter
o - 65% RH in summer, due higher outdoor temperatures, and lower
differences in vapor partial pressures
e ASHRAE Handbook
o 50-60% RH

2.4.4 Energy requirements

In the Norwegian building codes (TEK), there are no specific requirements for the energy
performance of swimming pool facilities. Generally, for sport facilities, TEK 17 says that
the total energy demand should not exceed 145 kWh/m? for sport facilities[4]. This is an
unattainable requirement for a swimming pool facility due to the high demands for pool
water heating and ventilation. Anyway, efficient measures should be implemented to
reduce the demands. Increasing the energy performance of the technical installations is
one approach, but in order to reduce the demand, the insulating ability of the building

envelop should be increased.

The U-value, or the thermal transmittance, is a measure of the insulating ability of the
building construction. Constructions with a high U-value have a high thermal conductivity,
and in an energy-saving perspective it is therefore desirable to keep this value as low as
possible. Depending on the physical properties, the U-value will vary between the different
parts of a building construction. The requirements for average U-values given in TEK 87,
10, 17 and Norwegian passive house standard NS 3701 are presented in Table 2-3
[34][35][4][36]:

Table 2-3: Requirements for U-values in different building codes

U-value U-value U-value U-value

[W/m2K] (TEK | [W/m2K] (TEK | [W/m?K] (TEK | [W/m?3K]

87) 10) 17) (NS 3701)
External wall <0.3 <0.22 <0.22 <0.12
External roof <0.2 <0.18 <0.18 < 0.09
External floor <0.2 <0.18 <0.18 < 0.08
Window/door <24 <1.2 <1.2 <0.8

including frame/sill

The normalized thermal bridge value given in NS 3701 is 0.03 W/m?K [36].
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2.5 Building performance simulation (BPS)

n

Building performance simulation is defined as "... a computer-based mathematical model
of some aspects of building performance based on fundamental physical principles and
engineering models” [37]. There are several different packages for building performance

simulation, where IDA ICE is the one used in this thesis.

2.5.1  Simulation tool

According to the objective of this thesis, the examined swimming pools are modelled in
IDA ICE, version 4.8. IDA ICE is an abbreviation for IDA Indoor Climate and Energy, and
is a detailed dynamic simulation tool used for the study of indoor thermal climate and
building energy performance [38]. It is developed by the Swedish company EQUA
Simulation AB, located in Stockholm, and the aim of the simulation tool is to enable
accurate simulations of buildings and their control systems in order to optimize energy
performance and indoor climate. It provides the users full insight to the equations used in
the models, and it is possible to log every variable, making it fully transparent. The
modelling is equation based, utilizing the Neutral Model Format. This means that the
predefined models and components available in the IDA ICE library are general and

standardized, widening the possible use.

2.5.2  Existing swimming pool models

This thesis is a continuation of the work carried out in the master thesis of Henrik
Alvestad[5]. In that thesis, the swimming pool hall and the corresponding AHU unit was
modeled in the dynamic simulation tool IDA ICE to characterize the thermal system of a
swimming pool facility in Trondheim. The results showed that the model worked quite well
in the prediction of evaporation, but larger deviations were found in the heating needs.
Much of the deviations were explained by a discrepancy between the model control
strategies for heating and dehumidification and the real control strategies, and the

omission of the heat pump found in the real unit.

In a study released back in 2014, the TRNSYS software was used to determine pool losses
and pool hall energy demand. TRNSYS is a component-based software package used to
investigate transient systems [39]. One part of the software, the engine (or kernel), reads,
process and solve the problem under scope. The other part consists of components, which
the users are able to combine in different ways in order to achieve the desirable
performance of the system to be studied. By modeling the energy balance of the swimming
pool, the aim of the study was to investigate the impact of different water- and air
temperatures on the energy losses. As one could expect, the results from the simulation
showed that, by reducing the hall air temperature and pool water temperature, the total

swimming pool hall losses decreased.
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In a Ph.D. thesis from January 2019 [40], the energy performance and water usage of an
aquatic center in Australia was investigated by using the simulation tools DesignBuilder
and EnergyPlus. The combination was used, since DesignBuilder does not have the
possibility to add the swimming pools into the model. However, since the interface of
DesignBuilder is more user-friendly, the model without the pools was created here before
it was exported as an IDF-file to EnergyPlus. A comprehensive and detailed model of the
swimming facility was made, to get the most representative results from the simulations.
The results showed that the heat losses through the building envelop only contributed to
a minor part of the total energy performance of the facility. Calibration against measured
energy and water data was done before the evaporation from the pools was validated. In
this process, the results from the simulations was compared to calculated values based on
the ASHRAE equation [9]. A high correlation between the simulated results and manual
calculations was obtained, indicating a high accuracy of the simulation model. Parametric
studies were also performed, to come up with possible energy measures. For instance, a

1°C reduction in pool water and air temperature resulted in 6.1% decrease in energy use.

Due to the high indoor air setpoint temperature, the process of heating the fresh air
entering the AHU is very energy consuming. The same yields for the dehumidification of
the return air, where large amount of energy would have been lost if solutions for
recovering this energy was not implemented. The aim of a study from 2008 published in
Applied Thermal Engineering was to optimize the design of the heat pump system in the
AHU, in order to minimize the energy costs [41]. In this case, the heat pump circuit
consisted of two parallel condensers: for air heating and pool water heating. By using the
conservation of mass and energy for both the ventilation system and water system, the
state of the air and water at the heat pump evaporator and condensers was calculated.
Further, the heat absorption in the evaporator and heat rejection in the condensers are
calculated. Finally, the particle swarm algorithm [42] was used to find the optimum outdoor
air mass flow rate, heat conduction of the heat exchangers and compressor and boiler
types. The results showed that the optimum energy supply of the water heating boiler
decreased with a rising enthalpy of the outdoor air. As this value reaches zero, the
performance of the performance of the evaporator, condensers and compressor is

optimized, and the heat pump is preferred to cover all the heating load.

In a study presented on the American IBPSA conference in 2012 [43], a combination of
the simulation tools MATLAB/Simulink, BCVTB and EnergyPlus was used to simulate the
swimming pool environment at the National University of Ireland. The AHU and its controls
were modeled in Simulink, which at each time step received updated variables from
MATLAB needed in the calculations. Simulink calculated the supply air temperature and

other variables needed in the next iteration of the simulation process. The signal was sent
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through MATLAB and the BCVTB into the building model in EnergyPlus. In addition, the
BCVTB also calculates the latent heat of the evaporation from the pool. Based on these
inputs, and the weather file available in EnergyPlus, a feedback signal is sent from the
EnergyPlus model to the BCVTB and MATLAB/Simulink model, which recalculates the input
variables. Different operational scenarios were implemented in the BCTVB in order to
investigate the response of the system. Both a fixed and a dynamic setback operation was
implemented, with almost no difference in energy consumption. Compared to no setback,

the dynamic operation however resulted in 30% energy savings.
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3 System description

Measurements are performed in a swimming pool facility at Dalgdrd Primary School and
Resource Centre in Trondheim. This chapter gives a brief introduction to the facility in

terms of swimming pool, water treatment system and AHU.

The swimming pool at Dalgard is part of larger building housing a primary school. It is
located at Bydsen in Trondheim and is used both by classes during school hours and various

associations in the evenings. During weekends and holidays, the pool is normally empty.

Figure 3-1: Swimming pool and AHU at Dalgard

The swimming pool has a water surface area of 89.375 m? (101.91 m? including the
overflow channels), and the setpoint water temperature is 33°C. Supply air diffusers are
located both beneath the windows and in a horizontal duct at the ceiling, as could be seen
in Figure 3-1. A pool cover is used when the pool is not used (nights and weekends) to
reduce the evaporation. There are two return air grills located at the opposite end of the
room of the supply air diffusers: one close to the ceiling, and another at the floor level.
The total area of the room, including the water surface, is 203.5 m?, and the volume is

close to 775 m?3.
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3.1 Water treatment system
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Figure 3-2: System sketch of Dalgdrd Swimming Pool. The sketch is based on an illustration of the
water treatment system retrieved from the SD system of the facility, as well as own observations

of the system. pH regulation and UV radiation are omitted in this illustration.

Figure 3-2 shows the layout of the swimming pool hall in connection with its AHU and water
treatment system. Pool water flows continuously into the overflow channel, and further
down into a balance tank with base area 10.88 m?, which aims to maintain a stable water
level in the pool. To compensate for the water loss through evaporation, wet bodies leaving
the room and filter backwashing, there is a need for make-up water. The make-up water
is either fed directly into the balance tank, or through the backwash water heat exchanger
(BWHX). A small flow is steadily fed into the tank through the backwash water heat
exchanger, while valve MW2 only opens to supply a larger flow when the water in the tank
has dropped to a level of 0.55 m. During filter backwashing valve BT, F1 and F2 closes,
and valve F4 opens. Thus, the water is directed the opposite way through the filers (for
cleaning), and the water is fed into the greywater tank and further into the drain. During

the week, a total of 7000 liters of water is used for filter backwashing.

After the balance tank, the water is pumped through the sand filters from top to bottom,
where particulates are captured. Downstream of these filters, a small partial flow is led to
the backwash tank, through the backwash water heat exchanger, to be stored for filter
backwashing. The rest of the flow is returned to the pool through a 3 kW UV-lamp, either
directly or through the heat exchangers if there is a heating need. There are two heat
sources: heat exchanging with AHU heat pump refrigerant and primary heat (district

heating). The pool water condenser, PWHX, is located in a partial flow loop upstream of
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the primary heat exchanger partial flow loop, as illustrated in Figure 3-2. In this way,
excess heat from the AHU heat pump circuit could be utilized when there is little or no

need for ventilation heating.

3.2 AHU

The AHU is of the type MENERGA ThermoCond 370611, and serves only the swimming pool
hall. The unit works to achieve a setpoint temperature of 31.5°C and a RH of 50% by
altering the compressor power, position of the dampers (labeled 2, 9, 10, 12 and 13 in
Figure 3-3), volume flow rate and heating coil valve position. Damper 10, which is a
defrosting damper, is neglected in this analysis. It was observed that the defrosting damper
was always closed during the measurements, and the omission will not affect the results.
For heat recovery, there are both a crossflow heat exchanger (3) and a heat pump, whose
compressor is on/off controlled, installed. The main purpose of the heat pump is to
dehumidify the return air, where the latent heat of the humid air obtained by the refrigerant
(R407C) in the evaporator/dehumidifier (11) is utilized to heat the supply air at the air
condenser (4) or the pool water through the pool water condenser (PWHX) (see Figure
3-2). This is controlled by the two solenoid valves labeled 1 and 2 in Figure 3-1, which are

either fully open or closed.

Exhaust
| 13y

Figure 3-3: Illustration of the AHU

There are three filters in the AHU: a fresh air filter (1) a return air filter (7) and a supply
air filter located after the heating coil (6). Their purpose is to prevent contaminants and
harmful particles from being carried with the supply air and protect the components in the
AHU against damage. The crossflow heat exchanger has an annual temperature efficiency
of 70%, while the supply and return air fans (5 and 8) have a total efficiency of 74 and
76%, respectively. Other dimensions and rating conditions of the various components in
the AHU can be found in the user manual and technical documentation of the unit, provided
by Menerga [44][45]

In order to maintain the setpoint temperature and RH, the AHU runs according to a quite

complex control strategy. This control strategy is generally divided into a temperature
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control and a return air RH control. As the temperature and RH deviates from their
setpoints, various actions are initiated in order to bring the state of the air back to the
setpoint. The temperature control is illustrated in Figure 3-4, which shows the actions
initiated at different deviations from the setpoint. In this AHU, V,,;,is 69% of the maximum

total volume flow rate, V,,,, of 6300 m3/h. A similar layout of the RH control is illustrated in

Figure 3-5.
Compressor Minimum fresh air
turned off or proportion released,
refrigerant used increase of
Heating coil for pool water vo;’ume ﬁ'(wy rate
valve closes heating Vinin = Vinax 100% fresh air
Level 1 Level 2 Level 3
Setpoint Return air temperature [°C]

Figure 3-4: Temperature control. The sketch is based on an illustration of the control strategy in
the technical documentation of the AHU provided by Menerga

Compressor starts/
refrigerant directed

towards air condenser, Steadily increased
increase of volume Minimum fresh air fresh air proportion
flow rate Vyg — Voo proportion released - 100%
Level 1 Level 2 Level 3
Setpoint Return air RH[ %]

Figure 3-5: RH control. The sketch is based on an illustration of the control strategy in the
technical documentation of the AHU provided by Menerga

In both the temperature and RH control strategies one or more controllers compares a
measured value with a given setpoint. As illustrated in Figure 3-6, these controllers produce
signals which through the control algorithms determines how the actuators in the AHU
should react. A description of the temperature and RH control strategies are given in the

following two sections.
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algorithms algorithms

Compressor motor Compressor motor

Actuators Solenoid valve motor Solenoid valve motor Heatlnngnctoull valve

Damper motors

Fan motors

Damper motors

Fan motors

Fan motors

Figure 3-6: AHU control strategy

3.2.1.1 Temperature control

Three units in the AHU ensures that the supply air achieves the necessary temperature to
keep the return air temperature setpoint before it enters the swimming pool hall. These
are the crossflow heat exchanger, the air condenser in the heat pump cycle and the heating
coil, where the heat exchanged in the two latter units are thoroughly controlled by the
temperature control strategy. This strategy might be divided into a cooling control strategy

and a heating control strategy.

A PI controller compares the measured return air temperature with the given setpoint. If
the measured temperature exceeds the setpoint, the cooling control algorithms are
initiated. These algorithms occur at different levels of the output signal, as depicted in
Figure 3-4. At the first level, the compressor is turned off, or eventually the refrigerant of
the heat pump cycle is directed towards the pool water condenser, to avoid any
temperature rise in the air condenser. Should the return air temperature still be too high,
the integrator term of the controller ensures that the output signal will continue to rise to
the next level. At the second level, the fresh air damper is opened, such that a minimum
fresh air proportion of 33% is achieved. In addition, the volume flow rate through the fans
are increased from V,,;,, to V.., resulting in a higher replacement of warm indoor air with
colder air from outside. For an even higher output signal from the cooling controller, the
AHU will run with 100% fresh air (third level), where the dehumidification damper and

recirculating heating damper (labeled 12 and 9 in Figure 3-3) are closed.

If the supply air temperature drops too low, and a cooling sensation is felt inside the
swimming pool hall, another controller ensures that a minimum supply air temperature is
kept. This minimum setpoint is outdoor temperature dependent, and the controller has a

limiting effect on the output signal from the cooling controller.
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In the heating control strategy, shown in Figure 3-7, a cascade of two controllers is used
to give a signal to the heating coil valve motor. The first controller is a return air
temperature controller which compares the measured return air temperature with the
given setpoint. This produces a signal that becomes the setpoint for the second controller,
the supply air temperature controller. The higher the deviation measured in the return air
temperature controller, the higher becomes the setpoint for the supply air, until it
eventually reaches a maximum of 53°C. After a comparison between the measured supply
air temperature, the second controller produces a signal that determines the load on a
motor, which adjusts the position of the heating coil valve accordingly. In this way, one
ensures that the supply air temperature is kept high enough to maintain the return air
temperature setpoint. For supply air temperatures between 45 and 50°C, the volume flow

is increased from V,,;,, to V...

Measured Measured
return air supply air
temperature temperature
Supply air
. temperature Valve motor
Return air setpoint signal
temperature ——— | Controller 1 » Controller 2
setpoint

Figure 3-7: Cascade heating control

3.2.1.2 RH control

Dehumidification of the air inside the swimming pool hall is controlled by, as indicated in
Figure 3-5, either adjusting the cooling rate at the heat pump evaporator, the fresh air
proportion of the supply air, or the total volume flow rate through the fans. All these
measures aim to reduce the RH of the ambient air of the swimming pool. A PI controller
compares the measured return air RH with the given setpoint, resulting in a signal that

increases with the deviation.

When the output signal reaches the first level, the compressor starts, causing the air at
the evaporator to cool down and the water vapor to condense. In this way, the air recycled
through the dehumidification damper (labeled 12 in Figure 3-3) achieves a lower absolute
humidity, and the RH of the mixed supply air decreases. (If the suction pressure of the
compressor drops too low, freezing may occur at the dehumidifier (evaporator), and the
compressor is turned off). In addition, the total volume flow rate is increased from V,,;, to
Vnax+ At the second level, a minimum fresh air proportion of 66% is released. The effect
can be observed in the Mollier chart in section 2.3.3, where a higher proportion of fresh air

will move the state of the supply air towards left in the chart, an thus achieve a reduced
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humidity. Similar to the temperature control, the AHU at the third level of the control

strategy will run with 100% fresh air.

Regardless of the state of the air inside the swimming pool hall, the AHU in bathing mode
will always operate with a minimum amount of fresh air to satisfy the indoor air quality.
This amount appears as 10% fresh air, with an addition of 50 m3/h per kg of evaporation.
In night mode, a higher RH inside the swimming pool hall is tolerated if the outside
temperature is high enough. This is indicated in Figure 3-8, where the return air RH

setpoint increases linearly from 50 to 65% for outdoor temperatures between 10 and 25°C.

Return air
RH setpoint
[%]
A
65
50 +
Outdoor
f f » temperature
10 25 [°C]

Figure 3-8: RH setpoint night mode. The figure is based on an illustration in the AHU technical
documentation provided by Menerga

3.2.1.3 Priority of output signals

As a result of the fact that fresh air proportion increases for higher cooling and RH controller
signals, the maximum output signal from the cooling and RH control should be used to
control the fresh air damper position. The logical connection between the control output

signals and the heating damper is shown in Figure 3-9:

Cooling controller
output signal

Fresh air damper
position

N MAX

RH controller output
signal

Figure 3-9: Fresh air damper control

The cooling control aims to stop the heat pump compressor, to reduce the supply air
temperature. On the opposite, a high measured return air RH will require more

dehumidification of the supply air, and therefore start the compressor. If there is a cooling
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need and dehumidification need at the same time, the compressor should be turned off,

and the dehumidification need is covered by an increased fresh air proportion of the supply
air.

Cooling controller
. output signal

Compressor power MIN

RH controller output
signal

Figure 3-10: Compressor control

Both an increased dehumidification rate and cooling effect are achieved by an increased
volume flow rate, and the signal sent to the fan motor will be the highest of the cooling

controller output signal and RH controller output signal, as illustrated in Figure 3-11.

Cooling controller
. output signal

Fy

Fan motor MAX

Yy

RH controller output
signal

Figure 3-11: Fan control
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4 Methodology

A detailed dynamic model of the swimming pool facility is built in IDA ICE, and
measurements within the thermal systems of the facility are carried out on site. The
intention was to collect data from a long period of time, to capture various operating
situations that are characteristic of the swimming pool. A swimming pool that is not in use
is of little interest and activity in the pool is necessary to be able to say something about
the typical operating situation. For the swimming pool at Dalgdrd, data from normal
operation were collected from February 25 to March 11, until the facility closed down due
to the COVID 19 virus.

4.1 Measurements

In the facility at Dalgard, measurements were carried out to investigate two important
aspects of the thermal system: evaporation from the water surface and heating needs in
both the AHU and the water treatment system. Unfortunately, the compressor was
damaged and the integrated heat pump idle during the entire period of analysis. All the
necessary calculations regarding the analysed thermal characteristics of the facility are

performed in excel, based on the measured data.

4.1.1 Location of sensors
Temperature and RH were measured at different positions in the facility using the following

sensor devices:

e WS-DLTa-p100 (pt100) [46]
e WS-DLTc [47]
e WSE-DLCc [48]

Signals from the sensors were transmitted to a base station, which was connected to a
computer where the measured variables were logged with a time step of one minute. The
pt100 sensor measures temperature with an accuracy of +0.1%. WS-DLTc was used for
both RH and temperature measurements, with an accuracy of +1.8% and =+0.3°C,
respectively. Temperature and RH in two adjoining rooms, as well as inside the swimming
pool hall close to the water surface, were measured using the WS-DLCc sensor, with the

same accuracy as the WS-DLTc sensor.

The power delivered in the heating coil of the AHU and the primary heat exchanger of the
pool water circuit is measured using a TA-SCOPE [49], which calculates the power based

on measurements of the pressure drop over the balancing valve, mass flow rate, and
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temperature of the water, with an accuracy of 1% for pressure and mass flow rate, and

0.2°C for temperature.

Volume flow rates (in m3/h) of the supply and return air of the AHU are retrieved from the
integrated sensors in the unit. From the pool water circuit, the mass flow rate of the make-
up water, level of the balance tank, power consumption of the pumps and delivered power
of the UV-lamp are retrieved from the monitoring system of the plant. Power delivered to

the pool water from the pumps are calculated from P = UI, where the voltage is 230 V.

Figure 4-1 shows the location of the sensors used for temperature and RH measurements,
TA-SCOPEs, and integrated AHU volume flow sensors. Temperature and RH were measured
at two different locations inside the swimming pool hall; one sensor located near the floor
level close to the water surface, and the other one at a height of 3 meters. The following

symbols are used:

e @ WS-DLTa-p100 (pt100)
o WS-DLTc

. WSE-DLCc

I TA-scoPE

o @ AHU volume flow sensor
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Figure 4-1: Sensor locations

4.1.2  Activity log

The activity in the pool is registered by observation of the number of swimmers, their

activity level, and the time of the session. Activity level is a subjective perception, and in
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this context, it is decided to construct a five-point scale for registration. The scale is shown
in Figure 4-2, where low, medium, and high activity are given the values 1, 2, and 3,
respectively. Intermediate values of 1.5 and 2.5 are used when the activity level is

perceived as a middle of the other values.

1 2 3

| | | | I » Activity level

Low Medium High

Figure 4-2: Activity level scale

Activity was registered by person during most of the day from 8 am to 4 pm. For activities
outside this schedule, a log, in which the users could register the nhumber of swimmers,
activity level, and time, was made. After the measurement period, the log was compared
to the water in the balance tank, which clearly indicates when the pool is in use. This is
illustrated in Figure 4-3, where activity appears as an elevated water level of the balance
tank. The rise in the night is due to supply of make-up water. On a weekly basis, the
activity in the pool follows a repetitive cycle with fairly fixed schedules. Thus, when
estimating the number of swimmers and their activity level, it is assumed to be similar to
what as observed the corresponding time in the previous or following week. The registered
activity could be found in Appendix K.

Pool in use
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Date and time

Figure 4-3: Water level of balance tank

4.1.3 AHU operation mode, pool cover and temperature setpoint

It is observed that the AHU runs according to the following schedule:

e Weekdays:
o 06:00 - 22:00 - Bathing mode
o Otherwise - Night mode
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e Weekends:
o 10:00 - 20:00 - Bathing mode
o Otherwise - Night mode

In the beginning of the measurement period, the AHU was forced to run in bathing mode
from February 25 to February 27. For the rest of the period, the operation mode was
according to the presented schedule above. The entire operation mode for the

measurement period is shown in Figure 4-4.
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Figure 4-4: Operation mode AHU

The pool cover is used to reduce the evaporation in periods where the pool is unoccupied.
To investigate the effect of the pool cover, the pool cover is never used in the second half

of the measurement period. The schedule is shown in Figure 4-5.
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Figure 4-5: Pool cover

From theory, it is known that a reduced ambient air temperature of the pool will increase
the evaporation rate, and that the opposite is observed for higher temperatures. During
the period of measurements, the setpoint air temperature is altered to verify this

phenomenon. The return air temperature setpoint is shown in Figure 4-6.
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Figure 4-6: Return air temperature setpoint

4.1.4  Calculation of evaporation rates

The evaporation rate from the swimming pool is estimated by the mass balance in equation
5.1, presented in section 2.1.4. It requires the volume flow rate, density, and absolute
humidity of the supply air, return air and infiltrated air, as well as the volume and change

in vapor pressure and temperature of the swimming pool hall.

Mevap = My, return — My, supply — My,inf + dt 4.1

Combining equation 2.9 - 2.11, the following expression is achieved:

. | Pa Pa Pa V by d
Mepap = ETVX - ETVX - 5TVx + E(?)E 4.2
M return M supply M inf M

The measured variables are the temperature and RH of the return and supply air (pt100
and WS-DLTc), return and supply air volume flow rate (integrated AHU sensor), and
temperature and RH inside the swimming pool hall (WS-DLTc). For the temperature and
RH inside the room, the upper sensor at the height of 3 meter is used, as the air at this
position is assumed to be more representative for the total air volume than what it is close
to the floor.

Dry air partial pressure (p,) is calculated from the measured temperature and RH, and by

combining equation 2.1 and 2.2, it is given by equation 5.1.

T T
Pa = Prot — P» = Proc — RH - 0,611213(18-678‘M)(m) 4.3

The total air pressure, p., is assumed to be constant 1 atm, or 101.325 kPa. Absolute
humidity (x) could be calculated from equation 2.4, but in this case the excel extension
HxLib is utilized. This program is an excel add-on which provides a library of functions that

may be used to calculate various properties of humid air based on a given set of input
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parameters [50]. For absolute humidity calculations, the total air pressure, temperature,

and RH are given as input variables.

Infiltration volume flow rate is assumed to be equal to the difference in return air and
supply air volume flow rate (V,erurn — Vsuppiy), Where a negative difference is assumed to
represent an exfiltration. It may occur both through the outer walls and inner
constructions, but in this case, it is assumed that all vapor transmission occurs through
the inner construction due to visible leaks around the doors. To illustrate, if one assumes
an outdoor temperature an RH of 5°C and 50%, and a temperature and RH of 20°C and
25% for the adjoining rooms of the swimming pool, the corresponding vapor mass flow
rate of 50 m3/h outdoor air infiltration and 200 m3/h infiltration from adjoining rooms is
0.17 kg/h and 0.89 kg/h, respectively.

For infiltration (Vyerurn > Vsuppiy), the temperature and RH of the adjoining rooms are used
to calculate m,;,,. As a simplification, a constant temperature of 20°C and RH of 25% is
used for the entire period, based on an average of the measured variables in two adjoining
rooms (WSE-DLCc). In case of exfiltration (Veurn < Vsuppiy), the upper sensor (WS-DLTc)
inside the swimming pool hall, shown in Figure 4-1, was used, as it is assumed that this

sensor location is more representative for the air mix inside the room.

4.1.5 ASHRAE equation

In the results, the calculated evaporation based on the mass balance in equation 4.2 is
compared with the evaporation calculated with the ASHRAE equation [9] (equation 2.7).
To confirm that the air velocity above the pool was within the required range for the
ASHRAE equation, samples were taken three times during the measurement period, using
a Swema 3000 device [51]. All the samples lay between 0.03 and 0.13 m/s, which makes
the ASHRAE equation applicable.

The saturation pressure at water temperature and air dew point temperature is calculated
with the Buck equation [6] (equation 2.2), with the measurements from the lower sensor
(WS-DLTc) inside the swimming pool hall and the pt100 sensor in the overflow channel.
When the pool cover is used, the area of the overflow channels is inserted into the equation,
while the total water surface area including the overflow channels is used when the pool
cover is off. Estimated activity factor, F,, is based on the number of people in their pool
and their activity level, and the complete method for how this is estimated is given in

section 5.1.
4.1.6 Thermal energy gains and losses

The thermal energy needs of the swimming pool facility consist of pool water heating and

heating of the supply air in the AHU. As the integrated heat pump was out of order, the
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latter is obtained entirely through the heating coil. The total heat gains in the pool water
circuit are assumed to be the sum of the heat obtained through the pumps, from the UV-

lamp and through the primary heat exchanger, calculated as

onol water,gain — QPl + QPZ + QPS + QUV + Qprimary heat 4.4

where P1 and P2 are the pumps in the main circuit, and P3 is the pump in the partial stream

through the primary heat exchanger. The losses are calculated as

onol water,loss — QMW + QBW + Qevap 4.5

In equation 4.5, losses through the pipes and pool walls are assumed to be negligible. The
heat loss from supply of make-up water, or fresh water, (Q,) is calculated from
measurements of temperature and mass flow rate of the incoming water, and temperature
inside the balance tank. The temperatures are measured with pt100 sensors (WS-DLTa-
p100), while the mass flow rate is extracted from logged data in the monitoring system of

the plant. Q,, is then expressed as

QMW = mMWCp,water (Tbalance tank — TMW) 4.6

where ¢, qter IS assumed to be constant 4187 J/kgkK.

In the simulations, the ventilation loss, or the net energy lost through the AHU exhaust,

will be calculated from equation 4.7:

Qvent,loss = (meT)ea - (TthT)fa 4.7

4.2 IDA ICE models

A detailed model of the swimming pool facility at Dalgard is built in the building
performance simulation package IDA ICE. This section describes the process of developing

the model, and simplifications made are highlighted.

4.2.1 Building models

When creating a project in IDA ICE, it is possible to work in various folders depicted in
Figure 4-7. In the general tab, it is possible to change the global data of the building. These
includes, among others, the ambient climate, ground properties, orientation of the
building, and the details of the constructions. It is also possible to access the HVAC
systems, in this case the AHU and pool water circuit. The sizes of the building constructions
are adjusted in the floor plan tab. In the schematic tab, the connections between the
building constructions, HVAC systems and ambient outdoor variables are shown. The

general tab and schematic view are shown in Figure 4-7 and Figure 4-8.
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Figure 4-8: Schematic view of an IDA ICE model

For the building constructions in the model, the following is assumed. The swimming pool
at Dalgard was built in 1978, and was refurbished and expanded in 2014. At the same
time, the old windows were replaced with new ones with three-layer energy saving glass.
For this new part, U-values according to TEK 10 are chosen, except the windows. The
glazing consists of three-layer energy saving glass, with an approximated U-value of 0.8

W/m?2K, according to the passive house standard.

The thermal properties of the facades which was not refurbished in 2014 is assumed to
fulfill the TEK 87 level of U-values. The U-values are given in Table 2-3, and the materials
of the different layers in the constructions (both external and internal) are chosen based
on observations. For the internal constructions, the opposite sides are given a constant
temperature, based on temperature measurements in the adjoining rooms. Due to old
constructions, the building model of Dalgard is given a normalized thermal bridge value of
0.1 W/m?K. Figure 4-9 shows the 3D view of the IDA ICE model.
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Figure 4-9: 3D view of IDA ICE model of Dalgdrd swimming pool

4.2.2
All IDA ICE models need a climate file (hourly based) that sets the state of the air at the

Climate data

intake of the AHU and in connections with the external constructions. These files require
the temperature, RH, direct and diffuse radiation, wind speed components and cloudiness,
as shown in Figure 4-10. The outdoor temperature and RH are measured, while the rest of
the variables are retrieved data from the nearest meteorological stations. None of these
stations measure the direct and diffuse radiation, but instead, global radiation data are
found. Thus, it is assumed a constant cloudiness of 100%, resulting in no direct normal
radiation. Since the global radiation is the sum of direct normal radiation and diffuse

radiation, the resulting diffuse radiation equals the global radiation.

Variables
Date Dry-bulb Rel humidity of| Direct normal | Diffuse rad on hor Wind speed, Wind speed, Cloudness,
temperature, Deg-C air, % rad, W/m2 surf, W/m2 X-component, m's y-component, m's %
2020-02-26 -6.5 71.0 0.0 579 -0.2 03 100.0
2020-02-27 -4.7 549 0.0 59.8 -0.1 21 100.0
2020-02-28 -34 66.8 0.0 552 -0.2 0.7 100.0
2020-02-29 -25 812 0.0 899 -03 0.5 100.0
2020-03-01 3.7 68.0 0.0 333 31 24 100.0
2020-03-02 -1.6 70.7 0.0 67.5 31 3.0 100.0
2020-03-03 -0.7 61.6 0.0 75.0 -1.2 -0.9 100.0
2020-03-04 -0.0 68.6 0.0 249 -14 -03 100.0
2020-03-05 0.6 828 0.0 57.7 09 13 100.0
2020-03-06 23 629 0.0 54.1 13 1.7 100.0
2020-03-07 0.8 574 0.0 89.6 0.8 26 100.0
2020-03-08 5.6 63.4 0.0 242 0.5 53 100.0
2020-03-09 45 75.9 0.0 492 1.0 16 100.0
2020-03-10 34 70.1 0.0 78.7 -0.2 26 100.0
2020-03-11 46 67.1 0.0 443 0.9 22 100.0
mean -0.4 68.3 0.0 57.8 -0.3 0.9 100.0
m“'““;h 70 -1316 24368.0 00 206481 -117.0 3265 35700.0
min -6.5 549 0.0 242 31 -3. 100.0
max 5 828 0.0 89.9 13 53 100.0

Figure 4-10: Climate file

The x (west - east) and y (south —» north) component of the wind is calculated from the
hourly averages of the wind speed and wind direction in degrees (360°: from north, 90°:
from east). The wind measurements used in the weather file is taken from the weather

station at Voll (distance 5.5 km), while global radiation data are retrieved from a station
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located at Glgshaugen (distance 4 km). Maps of the location of the swimming pool and the

distance to the meteorological stations are shown in Figure 4-11.
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Figure 4-11: Distance between swimming pools and weather stations (Google Maps)

4.2.3 Pool model

Figure 4-12 shows the schematic view of the pool model component in IDA ICE. The pool
component is connected to the pool water circuit (which is found in the model plant),
swimming pool hall (through surface equations), and adjoining technical room (heat loss
equation). In this case, the surface temperature in the adjoining room is set to constant
21°C, based on an average of measurements. The input parameters are the physical size
of the pool basin, temperature setpoint and the activity factor. The evaporation rate from

the water surface is calculated with the ASHRAE equation [9].

Due to the pool cover used at Dalgdrd, two pool model objects are included in the model:
(1) the swimming area, (2) the surface area of the overflow channel. Thus, when the pool
cover is used, the activity factor for the largest pool is set to 0, while the second pool has
a constant activity factor of 0.8. For occupied pool, the activity factor of the largest pool is
set according to the description in section 4.1.4. The pool model and water surface

equations are given in Appendix J.
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Figure 4-12: Pool models

4.2.4  Air handling unit

The BPS model of the AHU is built in accordance to the description given in section 3.2.
The AHU model, including the control system, is made as a detailed copy of the installed
device, with the same properties and the same components and control algorithms. Some
simplifications are nonetheless inevitable due to limitations in the IDA ICE component
library. Figure 4-13 shows the model of the AHU at Dalgard in a schematic view, with its
physical components, and the control strategies hidden in their own macro objects. The
macro object is a utility model from the component library, which can be used to hide

control algorithms or other parts of the model to make the structure tidier.

The AHU object is connected to the zone model (swimming pool hall) through air terminals
located outside the object. These terminals, and the fans, receives the signal from the
control strategies, determining whether the AHU should run with minimum or maximum
volume flow rate. In addition, the model is connected to the climate file, and the heating
coil is connected to a primary heating boiler located in the plant, given a heat capacity in
accordance with the description found in the user manual of the AHU. The heat pump is
omitted since it did not run during the period of measurements. All components are further

described in section 4.2.5.
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Figure 4-13: Schematic view of the AHU model for Dalgard
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4.2.5 AHU components

Two mixing boxes components are used to achieve an approximately equal property as the
dampers in the real unit shown in Figure 3-3. A signal between 0 and 1 controls how much
of the return air is recirculated before (mixing box 2) and after (mixing box 1) the crossflow
heat exchanger. Figure 4-14 shows the interfaces of the component and its input
parameters and input/output variables. If either the cooling control or RH control request

the minimum fresh air proportion, the damper of mixing box 2 in Figure 4-13 opens to the

msupply,in

position where = control signal = Myyesp qir min, S€E Figure 4-14.

Msupply,out

In bathing mode, the dehumidification damper (labelled 12 in Figure 3-3) is always closed,
and thus the damper of mixing box 1 in position 1 (no recirculation after the dehumidifier).
In this way, the fresh air proportion of the supply air will always be equal to the control
signal sent to mixing box 2. In night mode, the fresh air proportion of the supply will often
be smaller than the control signal of mixing box 2, as the dehumidification damper is not

always closed. The component code is given in Appendix C.

Control signal
(0-1)

o
1

Supply in Supply out

I Recycled

Return out: (<] Return in

Parameters:

[msupply.m‘mm' 1

Mgupply,inmax:
T

|

Local variables:

In variables:

Msuppiy,outs Mreturn,ins Out variables:

Tsuppiyin: T

Myecycledr
return,in T "
Xsupply,ins Xreturn,ins hmvp!v‘n‘n-hww!y.wtr Reeturns supply.in’ Mreturn.out
—_— X, . — T. routs
Psuppty Preturn Xs X mixs Supply.out

. x,
0. ) supply.out
supply,in
ctrl (7 PPLY )
Msupply,out

Figure 4-14: Illustration of the IDA ICE mixing box

To represent the real crossflow heat exchanger, the air-to-air latent heat exchanger shown
in Figure 4-15 is utilized. The input parameters of this model are a supply side
effectiveness, n, and its corresponding rated volume flow rate, an and a minimum allowed
leaving temperature. A modified effectiveness, n’, for volume flows other than the rated is
calculated based on the two former parameters. It is also possible to give a setpoint for
the leaving supply air temperature and control the device with a control signal. In this case

the control signal should always be 1 (heat exchange does always occur) and the
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temperature setpoint is set to 40°C to not limit the heat exchange. In the real heat
exchanger, there is an air pressure drop through the unit. The model component has no

pressure drop.

Leaving supply
temperature
setpoint

|
£ —

Control signal —»» @

Return out 4—
eta=0.7

Supply in Supply out

Return in

Figure 4-15: IDA ICE air-to-air heat exchanger

Based on the input parameters and the variable states of the entering supply and return
air, the actual heat transfer and states of the leaving airflows are calculated. The method
is similar to the Number of Transfer Units (NTU) Method [52], which is used in cases where
only the inlet temperatures of the heat exchanger are known. Possible condensation on
the heat transfer surface is taken into account in the model. It proceeds by calculating the
available heat transfer, Quuaiiabie; Y USING 1'. Quuaianie 1S USed to find an attainable leaving
supply air temperature, which is finally used to calculate the actual heat transfer Qciya- A

compressed code is given in Appendix D.

The fans take the pressure rise at maximum volume flow rate (dp.,...), the total efficiency
(ntor), the motor efficiency (nmoror) and the rated volume flow rate (V,g.q) as input
parameters, and calculates the power supply (Q;4,) of the fans and the outlet temperatures

(T,,:) based on the mass flow rates (m,) and states of the inlet airflows (p(T;,, xin)).

Figure 4-16 shows the interfaces of the component, and the equations are given in
Appendix E. The maximum pressure rise is adjusted to compensate for the lack of pressure

drop trough the crossflow heat exchanger, and through the filters found in the real unit.

Control signal
(0-1)

l
| i
Inlet ‘> Outlet

eta=0.74

Figure 4-16: IDA ICE fan
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Figure 4-17 shows the heating coil used in the model. The component has many
parameters and variables, where the known parameters are adjusted so that the unit
provides the same heat transfer under rating conditions as the real unit. A counterflow
configuration is chosen, as this is believed to be in line with reality. The model uses the
NTU method to calculate the actual heat transfer rate (Q) and the outlet temperatures

(Tair,out» Twater,out)- A simplified code is given in Appendix F.

Air inlet

Ell 4‘* Air outlet

i

Water Water
inlet outlet

Figure 4-17: IDA ICE heating coil

The heating coil valve component, shown in Figure 4-18, is a much simpler model, with
maximum mass flow rate (1,4, control signal = 1) and minimum mass flow rate (1, =
0, control signal = 0) as input parameters. For m,,;,, = 0, the variable mass flow rate through

the valve is given by m = m,,,, - (control signal).

Water
inlet

Control signal W,
©-n A

Water
outlet

Figure 4-18: IDA ICE valve
A standard boiler is used both for heating of water to the heating coil and for heating of
pool water. The standard boiler in the IDA ICE library has six interfaces, where the four
depicted in Figure 4-19 are used in this model. Among the input parameters are the boiler
efficiency (poier), Maximum heating capacity (Qmay), pump efficiency (n,ump,), outlet
temperature setpoint (T,,; ) and outlet pressure at full pump speed (psermax). The model

equations are found in Appendix G.
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Figure 4-19: IDA ICE standard boiler

4.2.6  AHU control strategies

In this section, the construction of the RH control strategy, presented in section 3.2,

described. The other control strategies are made in a similar manner.

Figure 4-20 shows the inside of the RH control macro hidden in the schematic view of the
AHU model in Figure 4-13. Yet another three macros are found within the RH control macro.
The output signal from the RH controller (upper macro) is sent through measure links to
the other macros; one for the night mode control strategy, another for the bathing mode
control strategy. Based on a reference from the operation schedule, logical switch

components decide which of these strategies that are used to control the actuators inside

the AHU model.

Contrel strategy

RH
controlier

Control strategy
bathing mode

Night mode
’ - bathing mose

Compressor Total volume
flow rate

The RH controller macro is shown Figure 4-21. It contains the controller macro, neutralizer,

Figure 4-20: IDA ICE RH control macro

and links to the measured RH, setpoint and controller output signal.
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RH set point

Measured return air RH

Controller, Neutralizer

urPUT FILE
RH signal

Figure 4-21: RH controller macro

The PI controller depicted in Figure 4-22 is constructed by Ole Smedegard. It contains a
proportional term and an integrator term, which are tuned to achieve a satisfactory
performance of the controller. The Limiter component limits the controller output signal,

whose signal range is set according to observation of the monitoring signal in the real unit.

RH setpoint I

Measured
RH

‘-—mi: [~ ~

L1 o

+

o

integrator term

Neutralizer

N

— <1
oy
A
(Z]
\

l Output signal oy

Figure 4-22: RH PI controller. Credit: Ole Smedegard

Due to lack of knowledge about the PI controllers in the MENERGA ThermoCond 37 AHU,
the controllers are constructed according to the description of the controllers in another
commonly used AHU in swimming pools, MENERGA ThermoCond 39 [53]. They operate as
P controllers up to a certain deviation, where the integrator term is activated. The
integrator term remains active until the deviation becomes equally large at the opposite
side of the setpoint. For instance, the integrator term of the RH controller is activated when
the measured return air RH is 2% higher than the setpoint, and remains active until the
measured RH becomes 2% below the setpoint. At this point, the controller is neutralized.

The controller is illustrated in Figure 4-23.

49



Deviation

s

2% —+—

P controller Pl controller

Setpoint  ----f---------ommm oo

2%

Figure 4-23: RH controller hysteresis. Idea: Ole Smedegard

It is assumed that the controllers operate with this PI hysteresis characteristic in both
bathing mode and night mode. The model of the neutralizer algorithm is shown in Figure
4-24. In addition to the PI hysteresis, a logical statement which says that the integrator
term should only be included if the controller output signal is within the range set in the
limiter in Figure 4-22. This is ensured by the lower input of the logical AND component,
whose output is true only of both inputs are true. The integrator term of the controller is

neutralized if the output signal from the switch component becomes 0.

Bathing mode/ night mode (1/0) [

Limiter in 43 o~

Upper limits B

Figure 4-24: Controller neutralizer

The algorithms of the different levels of the RH control strategy in bathing mode for the
AHU at Dalgdrd are shown in Figure 4-25. Various logical components are utilized in order
to achieve similarity with the description given in section 3.2.1.2. Figure 4-26 shows how
piecewise proportional controllers are used to convert the controller output signal to a
value between 0 and 1, which in this case is used to release the minimum fresh air
proportion. The piecewise proportional controller can also be used to make stepless
controls, by adding more x-coordinates, which is used in the third level of the control

strategy, according to the description in section 3.2.1.2.
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Figure 4-25: Levels of RH control, bathing mode
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Figure 4-26: IDA ICE piecewise proportional controller

4.2.7 AHU model with heat pump

A second model of the AHU at Dalgard is made to investigate how the heat pump will affect
the results if it was running. As there are no heat pump models in the IDA ICE library
including both an air condenser and water condenser, an air to water heat pump is utilized.
The water circuit at the condenser side of the heat pump is connected to the air condenser
and pool water condenser through a self-constructed solenoid valve (Figure 4-28) hidden
in the macro shown in Figure 4-27. The control macro works in such a way that the water
is fed to the air condenser when there is a need for heating of air, while it is fed directly to
the pool water condenser when the air temperature inside the swimming pool hall is too
high.
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Figure 4-27: Schematic view of the AHU model for Dalgard, including the integrated heat pump
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Figure 4-28: Condenser side of heat pump circuit

Figure 4-29 shows the air to water heat pump used in the model. The control signal
received from the RH and cooling control strategies determines the operation of the
compressor, according to the description given in section 3.2. Among the input parameters,

the total heating capacity and COP are adjusted according to the description of the real

units.
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Figure 4-29: IDA ICE air to water heat pump

4.2.8 Pool water circuit

The model of the pool water circuit at Dalgdrd is shown in Figure 4-30, and the balance
tank interconnections hidden in the macro is shown in Figure 4-32. It is a simplified version
of the real system, but contains the most important components in terms of energy

balance. Also included in the model plant is the heat source for the AHU heating coil.

From heating coil To heating coil

From pool

Temperature setpoint

To overflow channel

To pool

................ 0] v ICE-MACRO

Macro From overflow channel
AHU pool water hx

Figure 4-30: Schematic view of the pool water circuit model for Dalgard

To represent the partial flow to the primary heat exchanger, PH, illustrated in the system
sketch in Figure 3-2, the model component PMTMultiT, shown in Figure 4-31, is used. It is
an idealized liquid temperature controller with multiple possible heating/cooling source
links. In this case, the input parameters are the amount of circulation in the pool water
circuit (m.;,.) and the maximum mass flow rate from the boiler (1eq¢max). A PI controller,
which compares the measured pool water temperature and setpoint, gives a signal (ctrl)
that controls the mass flow rate from the boiler (m,;.,), and thus the heat transfer. The

model equations are found in Appendix H.
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Figure 4-31: IDA ICE PMTMultiT component

4.2.9 Balance tank

The balance tank is assumed to have no stratification, due to the high stirring of water
observed in reality. As shown in Figure 4-32, the inlet flows are the return water from the
overflow channel, make-up water directly into the tank, and make-up water through the
backwash heat exchanger. The backwash amount of 7000 liters per week is evenly
distributed to a value of 0.011574 kg/s, with the same temperature as the balance tank

outlet. The model equations for the tank is found in appendix I.

Make-up water

Variable temperature
and massfiow rate of
make-up water

>
0011574 -

From overflow channel

Balance tank FL &

e

To primary heat exchanger

Make-up water
=3 '

132
Figure 4-32: Balance tank model

A variable mass flow rate and temperature of the entering make-up water is achieved by
utilizing a source file, which is an object that makes it possible to feed the model with a
set of variable data in the columns of a text file. In this case, the source file contains the
real measured mass flow rates and temperatures of the two different make-up water inlets

shown in Figure 4-32.
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4.2.10 Summary of simplifications and assumptions

The IDA ICE model consists of components treated as nodes described by stationary
equations. Thermal inertia is absent, and the setpoints of different variables are easier to
keep than in the real facility. In addition, the following simplifications and assumptions are

made:

e Surface temperatures in adjoining rooms are assumed constant. These
temperatures are based on an average of measurements.

e In the climate files, wind and radiation data are not measured on site, but retrieved
from the nearest possible weather stations. The sky is assumed to be overcast, with
no direct radiation. Temperature and RH are taken from onsite measurements, and
thus in line with reality. Air pressure is assumed to be 1 atm.

e Filters are not included in the AHU models (not possible in IDA ICE), and the
pressure rise through the fans is adjusted to achieve reasonable pressures at the
air terminals in accordance with reality.

e Dampers are excluded from the model and instead replaced with two mixing boxes:
one for return air recirculation before the crossflow heat exchanger and fresh air
proportion control, and another for exhaust air recirculation after the dehumidifier.

e The integrated heat pump with refrigerant R407C is replaced by an air-to-water
heat pump model, thus using water as heat carrier in the air condenser and pool
water condenser. However, the heat transfer rates at rating conditions are set
according to the description of the real unit.

e Pumps, filters, and UV-lamp in the pool water circuit are omitted, and the model

pipes have no heat loss.

55



5 Results

In the present chapter, results from measurements and calculations will first be compared
with those coming out of simulations in IDA ICE. Both the evaporation rate and the
characteristics of the various thermal systems in the plant are considered. Furthermore, it
is considered what effect it could have had on the results if the integrated heat pump in
the air treatment unit had worked. Finally, a sensitivity analysis of the model was carried
out to see if the results it gives in different operating situations are in accordance with

what one would expect from theory.

5.1 Estimated activity factors

The activity factor, F,, is estimated as:

e F,=0.8 for the overflow channels (constant)
e F, = 0.6 for the pool water surface (without pool cover)
e F,=0.65 for the pool water surface in periods of pool cleaning

e For occupied pools, the activity factor is given as:

AL+1

F, = 03753(0.0163N +0.6222) + —

(0.0163N + 0.6222) 5.1

where N is the number of people in the pool, and AL is the activity level determined from
the scale presented in Figure 4-2. This is an empirical equation that is constructed to give

satisfying results for a number of people in the pool between 5 and 25.

The activity factor of 0.6 for unoccupied pool (without pool cover) is higher than the typical
activity factor found in the ASHRAE Handbook [9] given in Appendix B. This is done to
calibrate the correlation to the base case of no activity. It is reasonable that the activity
factor should be higher for this pool, as the water temperature of 33°C is higher than the
typical water temperature for public pools given in Table 2-1. From the theory, it is known
that a higher water temperature will result in a higher evaporation rate. F, = 0.65 is used
for the periods where a pool cleaning robot was used inside the pool. This is due to

observations of small movements in the water surface, as shown in Figure 5-1.
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Figure 5-1: Illustration of water movements due to pool cleaning robot

When the pool cover is used, there will still be evaporation from the overflow channels.
Water drops from the pool water surface into the channels, resulting in waves and higher
water agitation than for unoccupied pool without pool cover. The value of 0.8 is empirical,
and is chosen to fit the evaporation rate to the corresponding value obtained using the

water vapor mass balance given in equation 4.2.
The utilized activity factor for occupied pools are obtained from the following procedure:

* T, is calculated from the mass balance in equation 4.2 (minute values)

e The calculated my,,, is inserted into the ASHRAE equation [9] (equation 2.7) to find
F

e F, is plotted against the corresponding registered numbers of people in the pool, to
obtain to following correlation:
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Figure 5-2: Correlation for estimating F;
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A linear trendline for the plotted values is given by the equation y = 0.0163x + 0.6222 with
an R? value of 0.3753. This means that 37.53% of the correlation between F, and N can
be explained by linearity, while the rest is due to other influencing factors [54]. In this
case, the rest of the influencing factors on equation 5.1 is assumed to be attributed the
activity level of the swimmers. The activity level (AL) is included in the second term of

equation 5.1, which is tuned to obtain satisfying results.

5.2 Model validation

A good compliance between measurements and results from simulations is important for
the model to be valid. In this section, the model will be validated both in terms of
evaporation, air conditions, and the energy requirements for room heating and pool water

heating.

5.2.1 Evaporation rates

Figure 5-3 shows the evaporation rate from the pool surface obtained from mass balance
calculations (equation 4.2), ASHRAE and Shah correlations, and simulation, presented as
an hourly moving average throughout the measurement period (February 25 to March 11).
Included in the figure are also the setpoint temperature of the air, and during which periods
the pool cover was used. It is clear that the pool cover is an effective tool, with a
significantly lower evaporation rate during the periods in which it is used. The calculated
(mass balance) average evaporation rate in periods of empty pool increases from 4 kg/h
to 25 kg/h when the pool cover is removed. The latter is significantly higher than the typical

value for unoccupied pools of 10 kg/h stated in Byggforsk [25] (Table 2.3).

The setpoint temperature in the swimming pool at Dalgard is 33.5°C, while the reference
temperature for unoccupied pools given in Byggforsk is 28°C. A higher evaporation rate
than 10 kg/h outside occupancy is therefore as expected. From the Buck equation [6], it
can be calculated that the vapor saturation pressure at water temperature increases from
3.78 to 5.18 kPa, if the water temperature is raised from 28 to 33.5°C. A higher vapor
saturation pressure at water temperature (py,, ) inserted into the ASHRAE equation [9],
shows that the evaporation will be higher at a water temperature of 33.5°C compared to
28°C.
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Figure 5-3: Observed evaporation rate by mass balance, different correlations and simulation

Within activity, Byggforsk [25] states a typical evaporation rate of 0.35 - 0.5 kg/m?h for
therapeutic pools with water temperatures between 32 and 36°C. As the size of the water
surface at Dalgdrd is just below 100 m2, the results shown in Figure 5-3 are in good

agreement with Byggforsk within activity.

5.2.2  Correlations

Figure 5-4 shows the correlation between the evaporation rate calculated from water vapor
mass balance and estimated by the ASHRAE equation [9]. On average, the estimated
evaporation rate from the AHRAE equation is 9.2% higher than mass balance calculations
throughout the measurement period. The coefficient of determination [54], or R?, is 0.89,

which means that there is a high linear relationship between the two methods.
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Figure 5-4: Correlation between evaporation rate calculated from mass balance and with ASHRAE
equation

The relationship between calculated evaporation from mass balance and using the Shah
equation [18] (given in Appendix A) is shown in Figure 5-5. It shows that the Shah equation

to a larger extent overpredicts the evaporation rate, especially at higher activity levels.
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This can also be observed in Figure 5-5, where the Shah equation (green line) has higher
peaks than the mass balance (black line). For the entire period, the Shah equation gives,
on average, a 13.7% higher evaporation rate than the mass balance calculations do. The

resulting R? is slightly reduced, and 87% of the correlation could be explained by linearity
between the two methods.

aporation rate from mass balance [kg/t

Figure 5-5: Correlation between calculated evaporation rate from mass balance and with Shah
equation

A comparison between the calculated evaporation rates from mass balance and the results
from simulations, shown in Figure 5-6, looks very similar to the correlation found in Figure
5-4. The similarity is as expected since the IDA ICE model calculates the evaporation rate
with the ASHRAE equation. Compared to the mass balance calculations, the average
evaporation rate, for the entire period, is 8.5% higher for the simulations. As for the
ASHRAE equation, the R? value is 0.89.
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Figure 5-6: Correlation between calculated evaporation rate from mass balance and simulation
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5.2.3  Effect of variable air temperature on evaporation

From the theory, it is known that the air temperature above a pool will affect the
evaporation rate from the water surface. During the measurement period, the set point
temperature of the air was lowered and raised from the default value of 31.5°C to study
this effect. It is here chosen to look at the periods when there is no activity in the pool and

the pool cover is not in use.
Comparison between mass balance and simulations

Figure 5-7 shows how the calculated and simulated evaporation rate decreases, as the

temperature of the surrounding air increases due to a raised setpoint.
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Figure 5-7: Comparison of average evaporation rate versus return air setpoint temperature for
unoccupied pool (mass balance and simulation)

In Figure 5-7, it can be observed that the difference between simulated and the calculated
average evaporation rate is higher at a return air setpoint temperature of 32.5°C. With a
setpoint temperature of 30.5°C, the difference is 0.6 kg/h, while at a setpoint temperature
of 32.5 C, it is 3 kg/h. In the model, the return air temperature is always very close to the
setpoint since it does not contain any thermal inertia. This is a result of all components in
IDA ICE being treated as single nodes, described by stationary equations. In the real
swimming pool, on the other hand, there are large inertia, due to a large room volume and
long ventilation ducts, as well as inertia in water heating for both the pool and the heating
of supply air. This makes the system difficult to regulate, and differences between setpoints
and measured values are inevitable. Overshoots and undershoots may occur when

setpoints are changed.
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Comparison between ASHRAE equation and simulations

Figure 5-8 shows the same comparison for the evaporation rates obtained in the
simulations and by using the ASHRAE equation with an activity factor of 0.6 as described

in section 5.1.
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Figure 5-8: Comparison of average evaporation rate versus return air setpoint temperature for
unoccupied pool (ASHRAE and simulation)

The reduced evaporation rates are explained by the ASHRAE equation [9], which, for
unoccupied pools, says that the evaporation rate is only a function of the vapor saturation
pressure at water temperature and air dew point temperature (the activity factor is
constant). For higher dew point temperatures, and thus higher pg,q,, the difference
(Psatw — Psat.ap) 1S reduced, which results in lower evaporation rates. The same result is

obtained if the water temperature, and therefore pg,, ., is reduced.

From a Mollier chart, it can be found that a reduction in RH will result in a lower dew point
temperature if the air temperature is kept constant. Figure 5-9 and Figure 5-10 shows the
measured and simulated RH and water temperature for the same periods shown in Figure
5-8. A small reduction in measured RH, and a slightly higher measured water temperature
can be observed at a higher return air temperature setpoint. However, the increased air
temperature above the pool is in this case found to have a greater impact on the

evaporation rates.

In the period with a return air setpoint temperature of 30.5°C, the measurements showed
that the difference in vapor saturation pressures, (psaew — Psatap), Was 2.94 kPa with the
corresponding measured air temperature, RH and water temperature. At the setpoint of
32.5°C, the resulting (psqew — Psarap) Was 2.87 kPa. Consequently, the estimated
evaporation rate with the ASHRAE equation is lower at the setpoint of 32.5°C than at the
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setpoint of 30.5°C, although there is a slightly increase in measured water temperature
and reduction in RH.

For the simulations, the water temperature and RH above the pool are unchanged at the
different return air temperature setpoints. Thus, the difference in vapor saturation
pressures, (Psaew — Psatap), 1S ONly a result of the air temperature. Consequently, Figure 5-8
shows a slightly higher variation in the evaporation rates at the different return air

temperature setpoints for the simulations than for estimations with the ASHRAE equation.

30,5 315 s
Return air setpoint temperature [°C]

W Measured RH above pool Simulated RH

Figure 5-9: Comparison of measured and simulated RH in periods of no activity in the pool, at
different return air temperature setpoints
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Figure 5-10: Comparison of measured and simulated water temperature in periods of no activity
in the pool, at different return air temperature setpoints

5.2.4 Room air and water temperature

The results given in section 5.2.3 indicated that both the measured temperature above the
pool and water temperature were lower than what was obtained in the simulations. In
Figure 5-11, the measured return air temperature and measured temperature above the
pool is compared with the simulated air temperature for the entire measurement period.
The simulated air temperature is at the setpoint throughout the entire period, while the

measured return air temperature is slightly higher. Above the pool surface, the
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temperature is, on the other hand, about 0.5°C lower than the setpoint. This indicates
thermal gradients that is not observable in the model, as the entire air volume is treated
as a single node. However, the shapes of the curves are very similar, and the control

strategies in the model AHU seems to be in compliance with the real unit.
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Figure 5-11: Comparison of measured and simulated air temperatures (hourly moving average)

In Figure 5-12, the measured water temperature is found to be, on average 0.7°C below
the setpoint temperature of 33.5°C. It can be observed that the simulated water
temperature is quite stable, close to the setpoint, while the measured temperature follows
a more fluctuating manner. A reasonable explanation is the thermal inertia of the real pool

water, that is not found in the model, or a small calibration error in the thermostat of the
real plant.
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Figure 5-12: Comparison of temperature in overflow channel (hourly moving average)

As both the measured water temperature and air temperature above the pool is lower than
the simulated values, the impact on the evaporation rates will be minimal. For instance,
air at 31.5°C and 50% RH, and a water temperature at 33.5°C, gives a difference in

saturation pressures (psqew — Psarap), Of 2.87 kPa. Air at 32.5°C and 48% RH, and a water
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temperature at 32.8°C givesS psaew — Psarap = 2.89 kPa. Thus, the evaporation rates

presented in section 5.2.1 are not affected to any significant extent.

5.2.5 Return air characteristics

Figure 5-13 shows the measured and simulated return air volume flow throughout the
measurement period. In the first half of the period, when pool cover was used overnight,
the simulated volume flow rate fluctuates more between V,,;, and V,,,, than what the
measured volume flow rate does. This may be due to a quicker response in the controllers
within the model, than for the real controllers. In the second half of the measurement
period, both the real unit and the model run with maximum airflow, which makes sense as
evaporation is higher without the use of pool cover. Since the graphs show the hourly
moving average of the measurements, it may appear that the volume flow rates for some
periods are at a value between V,,;,, and V,,,,, which is not the case for this unit, which has

no stepless regulation between these levels.

ow rate [m3/h

Date and time

——— Measured return air volume flow rate Simulated return air volume flow rate = = Maximum volume flow rate = = Minimum volume flow rate

Figure 5-13: Measured and simulated return air volume flow rate (hourly moving average)

In Figure 5-14, it can be observed that the shape of the curve for the simulated return air
RH is in high accordance with the simulated volume flow rate. This indicates that the model
works as intended, where the AHU operates with higher volume flow rates when the RH
inside the swimming pool hall is elevated. The figure shows that the measured RH with the
WS-DLTc sensor is about 5% lower than the setpoint of 50% throughout the entire
measurement period. At the same time, the integrated sensor in AHU shows a measured
RH close to the setpoint. As this sensor is not calibrated, a higher RH than what is actually
the case is perceived. There is, however, a great compliance between the curves for the
measured and simulated return air RH, as a result of a model control strategy for RH

regulation similar to the one found in the real unit.

65



60 T

55 +

50 +

a5 4

RH [%]

20

35 1

30 +

25

IS S ) g g ‘ g ¢ s
s RO S ) R S N R S A S S P S IS
V- e o N v o voe v v o N v o v D v W v
" b LD or b D ot @Y D o S oY @ ot D o ot O of Y S e o
SIS SRR & A 4 ST o & Y &8 ARSI S G ARSI
B N e A R I S v I PG P R S A o F [N (S S o0 5

Date and time

Measured return air RH Simulated RH Measurements, AHU sensor
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5.2.6 Exhaust air temperature

The exhaust air temperature is an indicator for how efficient the heat recovery system in
the air handling unit is. In Figure 5-15, some variations are observed between the
measured and simulated exhaust air temperature, but the average is 19.9°C in both cases.
The high temperature is a result of the idle heat pump, thus lacking an important energy-
saving measure within the AHU. Both the measured and simulated exhaust air temperature
follow the same shape, with five significant peaks. These peaks correspond to the periods
when the AHU ran with the minimum volume flow rate, shown in Figure 5-13. In these
periods, smaller volume flow rates through the cross-flow heat exchanger results in a

reduced heat transfer, and thus a higher exhaust air temperature.
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Figure 5-15: Exhaust air temperature (hourly moving average)

5.2.7 Thermal energy needs

In the real pool water circuit, the water will be heated both through the pumps, by UV
radiation, and through the primary heat exchanger, as illustrated in Figure 2-4. In the

model, however, all the heat transfer takes place in the primary heat exchanger since
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pumps and UV are not included. Figure 5-16 shows the average heat transfer in the various
components of the real circuit, as well as the total heat transfer for both the real circuit
and the model, for the entire measurement period from February 25 to March 11. The
results indicate a slightly higher average power for pool heating than the real circuit does,
with an average of 19 kW and 17 kW, respectively.
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Figure 5-16: Average pool water heat gains [kW], measured and simulated

The mass flow rate and temperature of the make-up water is similar in both reality and
the model, and does not explain this difference. In section 5.2.2, an 8.5% higher average
evaporation rate was obtained in the simulations compared to the calculated evaporation
rate from a water vapor mass balance. Thus, in the model, there will be a higher heat loss
through evaporation from the water surface. The results obtained here may indicate that

the estimated activity factors described in section 5.1 are a little too high.

Figure 5-17 shows the comparison of measured and simulated supply air temperature.
Both graphs follow the same trend, and the results of the changed return air setpoint
temperature are clearly evident. The simulated temperature is slightly lower than the
measured one, with an average of 34.8°C compared to a measured average of 35.8°C. This
may indicate that the real swimming pool facility has a larger thermal heat loss than the
model. This is due to the multifunctionality of the AHU, described in section 3.2, which also

include covering of the pool hall space heating demand.
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Figure 5-17: Comparison of supply air temperatures (hourly moving average)

The heat transfer in the heating coil obtained from both the measurements and the model
is shown in Figure 5-18. It shows good compliance, where the average heat transfer for
the real measurements is 8.6 kW, compared to 8.2 kW in the simulations. This corresponds
to a 4.7% lower heat transfer in the simulations than the measured one. Again, this is a
result of possibly a slightly higher heat loss in the real swimming pool than in the model,

and is in line with the simulated supply air temperature being somewhat lower than the
measured.
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Figure 5-18: Comparison of heat transfer in the AHU heating coil (hourly moving average)

5.3 Results with heat pump

The results so far have been for the facility without the integrated heat pump in the AHU
in operation. In modern well-functioning plants, the integrated heat pump is an important
part of the thermal system. This section deals with simulations were the heat pump is
included in the model, according to the schematic shown in Figure 4-27, achieving a higher
heat recovery at the exhaust and dehumidification at nights. Since the heat pump is

intended to be an energy-saving measure in the thermal system of the swimming pool
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facility, the results will be compared to those obtained from the model without the heat

pump.

The first thing to note is that the exhaust air temperature out of the AHU drops significantly,
as shown in Figure 5-19. This shows that the heat pump has an important function in
recovering much of the energy in the exhaust air, which would otherwise be lost. Compared
to the model without heat pump, the net heat loss through the ventilation air drops from
12.27 to 8.95 kW, a reduction of 27%.
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Figure 5-19: Comparison of AHU exhaust air temperature, with and without heat pump (hourly
moving average)

The heat absorbed in the evaporator of the heat pump will, as described in section 3.2,
either be used to heat the supply air in the air condenser or eventually heat the pool water.
Figure 5-20 shows that the average heat demand for heating of supply air in the heating
coil decreases considerably with the introduction of the integrated heat pump. The
reduction is as much as 50.6%, from 8.26 to 4.08 kW.
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Figure 5-20: Comparison of heat transfer rate in AHU heating coil, with and without heat pump

(hourly moving average)
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When comparing the heat transfer in the air condenser and the heating coil, Figure 5-21
shows that the air condenser largely takes over the task of heating supply air. The air
condenser will be used to heat supply air as long as there is both a heating demand and a
dehumidification need. The figure shows that the heating coil and the air condenser
complement each other well, according to the system description given in section 3.2,
where the heating coil is utilized when the air condenser is not sufficient or the compressor
is switched off due to low dehumidification needs.
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Figure 5-21: Heat transfer rate in air condenser and heating coil (hourly moving average)

With an average heat transfer of 7.0 kW in the air condenser and 4.08 kW in the heating
coil, the total thermal power for heating supply air becomes 11.08 kW, which is 1.19 kW
lower than the heating coil gave without the integrated heat pump. This can be explained
by the fact that the dehumidification damper after the dehumidifier, illustrated in Figure
3-3, is now in use. More air with a higher temperature than the outdoor air is recovered,
and the heating demand decreases.

The high peaks in the heating coil heat transfer rate observed in Figure 5-20 and Figure
5-21 are due to periods of very low humidity inside the swimming pool, as could be
observed in Figure 5-23. The AHU will run with minimum volume flow rate, shown in Figure
5-22, and since the compressor is switched off, all the heating needs must be covered by
the heating coil. Some discrepancy between control strategy and the one implemented in
the model, may be the reason for the drops in RH.
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Figure 5-22: Comparison of supply air volume flow rates (hourly moving average)

According to the control strategy described in section 3.2, the compressor is turned on
when the return air RH exceeds the set point of 50% and turns off when the RH has fallen
2% below the set point. This may be somewhat unclear in Figure 5-23, due to values
presented as hourly moving averages. The compressor has no part load operation, which

it may look like, but presenting minute values would give a messy figure.
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Figure 5-23: Comparison between heat pump operation and return air RH (hourly moving
average)

Figure 5-24 shows the heat transfer rate in the pool water condenser and the primary heat
exchanger in the pool water circuit. The AHU integrated heat pump makes a significant
contribution to pool water heating, with an average of 5.62 kW. Overall, this means that
the heat demand in the primary heat exchanger is reduced by 30.4%, from 19 kW without
the pool water condenser, to 13.62 kW when the heat pump is in operation. In total, the
model shows that if the heat pump were running, the total delivered energy to the
swimming pool facility would have dropped from 10 379 kWh to 6 610 kWh for the period
February 25 to March 11.
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Figure 5-24: Heat transfer rate in pool water condenser and primary heat exchanger (hourly

moving average)

5.4 Annual energy consumption

In this section, the results from a one-year simulation of the model both with and without
the integrated heat pump will be presented. Swimming pools typically have a large energy
consumption compared to other building categories, and a comparison of the facility at

Dalgard with key numbers found in the literature will be interesting.

In these simulations, the occupancy schedules are simplified compared to the detailed
schedules from the analyzed measurement period. The following schedule for activity in
the pool is used

e Weekdays: 08:30 - 15:00 and 17:30 - 21:30
e Weekends: No activity

e June 20 to August 16 (summer holiday): No activity

The operation schedule for the AHU is the same as the one described section 4.1.3, except
the summer holiday, where it is assumed to run in night mode operation. An average
activity factor of 0.9 is used for all periods with activity in the pool, and the pool cover is
assumed to be applied outside activity.

Figure 5-25 shows the total annual energy consumption of the swimming pool facility with
and without the integrated heat pump in the air handling unit. In these numbers, both the
thermal energy consumption and electricity consumption are included. The purple bar
shows the average energy consumption found in the study at Statistics Norway in 2008

[1].

The results show that the total energy consumption is reduced by 26%, from 914 to 676

kWh/m? usable floor area, using a heat pump in AHU. This is a significantly higher value
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than the 14% reduction predicted in the Swedish study from 2001 [28], presented in
section 2.3.2. Compared to the average energy consumption of 300 kWh/m? found in the
study from Statistics Norway, the energy consumption both with and without heat pump

is very high.
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Figure 5-25: Comparison of annual energy consumption per usable floor area

On the other hand, if one looks at the total energy consumption per square meter of water
surface, the picture looks quite different. In Figure 5-26, the total energy consumption for
the model without heat pump is 2,080 kWh/m? water surface, while it has been reduced
to 1,540 kWh/m? water surface when the heat pump is included. Both these values are
within the lower range of energy consumptions found by Kampel et al. for 41 Norwegian

swimming facilities [2].
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Figure 5-26: Comparison of energy consumption per water surface area
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5.5 Model sensitivity analysis

In order to investigate whether the model behaves as desired with different input
parameters, a sensitivity analysis has been performed here. The results from the
simulations in such an analysis will be interesting, as they can give an idea of what
measures that could have been implemented in the real swimming pool facility to improve
the performance of various thermal posts. The analysis is based on the measurement

period from February 25 to March 11, where the heat pump was not in operation.

5.5.1 Reduced water temperature setpoint

If the water temperature is lowered and the setpoint air temperature is kept constant at
31.5°C, the evaporation rate from the water surface will, according to the theory, decrease.
This is shown in Figure 5-27, where the average evaporation rate in the entire analyzed
period (including the periods of occupied pool) decreases from 21.5 to 11.2 kg/h when the
water temperature setpoint is reduced from 33.5 to 28°C. Similarly, the heat demand for
pool water decreases from 19.1 to 6.4 kW, which would give a significant saving of 66.5
%. In contrast, the simulations show that the heating demand in heating coil increases by
33.4%, from 8.26 to 11.0 kW. This is a natural consequence of the fact that a colder water

temperature will cause less heat loss to the surrounding air.
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Figure 5-27: Sensitivity analysis of reduced water temperature setpoint

5.5.2  Impact of pool cover

During the second half of the measurement period, from March 3 to March 11, the pool
cover was removed so that it was not used when the pool was empty. Table 5-1 shows the
impact on the average evaporation rate and the heating demand for pool water during this
part of the measurement period, compared to a scenario where the pool cover was used

during the nights. It is assumed that the pool cover is applied right after the last activity
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in the pool. With pool cover, the results show that the average evaporation rate would
drop from 28.54 to 13.64 kg/h, a reduction of 52.2%. The heating demand for pool water
is shown to be reduced by 44.9%, from 24.08 to 13.27 kW.

Table 5-1: Impact of pool cover

Model without pool cover at Model with pool cover at
night night
Average evaporation rate
28.54 13.64
[kg/h]
Average power for pool
24. 13.27
heating [kW] 08 3

5.5.3 Increased insulating ability of the building constructions

The swimming pool at Dalgard is an old building, and although accurate U-values for the
various building structures are not known, much indicates that large parts of the outer
structures have a relatively poor insulating ability. This is shown in Appendix L, where
various parts of the outer structures are photographed with a thermography camera. The
pictures show that the interior surface of some parts of the external constructions keep a
temperature of 15 to 16°C. The problem is particularly great in the transition between walls
and ceilings, and at the positions of the studs. From a Mollier chart, one can find that the
dew point temperature of air at 31.5°C and 50% RH is about 20°C, which means that there

will be significant condensation problems at these locations.

Figure 5-28 shows what impact an increasing insulation thickness in the older parts of the
outer structures would have on the total delivered power to the swimming pool, the
average heat transfer in the heating coil, and the supply air temperature, during the period
the measurements were carried out. In addition, the figure includes the results obtained if

all external construction were in accordance with the passive house standard.
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Figure 5-28: Impact of increased insulating ability of the external constructions
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The results show that the average heat transfer in the heating coil and total delivered
energy is little affected by the insulation in the old wall being increased from 10 to 30 cm,
with only a reduction from 29.1 to 28.8 kW for the latter. In these simulations, the original
normalized thermal bridge value of 0.1 W/m?K is not changed. If, however, all the external
constructions are upgraded to meet the requirements for U-values and normalized thermal
bridge value given in the passive house standard, the average heat transfer in the heating
coil and total delivered power drops to 7.3 and 27.7 kW respectively. This is a reduction of
11.6 and 4.7%, respectively. As a result of lower heat losses through the constructions,

the average supply air temperature drops from 34.8 to 34.0°C.
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6 Discussion

The comparison of real measurements and results from simulations with the IDA ICE model
has been found to give a good match in the prediction of the energy needs and other
characteristics of the thermal systems in the swimming pool analyzed. This chapter is
devoted a discussion on the model's validity, the significance of the results, and what utility

the model may have in future projects.

6.1 Model validity

The main purpose of this master thesis was to further validate dynamic models for
swimming pools. A valid model should be a good representation of the real building, to be
able to give a fairly correct description of the thermal characteristics. A great deal of effort
has therefore been put into recreating the real control strategies for heating, cooling, and
dehumidification of air, as well as heating of pool water. The use of the swimming pool is
carefully logged through on-site observations, and at those times of the day when these
observations have been deficient, estimates have been made based on the water level in
the balance tank and repetitive schedules. In order to make the external influences on the
model as real as possible, a weather file was created, where own on-site temperature and
humidity measurements were entered together with other necessary weather data from
the nearest available weather station. All of these actions were performed to give the model

the most accurate input parameters.

However, small errors in the model's input parameters have been inevitable, and there will
be deviations in both activity schedule, weather file, model's building construction and
control strategies. Due to privacy rules, it was difficult to monitor the swimming pool
through a camera. New solutions for this are emerging in the market, but in this context,
it was considered that on-site observations were a good enough approach. The perception
of the activity level in the pool will always be subjective, whether you see it through a
camera or through your own eyes. A camera or sensor, on the other hand, would have
been useful in those times when it was not possible to be present in person. Discrepancies
in activity level are believed to mainly affect the results showing evaporation from the pool,
and to some extent heating of pool water as a result of an either too high or too low
estimated activity factor. Since the results showed a difference of 8.5% between calculated
evaporation based on measurements and the model's estimate, it can be concluded that

the estimated activity factor has been relatively good. The assumption of 1 atm air pressure
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in the water vapor mass balance calculations proved to be good due to the high correlation

obtained with the empirical formulas.

A higher correlation with the ASHRAE equation strengthens its position in relation to, for
example, the Shah method, which was found to give a somewhat too high evaporation rate
compared to the calculations. It is an easier equation to use in calculations, as Shah's
method involves four different calculation steps, as shown in Appendix A. More calculation
steps may increase the error, due to small uncertainties in the input variables. The ASHRAE

equation is also more widely used, and thus suitable for comparison.

The air exchange inside the swimming pool mainly takes place through the ventilation unit,
and with large supply air and return air volume flow rates, infiltration or exfiltration through
the external constructions is assumed to be negligible in proportion. Wind variables in the
weather file taken from a weather station a few kilometers away is therefore assumed to
have minor impacts on the results. Assuming all radiation to be diffuse radiation is also
considered to be fair since the measurements were carried out in the period February to
March. For the one-year simulation, this assumption might have affected the results, in
terms of a too low irradiation through the windows. In the warmest months, this would
probably lead to a higher cooling demand, and thus a higher energy consumption in terms
of larger volume flow rates within the AHU. In other periods, when the outdoor air

temperature is lower, irradiation might reduce the energy consumption.

A more careful measurement of the U-values of the different building constructions and an
overview of the different layers of the constructions could be advantageous in order to
achieve a correct match between the heat losses in the model and the actual building. At
the same time, the results of measured and simulated supply air temperature and heat
demand for heating of supply air are in good agreement. A deviation of 4.7% in delivered
power in the heating coil during one of the coldest periods of the year will not have a great

impact on the total energy demand for heating of air throughout a year.

In the model, the temperature and dehumidification control strategies were carefully
structured according to the description in the technical documentation of the real unit.
Therefore, the main features of the model's control strategies should be fairly correct. The
lack of some components in the IDA ICE library, on the other hand, means that the model
air handling unit will differ somewhat from the real unit. For example, the real dampers
had to be replaced with two mixing boxes, which controlled the ratio of fresh air, recycled
air, and supply air in the most possible similar way as the real dampers do. The results
showed that there was some deviation between when the actual unit and the model
switched between the minimum and maximum volume flow rate, where the real unit ran

to a greater extent with maximum volume flow rates than the model did. Uncertainty
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regarding the uncalibrated integrated sensors in the real unit may explain some of these
differences. The comparison of the return air RH supports the explanation of uncalibrated
integrated sensors in the AHU, as the trend of the measured curve and simulated curve

were very similar, and the main difference was the constant deviation of 5%.

The model lacks thermal inertia in the air and the water volumes of the swimming pool
facility, as the model components are treated as nodes described by stationary equations.
This means that the amplitudes of the different variables around their setpoints are
reduced, and the regulation becomes faster. However, if the results are compared as

averages over a longer period of time, this will be of less importance.

6.2 Significans of results

The results show that energy-saving measures are important to keep the energy
consumption as low as possible. Just by using a pool cover at nights, the facility at Dalgard
proved to be able to reduce the energy demand for pool water heating by 44.9% due to a
greatly reduced evaporation rate. Based on these findings, it is clear that all swimming

pools facilities should use pool covers during the periods when the pool is not in use.

If the energy consumption was evaluated at kWh per square meter of total area, it
appeared that the swimming pool at Dalgard had a high energy consumption compared to
typical values for Norwegian swimming pools. On the other hand, if the energy
consumption was evaluated at kWh per square meter of water area, the model showed
that the energy consumption was among the lower ones found for typical Norwegian
swimming pools [2]. In the various ways of presenting the energy consumption, the
relationship between water area and total area will have a big impact. At Dalgard, the pool
covers 50% of the total area, and it is therefore natural to observe a "better" result when
energy consumption is evaluated at kWh per square meter of water area. In facilities with
a lower pool/deck ratio, and evaluation of kWh per square meter water surface will not

yield as good results.

The fact that the heat pump was not functioning during the measurement period was
shown to have a great influence on several of the thermal characteristics of the swimming
pool facility. This was as expected, as much of the energy in the exhaust air will be lost
without any further cooling at the heat pump dehumidifier. The humid return air contains
large amounts of latent heat bound up in the water vapor, which can be recovered when
the air cools and condenses. A 50% reduction in the heating demand in the heating coil,
and 30% in the pool's primary heat exchanger for the analyzed measurement period is
significant. It still makes sense, as the heat pump operates under favorable conditions
relative to, for example, air-to-air heat pumps used in ordinary residences, in the form of

a relatively stable temperature lift.
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Normally, the integrated heat pump is an energy-saving solution that has already been
implemented. Therefore, a sensitivity analysis was done to look at other measures that
could improve energy performance. With a setpoint of 33.5°C, the pool temperature is
quite high compared to what is usually found in public pools, and it requires large amounts
of energy to maintain this temperature. Lowering the pool temperature can be
controversial, as it is set to meet the needs of different user categories. But a reduction in
the energy demand for pool water heating of 66.5% by lowering the water temperature
from 33.5 to 28 C makes it interesting to challenge the current setpoint. Frequent changes
in water temperature will be unfavorable, as the inertia of the systems is large. Instead,
periods of maybe one week can be planned, where the setpoint is changed according to

the needs of the user categories scheduled within those periods.

Upgrading the insulating capacity of the external constructions was found to have a much
smaller impact on energy consumption than a reduced water temperature, or operation
with and without a heat pump in the AHU. This is probably a result of the heat loss through
the structures being small in relation to the heating needs of the large volumes of air and
water. In contrast, low surface temperature observations suggest that upgrading the outer
structures will be advantageous anyway. If moisture damage in the structure is allowed to
develop over a longer period of time, it can potentially be much more expensive to rectify
than to take preventative measures, such as better sealing in the transitions between walls
and ceilings and other places in the structures where thermal bridges are a significant

problem.
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7 Conclusion

The aim of this thesis was to analyze different aspects of the thermal systems in a
swimming pool facility, through modeling in the BPS package IDA ICE. It was chosen to
investigate the evaporation from the pool water surface, and the thermal energy needs in

the air handling unit and pool water circuit.

Evaporation was evaluated through a water vapor mass balance across the boundary of
the swimming pool hall. These calculations were compared with estimated evaporation
rates obtained from two different empirical correlations, as well as results from simulations.

For the analyzed measurement period, the following observations were made:

e Estimated evaporation rate using the ASHRAE correlation was on average 9.2%
higher than estimated evaporation rate from the water vapor mass balance.

e The estimated evaporation rate from the Shah correlation was on average 13.7%
higher than the water vapor mass balance calculations gave.

e The results from simulations in IDA ICE yielded, on average, an 8.5% higher
evaporation rate than the calculated evaporation rate from the water vapor mass

balance.

Average evaporation rate was also found to be strongly influenced by the use of pool cover.
For the last seven days of the measurement period, when pool cover was not used,
simulations showed that the average evaporation rate could have been reduced by 50% if
pool cover had been used at nights. During the same period, the energy needs for pool

water heating could be reduced by 45%, due to less heat loss from the water surface.

For the thermal energy needs of the swimming pool facility, the results gave the following

observations:

e The simulations showed an average 10% higher power demand for pool water
heating than what was measured, with 19 kW versus 17 kW.
e An average heat transfer in the AHU heating coil of 8.2 kW was observed in the

simulations, compared to 8.6 kW in the measurements; a deviation of 4.7%.

Through simulations, it turned out to have a major impact on the thermal performance of
the swimming pool that the heat pump was out of operation. Significant reductions in heat
demand through the AHU heating coil and the primary heat exchanger in the pool water
circuit would have been achieved if the heat pump were running. A comparison of the

model with and without heat pump gave the following results:
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e 50.6% reduction in heat transfer in AHU heating coil for the analyzed period.

e 30.4% reduction in heat transfer in the primary heat exchanger in the pool water
circuit for the analyzed period.

e An one-year simulation showed that the integrated heat pump may reduce the total
energy consumption of the swimming pool facility by 26%, from 2 080 kWh/m?
water surface area without use of the heat pump, to 1540 kWh/m? water surface

are with heat pump operation.

Both a reduced water temperature and an upgrade of the external constructions were
investigated as possible energy saving measures. Of these, a decrease in the water
temperature had the greatest impact on the results, with a reduction in the energy demand
for pool water heating of 66.5% for the analyzed period when the heat pump was not
operating. At the same time, the need for heating of air increased by 33.4%. An upgrade
of the external constructions to the passive house level gave only a 4.7% reduction in the
total energy consumption for the swimming pool facility. However, improvements in these
constructions are recommended, as observations of cold surfaces indicate that

condensation and moisture can be a problem.
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8 Further work

Ideally, measurements should have been performed in a facility where the integrated heat
pump in AHU was operating, in order to be able to compare the heat pump model with real
measurements. In that case, it would be possible to investigate if the heat pump model in
IDA ICE is suitable for use in a swimming pool model. Currently, there are no heat pump
models in IDA ICE with multiple condensers, and as this is common in integrated heat
pumps in modern swimming pool facilities, it would be interesting to see if the solution

used in this thesis provides a good approach.

Even more sensors inside the swimming pool could have been used to get a better picture
of how temperature and relative humidity vary within the large volume of air. This would
provide an even better basis for calculating the evaporation rate, both in a water vapor
mass balance equation and using empirical correlations. If it is desirable to study the
evaporation in even more detail, better solutions for observing activity in the pool will also

be advantageous. These solutions must be in accordance to privacy rules.

In a future measurement setup, an own weather station, that also measures wind speeds,
pressure, and radiation, should be installed outside the swimming pool hall. A pressure
sensor will also be useful inside the building, for a more accurate calculation of infiltration
through the constructions. Own sensors for the air flows at the inlets and outlets of the

ventilation ducts will also make calculations of ventilation losses easier.

It would also be interesting to compare an estimated and simulated annual total energy
consumption, to be able to determine with even greater certainty whether the model
provides a good prediction of the energy performance of planned and existing swimming
pool facilities. In addition to the thermal energy consumption, measurements must also be
made of the electricity consumption at the various posts in the facility. Determination of
heat loss through the various building constructions is also necessary in such a calculation.
In new projects, the insulating ability, and thermal characteristics of the different parts of
the constructions are often well known, and it will be possible to insert fairly accurate

values in the model.
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Appendix A - Shah correlation for
evaporation [18]

Evaporation from an unoccupied pool where both natural and forced convection are taken

into consideration:

1
Eo = 35-A- psat,w(psat,dp - psat,w)s(xw - Xdp) A.l

Eo = A - 0.00005(Psatww — Psatap) A2

Where equation A.1 and 5.1 gives the evaporation due to natural convection and forced
convection, respectively. The larger of these should be used. A is the water surface area,
while x,, and x, are the absolute humidity of the air at water temperature and dew point

temperature, respectively.

For occupied pools, evaporation is given by equation 5.1. It is an empirical correlation,
developed from comparison with test data from four sources, and includes the effect of

changes in density differences.

. N
N =19 — Zl(psat,dp - psat.w) + 5'3K A3
0

where N is the number of people in the pool.

For % < 0.05, use linear interpolation between EE at% = 0.05 and EE =1 at% = 0.
0 0

For (psat,dp - psat,w) < OI use (psat,dp - psat,w) = 0.



Appendix B — ASHRAE activity factors

Typical activity factors for various types of pools given in the ASHRAE Handbook [9]:

Type of Pool Tvpical Activity Factor (F)
Baseline (pool unoccupied) 0.5
Residential pool 0.5
Condominium 0.65
Therapy 0.65
Hotel 0.8
Public. schools 1.0
Whurlpools, spas 1.0

Wavepools, water shides 1.5 (minimuim)




Appendix C - IDA ICE mixing box

Model equations:
(m [kg/s], T [°C], x [kg/kg], h [J/kg], p [Pa])
Control signal:

ctrl, = ctrl with time constant t

Recirculated air:

mrecycled = maX(O' mln(mreturn,inﬂ msupply,out

—max (msupply,in,min' min(Ctrlr : msupply,out' msupply,in,max))))

If the parameters i1y inmin @Nd Mgyppiyinmax are set to 0 and a very large number, and
by using the fact that m,ceymmim aNd Meppy0ue @lways are positive, the equation can be

reduced to:

mrecycled = min(mreturn,in' msupply,out - Ctrlr : msupply,out)
So, if the control signal is 1, there is no recirculation of air in the mixing box.
Entering supply air:

msupply,in = msupply,out - mrecycled

hsuppiy,in = f(Tsupply,m, xsupply,m) Use psychrometric chart/Mollier diagram
Leaving return air:

mreturn,out = mreturn,in - mrecycled

Rreturnout = f(Treturnouts Xreturnout ) Use psychrometric chart/Mollier diagram
Leaving supply air:

Msupply,in * Xsupply,in + Myecycled " Xreturn

3 )
. msupply,out
Xsupply,out — mMin

0.62198 - Psat (Tsupply,out) : RHsupply,out

psupply,out — Dsat (Tsupply,out) : RHsupply,out

where

P _eCT—1+cz+C3T+C4T2+65T3+C6T4+c71n(T)
sat —

for temperatures below zero, and

Doar = e%wg+610T+c11T2+612T3+cl3 In(T)
sa



for temperatures above zero. ¢, — C;5 are given as [55]:

Cl -5674.5359 C6 -0.9484024E-12 | Cl11 0.41764768E-4
C2 6.3925247 C7 4.1635019 Cl2 -0.14452093E-7
C3 -0.9677843E-2 | C8 -5800.2206 Cl13 6.4559673

C4 0.62215701E-6 | C9 1.3914993

C5 0.20747825E-8 | C10 -0.04860239




Appendix D - IDA ICE air-to-air
exchanger

Model equations:

(i [kg/s], Vy [m?/s], p [kg/m?], T [°C], x [kg/kg], h [J/kg], Q [W])

Calculation of modified effectiveness, n’':

If

then

else

|mreturn - msupply|

- - < 0.001
max(mreturn' msupply)
1
n’ = max| 0.0001, 3 .
1 O.S(msupply + mreturn)
+ N 7
\ V;; *Pa m /

Y n .
Ymhatq "fsupply>
exp =e Tgupply \* Treturn

_Msupply ex
Mreturn

n' = max (0.0001,7(1‘””) )
1

Calculation of maximum heat transfer:

If wet cooling of return airflow

heat

msupply (h(Treturn,in' xsupply,in) - h(Tsupply,in' xsupply,in)) ’
Qmax = min . h(Treturn,in' xreturn,in) - h(Tsupply,in' Xreturn,dew point)
Myeturn

+ (xreturn,in — Xreturn,dew point)cp,waterTsupply,in

If both supply side and return side are dry

Qmax = min (msupply: mreturn)

: (h(Treturn,inrxsupply,in) - h(Tsupply,in' xsupply,in))

Available heat transfer:

Qavailable = TI' * Umax



Based on the available heat transfer, an attainable leaving supply air temperature is
calculated. This temperature is used to find the new leaving supply air temperature and

absolute humidity. The actual heat transfer is then given by:

If wet cooling of return airflow

Qactual = msupply (h(Tsupply,outv xsupply,out) - h(Tsupply,in: xsupply,in))

- (xsupply,in - xsupply,out)cp,water maX(Tsupply,out' Tsupply,dew point)

If both supply side and return side are dry

Qactual = msupply (h(Tsupply,out' xsupply,out) - h(Tsupply,in' xsupply,in))



Appendix E — IDA ICE fan

Model equations:

(p [Pa], m [kg/s], V [m*/s], p[kg/m3], T [°C], x [kg/kg], Q [W])

Fan pressure rise:
dp = dp,g, - ctri?
Volume flow:

My

V= e
p(Tin'xin)

Fan power:

_ Vrated

14

14

14

<0.147 + (0.9506 —0.0998 - -

rated

)&

ated

)

Vrated

)

Qfan = m " APmax *

Outlet temperature:

Qfan * Nmotor
Tous =Tin + —————

Cp,airma

Ntot



Appendix F — IDA ICE heating coil

Model equations:
(m [kg/s], T [°C], x [kg/kg], @ [W])
Capacity rate of air:
Cair = Ma(Cpair + X * Cpapor)
Capacity rate of water:
Cwater = Myater Cpwater
Minimum capacity rate:
Crmin = min (Cuir, Cyater)
Maximum capacity rate:
Cmax = max (Cir) Cwater)
Capacity ratio:

_ Cmin

C‘ratio -

Cmax

Number of transfer units:

UA
NTU =

min

(UA calculated from the rated input parameters)

Based on the heat exchanger configuration, the heat transfer effectiveness is

calculated as a function of NTU and C,4,:

n = f(NTU, Cyatio)
Maximum possible heat transfer:
Qmax = Cmin(Twater,in — Tair,in)
Heat transfer rate:
Q =1"Qmax
Outlet temperatures:
Q Q

Tai‘r,out = Tair,in + o Twater,out = Twater,in + C
awr water



Appendix G - IDA ICE boiler

Model equations:
(m [kg/s], T [°C], p [Pa], Q [W])
Required useful power to satisfy outlet temperature setpoint:
Qreq = max (0, M Cpwater (Toutset — Tin)
Delivered heating power:
Qneating = Min(Qreq, Omax)
Pump power:

Q _ Psetmax - M
pump —
PwaterMpump

Used heating power:

. Qheating
Qused =

Nboiler



Appendix H — IDA ICE liquid temperature
controller (PMTMultiT)

Model equations:
(m [kg/s], T [°C])
Mass flow rate from boiler:
Mpear = Mheat,max * CLT1
Returned pool water (not heated):
Myeturn = Meire — Mheat
Temperature of water sent to pool (T}, = boiler setpoint temperature) :

mheatTheat + mreturnTin
Tour = B
Meire




Appendix I — IDA ICE tank model

Model equations:
(m [kg/s], Q [W], T [°C], V [m3], p [kg/m3], n = # inlet streams = # outlet streams)

Mass balance:

Z g Z gue li]

Energy balance:

i Qinlil = i(meT)m[i]
i=1 i=1
Z Qout z Moye[i] - Cp,cank Ttank

i=1

thank _ (pVCp)tandetank
dt dt

Wran ZQM ZQm[l]




Appendix J - IDA ICE pool model

Model equations:
(m [kg/s], Q [W], T [°C], p [Pa], A [m?])
Heat transfer through basin (positive direction is into the pool in IDA ICE):
Qbottom = heApottom (Thottom — Tpool)
Qwalls = heAwaus(Twaus — Tpool)
Heat balance:

ATypoor . . ,
pvcp,water T = Qbottom + Qwalls + onne + mcirccp,water (Tin - Tpool)

where Q,,,. is the heat transfer from the zone (positive direction towards the pool
in IDA ICE).

Evaporation rate

Mepap = 4 - 1075 A,001(Pw — Pa)Fa (ASHRAE equation)



Appendix K - Activity log

All the activity that is either observed or logged by the users are given here. For the periods
where the activity is not registered, the activity is estimated in accordance with the
corresponding activity in the previous or following week. Both the registered and estimated
activity is compared with the water level in the balance tank, to obtain the exact time
periods of occupied pool. These periods differ slightly from the logged data beneath
(minutes). An activity level of 1, 2 or 3 refers to a low, medium, or high activity level,

respectively.

February 26, 2020

Time period Number of people in the Activity level
pool
08:30 - 09:30 7 2
09:40 - 10:30 17 3
10:30 - 11:30 8 1
12:00 - 12:45 17 2-3
12:50 - 13:40 8 1
14:00 - 14:50 8 2
February 27, 2020
Time period Number of people in the Activity level
pool
08:30 - 09:25 11 3
10:45 - 11:30 10 2
13:00 - 13:45 10 2
14:20 - 14:50 15 3
February 28, 2020
Time period Number of people in the Activity level
pool
08:30 - 09:30 9 2
10:40 - 11:05 16 2-3
11:29 - 11:45 21 1
11:45 -12:00 21 3
12:05 -12:15 21 1
12:15 -12:45 21 2
13:00 - 13:45 8 1-2
March 2, 2020
Time period Number of people in the Activity level
pool
08:30 - 09:45 9 2
10:00 - 10:45 21 2-3
11:10 - 12:00 8 2



12:40 - 13:15 11 1
14:15 - 14:45 11 1-2
19:30 - 20:30 7 1-2
21:00 - 22:00 3 1-2
March 3, 2020
Time period Number of people in the Activity level
pool
08:30 - 09:30 8 1
09:40 - 10:29 17 3
10:38 - 10:45 4 1
10:45 - 11:15 8 1
11:15-11:30 8 2
12:00 - 13:00 16 2
14:00 - 14:45 12-13 3
17:00 - 18:20 4 2-3
19:25 - 20:30 11 2
March 4, 2020
Time period Number of people in the Activity level
pool
08:32 - 09:30 9 2-3
09:45 - 10:30 18 2-3
10:35 - 11:40 12 1
12:10 - 12:50 16 2
12:55 - 13:45 11 2
March 5, 2020
Time period Number of people in the Activity level
pool
08:33 - 09:35 11 1
09:50 - 10:30 21 2-3
10:35 - 11:25 10 2
12:00 - 12:40 17 1
12:57 - 13:50 6 1
17:10 - 18:30 7 2-3
March 6, 2020
Time period Number of people in the Activity level
pool
08:30 - 09:30 9 1
10:30 - 11:05 18-23 3
13:00 - 13:46 4 1-2-3
16:30 - 17:05 6 3
17:05 - 17:40 1 1
17:50 - 18:25 4 2
18:25 - 19:00 6 3




March 10, 2020

Time period Number of people in the Activity level
pool
09:30 - 10:30 23 3
12:00 - 13:00 22 3
17:00 - 18:30 5 3
March 11, 2020
Time period Number of people in the Activity level
pool
10:30 - 11:40 10 2
12.50 - 13:50 8 2



Appendix L - Thermography
Punkt ~ 27 6 ot v

Transition between external walls and ceiling (for a dark purple color the surface
temperature is 15.6°C. Photo: Ole Smedegard):

Purnkt 29 6

External wall showing thermal bridges at the studs (for a dark purple color the surface
temperature is 16.8°C. Photo: Ole Smedegard)
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