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Preface
This thesisis aboutThermalsolarenergyusein Norway; in lastyearsthis technologyhas

beeneachtimemoreusedin this countryandis a greenalternativeenergy.Herein Norway,

in springandsummerseasons,sunis a goodalternative of energydueto thehoursof sunthis

countryhas.

This Thesisis dividedin threeimportantanddifferentparts,first part,thesystemdescription

in whicha detailedconfigurationof thesystemis given;asecondpartaboutmodelof the

systemwith mathematicsequationsandthird, thesimulationcarriedoutwith OpenModelica

computerprogramin which themodelis runningovertime.Different resultshavebeen

obtaineddependingon theweatherestablished.

Knowledgeaboutsolarcollectorshavebeenstudiedandaboutengineeringof thesame.

Knowledgeaboutheattransmissionin this collectors hasbeenstudiedandappliedin the

systemmodeled.

Thesimulationof this systemis carriedoutwith OpenModelica,sosomeknowledgeabout

this programwasstudied.

I would like to thanktheteacherBerntLie, Adjunct ProfessoratUniversityof Agder,

Professorat TelemarkUniversityCollege, andtheteacherCesardePrada,Professorof

SystemsEngineeringandAutomationandDoctor in Physics(Electronics)for theirassistance

in thepreparationof this Thesis.

I would like to thankto theAventaSolarCompanyfor someinformationof this Thesis.

Porsgrunn,04/06/2013

JuanJoséPérezMartín
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Nomenclature
Symbol Comment

A Absorberpipe

Ac Crosssectionalareaof thecollector-coilpipe(m2)

AA Annularareaof theabsorberpipe(m2)

AE Annularareaof theglassenvelope(m2)

AA-c Areaof heattransmissionin thecollectorpipe(m2)

Ac-t Areaof heattransmissionby forcedconvectionin thecoil (m2)

Alost Areaof heattransmissionthroughthewallsof thehouse(m2)

� �
� Areaof heattransmissionby radiationfrom thesun(m2)

Ar Areaof heattransmissionin theunderfloorheating (m2)

At Crosssectionalareaof thetank(m2)

Awall Areaof eachwall of thehouse(m2)

Aroof Areaof theroof (m2)

� � � �
� Areaof heattransmissionby radiationfrom theabsorberpipeto theglass

envelope(m2)

� � � �����
� Areaof heattransmissionby radiationfrom theglassenvelopeto thecloud

(m2)

AE-air Areaof heattransmissionbetweentheglassenvelopeandtheair (m2)

At-a Areaof heattransmissionby naturalconvectionfromthetankto theambient

air (m2)

c Collector

Cpw Heatcapacityof thewater(J/kg/K)

Cpa Heatcapacityof air (J/kg/K)

CpA Heatcapacityof theabsorberpipe(J/kg/K)

CpE Heatcapacityof theglassenvelope(J/kg/K)

Dc Diameterof thecollectoror coil (m)

Dt Diameterof thetank(m)

dm Variationof mass(kg)

�� �� Variationof themasswaterof thetank(kg)
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dt Increaseof time(s)

dx Lengthof eachcontrolvolumein thecollectorpipe (m)

dy Lengthof eachcontrolvolumein thecoil pipe(m)

dz Lengthof eachcontrolvolumein theunderfloorpipe(m)

dE Energychange(J)

�� � Enthalpychangein thecollector(J)

�� � Enthalpychangein thetank(J)

E Glassenvelope

eA Thicknessof theabsorberpipe(m)

eE Thicknessof theglassenvelope(m)

� �� Energyinputof thesystem(J)

� �� Energyoutputof thesystem(J)

� A Emissivityof theabsorberpipe(-)

� E Emissivityof theglassenvelope(-)

� StefanBoltzmannconstant(J/m2K4)

hwt Heightof waterinsidethetank(m)

Ht Total heightof thetank(m)

� � Flow enthalpy(W)

�� Massenthalpy(J/kg)

� ��� Inlet enthalpyto thecollector(W)

� ��� Outletenthalpyfrom thecollector(W)

� ��� Enthalpyof theincomingwaterflow to thetank(W)

� ��� Enthalpyof theoutputwaterflow from thetank(W)

hc Individual coefficientof heattransmissionby forcedconvectioninsidethe

collectorandcoil pipe(W/m2/K)

hcn Individual coefficientof heattransmissionby naturalconvectionfrom thewall

of thehouseto theambientair (W/m2/K)

hE Individual coefficientof heattransmissionby natural convectionbetweenthe

glassenvelopeandtheambientair (W/m2/K)

hcnt Individual coefficientof naturalconvectionfrom thetankto theair of the
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house(W/m2/K)

hr Individual coefficientof heattransmissionby natural convectionbetweenthe

woodfloor andair of thehouse(W/m2/K)

i Positionat thepipe(-)

N Finalpositionat thepipe(-)

I Intensity(A)

Ic Directsolarirradianceincidenton thecollectorsurface(W/m2)

Lc Lengthof thecollector(m)

Lcoil Lengthof thecoil (m)

Lr Lengthof theunderfloorpipe(m)

L Lengthof heattransmission(m)

mah Massof air insidethehouse(kg)

mc Massof waterinsidethecollector(kg)

mcoil Massof waterinsidethecoil (kg)

� �� Massflow insidethecollector(kg/s)

mA Massof theabsorberpipe(kg)

mE Massof theglassenvelope(kg)

� �� Massflow inlet (kg/s)

� �� Massflow outlet(kg/s)

� �� Massflow generated(kg/s)

� ��� Inlet massflow to theenergystoragetank(kg/s)

� ��� Outletmassflow from theenergystoragetank(kg/s)

� �� Massof waterinsidethetank(kg/s)

p Pressure(bar)

Pc Perimeterof thecollectorpipe(m)

PAi Innerperimeterof theabsorberpipe(m)

PAo Outerperimeterof theabsorberpipe(m)

PEi Innerperimeterof theglassenvelope(m)

PEo Outerperimeterof theglassenvelope(m)

Pr Perimeterof theunderfloorheatingpipe(m)
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Pt Perimeterof thetank(m)

� � Heattransferredto thesystem(W)

� � Heattransferredto thecollector(W)

� �� Heattransferredto thetank(W)

� ��� Heattransferredin thehouse(W)

� �
�
� Heattransferredby radiationof thesunto theabsorberpipe(W)

� �
� � �
� Heattransferredby radiationfrom theabsorberpipe to theglassenvelope(W)

� �� � � Heattransferredfrom theabsorberpipeto thewater insidethecollectorpipe

(W)

� �
� � �����
� Heattransferredby radiationfrom theglassenvelopeto theclouds(W)

� �� � ��� Heattransferredby naturalconvectionfrom theglassenvelopeto theair (W)

� ��� Heattransferredto thetankby theelectricitysystem(W)

� �� � � Heattransferredto thetankby thecoil (W)

� �� � � Heattransferredfrom thetankto theair of thehouse(W)

� �� Heattransferredfrom theunderfloorheatingto the air of thehouse(W)

� ����� Heattransferredfrom thewallsof thehouseto theambientair (W)

rc Radiusof thecollectoror thecoil (m)

rAi Innerradiusof theabsorberpipe(m)

rAo Outerradiusof theabsorberpipe(m)

rEi Innerradiusof theglassenvelope(m)

rEo Outerradiusof theglassenvelope(m)

rt Radiusof thetank(m)

rr Radiusof theunderfloorpipe(m)

Tair Temperatureof ambientair (K)

TA Temperatureof theabsorberpipe(K)

TE Temperatureof theglassenvelope(K)

Tc Temperatureof thewaterthatflows insidethecollectorpipe(K)

Tcloud Temperatureof theclouds(K)

Tci Inlet temperatureof thecollectorpipe(K)
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Tco Outlettemperatureof thecollectorpipe(K)

Th Temperatureinsidethehouse(K)

Tt Temperatureof thewaterinsidethetank(K)

Tw Temperatureof thewaterthatentersto thetank(K)

Twall Temperatureof thewall of thehouse(K)

Tr Temperatureof theunderfloorpipe(K)

�� Averagetemperaturebetweeninputandoutputof thecollectoror coil or

underfloorpipe(K)

UA-c Overallcoefficientof heattransmissionof thecollectorpipe(W/m2/K)

UE-air Overallcoefficientof heattransmissionbetweentheglassenvelopeandtheair

(W/m2/K)

Ulost Overallcoefficientof heattransmissionthroughwall of thehouse(W/m2/K)

Ut-a Overallcoefficientof heattransmissionbetweenthe tankandtheair of the

house(W/m2/K)

Uc-t Overallcoefficientof heattransmissionbetweenthecoil andthetank

(W/m2/K)

Ur Overallcoefficientof heattransmissionin radiant floor (W/m2/K)

V Voltage(V)

Vc Volumeof thewaterinsidethecollector(m3)

Vcoil Volumeof thewaterinsidethecoil (m3)

Va Volumeof air in thehouse(m3)

Vt Volumeof thetank(m3)

Vwt Volumeof thewaterinsidethetank(m3)

vwt Velocity of waterinsidethetank(m/s)

vwc Velocity of waterthatflows insidethecollector(m/s)

vwr Velocity of waterthatflows insidetheunderfloorpipe(m/s)

� � Work transferredto thesystem(W)

� � Work transferredto thecollector(W)

� �� Work transferredto thetank(W)

� ��� Work transferredin thehouse(W)
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x Axial positionin thecollectorpipe(m)

� ���� Efficiencyof thesolarcollector(-)

� T Temperatureincreasebetweensurfacesof heattransmission(K)

� x Incrementin theaxial position

� Infinitesimalincrement

� � Densityof water(kg/m3)

� � Densityof theabsorberpipe(kg/m3)

� � Densityof theglassenvelope(kg/m3)

� ��� Densityof theair (kg/m3)
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1 Introduction
Many timesin our life peoplehaveheardaboutde end of oil, but at the moment,the world

hasenoughoil for continuespendingandconsuming.In someyearsthis problemwill bereal

andgovernmentsshouldfind alternativesto this not renewableenergy.

Each year the consumeof oil is increasedbecausesociety needmore energyfor life, for

examplenew and more powerful forms of transportation, new materials that needmore

energyto bebuilt, andmorenewaspectsof life which promotemoreconsumeof oil.

An alternativeto oil are greenenergies;last years, the governmentshave investigatedand

developednew kinds of greenenergiesto reducecontaminationin air and water, because

ecologyaspectsareeachdaymoreimportantin our lives.

Thesocietyhaseachtime theseecologyaspectsmore implementedin their lives,andis aware

of the changethatshouldbedone;oneexampleof this changeis Kyoto’s protocolto reduce

emissionof somegasesto the atmosphere,laws of wasteof waterandlaws aboutrecycleor

treatmentof solids.

Summing up, each year, society is more awareof the important of the residuesand its

treatment,andwe know thatthesearchof newalternativesof energyis necessary.

1.1 Problem background

One of thesealternativesto reducecontaminationis solar collectorsto producehot water

without usingpetroleumproducts.

Thanksto this alternativeslike solarcollectors,photovoltaicpanels,wind energy,geothermal

energy,consumeof oil is decreasedwith thetime,but at this momentsocietydependsa lot of

theoil.

Someyearsagowe knew thatsolarenergycould beused,but they did not know how; some

of this forms is photovoltaicpanels,but the costof build it is too expensive;so newtypesof

energyshouldbefind.

One of the simplesttypesof greenenergyaresolar collectors,they are not expensive,and

havevery simplefunction, only heatingthe water that flow insidea pipe, thanksto the sun.

Thesunconcentratetheenergyin a specialpipewith high conductivity,andthis pipeconduce

theheatthroughit to a fluid thatflow insideit.

Eachyearthis kind of energyis mostimportantdueto thesimplefunctionandthelow cost.

1.2 Previous work

In this chapteris analyzedthe location, weather,total radiation in the south of Norway

(Porsgrunn),andthewaterrequirementsin anormalNorwegianhouse.
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Thenormalhousein Norwayarebuilt with woodenpanelsandslateroofsdueto Norwayis a

producerof slate;it is typical to bepaintedwith colorssuchasred,blue,but white is themost

popularcolor.

Normally, in Norway a househaslittle rooms,to keep in heat,and steeproofs to help the

snowslide off. Windowsaresmall, becauseglasslets out the heat,andthereis alwaysa fire

placeor woodovenin thecentreof thehouseto warm up the roomsduring thecold winters,

dueto in Norwaytherearelots of forests.

Theorientationof thehouseis normallysouth-west becauseis thebestdueto theyhavesun

in themorningandin theafternoon.

It is commonin Norwegianhousesto havea patioor balconyon thesunsidewith chairsand

hangingpotson therailing.

Norwegianslovebeingat home,andtheymakea lot of effort to makeit sweet.[1]

Thetemperatureinsideof anyhouseshouldbebetween292and294K, so in this Thesiswill

try to getthesetemperaturesinsidethehouse.

1.2.1 Location and weather in Norway

Thedatesof this Master’sThesisarechosenfor SouthernNorway,exactlyfor Porsgrunn,that

a smallcoastvillage locatedat 151km atsouth–west of Oslo,capitalof Norway.

Porsgrunnis locatedat 59° 8' 17" N of latitudeand 9° 39'9" E of longitude,andtheelevation

abovethesealevel is 5 m, dependson theexactlyplacein which it hasbeenmeasured.

In thefigurebelowcanbeseenthelocationof Porsgrunn(letterA of themap):

Figure1.1Locationof Porsgrunn(A).

The climate in Porsgrunnin springcanbe very variable; theremay be dayswhen it is cold

enoughto snowanddayswhenit is warmenoughto sit outsidein thesunshine.Thesemonths

canbevery windy.
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Figure1.2Averagetemperaturepermonthfor Porsgrunn.[2]

Hereis attacheda tablewith thehottestandcoldest temperaturepermonth,theaverageof this

temperatures,andwind in Porsgrunn.

Table1.1.Tabularview for temperatureandwind per month.[3]

Months
Temperature(ºC) Wind(m/s)

Average Warmest Coldest Average Strongestwind

Mar 2013 -2.7 9.2Mar 2 -14.7Mar 14 3.1 11.8,Mar 2

Feb2013 -3.5 9.3 Feb28 -12.6Feb21 2.4 9.2Feb28

Jan2013 -4.9 5.9 Jan4 -16.1Jan23 2.5 10.5Jan31

Dec2012 -4.9 5.2 Dec30 -12.6Dec4 2.7 8.3 Dec30

Nov 2012 2.9 9.0 Nov 20 -5.0Nov 30 2.9 7.5 Nov 10

Oct 2012 5.1 15.2Oct2 -3.5Oct30 2.9 9.5 Oct3

Sep2012 11.2 21.7Sep3 2.4 Sep21 3.3 9.6 Sep4

Aug 2012 15.6 26.0Aug 19 8.8Aug 29 2.3 7.8Aug 1

Jul2012 15.7 25.5Jul25 9.3Jul17 2.6 8.6Jul23

Jun2012 12.7 21.2Jun22 3.6 Jun1 2.7 8.7 Jun1

May 2012 11.8 29.7May 25 -0.5May 6 3.0 12.2May 14

Apr 2012 4.6 14.6Apr 29 -3.8Apr 5 2.9 10.2Apr 1

The chartbelow plots the averagenumberof daysin any month that you canexpectto see

rainor snowfalling:
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Figure1.3Averagenumberof rainandsnowdays.[3]

Hereis attachedapictureof normaltemperaturesin aspringday:

Figure1.4Temperaturesin a normalspringdayin Porsgrunn.[3]

1.2.2 Water requirements in Norwegian houses

StatisticsNorway has basedon reportsfrom the municipal waterworks,estimatedthat an

averageNorwegianconsumes195 liters of waterper day; if it is assumedthat a househas

four occupants,this consumecorrespondsto anannual waterconsumptionof 285m3.

This consumptionis dividedinto [4]:
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Table1.2.Consumeof waterfor differentactivities. [5]

Activity Consume(liters/day)

Shower/Bath 40

Cistern 24

Cleanliness 24

Cookinganddrinking 2

Washermachine 26

Washingdishes 10

Cleaning 6

Irrigation 63

Total 195

It is assumedthatin this consumedo notenterthefloor heatingconsume.

Not all of thesewaterconsumptionsarehot waterconsumptions;in this projectit is supposed

that on averagea personhavea showerabout150 li tersin 15 minutesperday (600 liter in a

houseof four peoplein anhour); this valueis much higherthantheaverageconsume,andis

carriedout between6 and7 am.

Anotherconsumeof hot waterin a normalhouseis the washmachineandwashdishes;they

aresupposedaround80 and40 liters respectively,andtheyarecarriedout between11 amand

13 pm.[6]

Otherconsumptionscanbemadewith cold water.

It is assumedthat in the housethereare floor heating consume,that is around127 liter per

hour(0.025liters/s);this consumecanbevariabledependingon thetemperaturein thehouse.

It is neededto havein accountthat the supplywater temperatureis not constantthroughout

theday,andit hassmallvariations.

1.2.3 Total radiation

Total radiationdependson the hour of the day, and dependon the day; thereare days in

which full time in sunny,thereare anotherdays in which not full time is sunny,they are

partly cloudyandanotherdaysin which therearenot sun,andthe dayis completelycloudy;

despiteof not havingsunin thesedaysthereareradiationfrom the sun; it hasnot the same

intensity,but exists.

Therearekindsof radiation:

• Direct radiation:Comesdirectly from thesunwithout havingundergoneanychangein

its direction.It featurescasta shadowsetof opaqueobjectsthat intercepts.Normally
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this type of radiation is radiation on sunny days, and dependson the latitude,

declination,slope,surfaceazimuthangle,hourangle, angleof incidence,zenithangle,

solarlatitudealtitudeangle,andsolarazimuthangle).

• Diffuse radiation:Partof the radiationthroughthe atmosphereis reflectedby clouds

or absorbedby them.This radiationis diffused in all direction,due to the reflection

andabsorptionof not only clouds,but atmosphericdustparticles,mountains,etc.It is

characterizedby not produceany shadowover interposedopaqueobjects.Normally

this typeof radiationis radiationoncloudydays.

• Reflectedsolarradiation:Is thesolarradiationreflectedby theground.

Total radiationis thesumof thesetypesof radiation.[7]

In this Thesisis assumedthat radiationin a total completelycloudy day is around40%

that radiationin a normalsunnyday; andin a partly cloudyday is assumedthat thereare

hoursin which total radiationis maximum,andhours in which total radiationis around

40%of radiationin asunnyday.

In the last yearsradiationhasdecreaseddueto emissionsof particlesto the atmosphere;

the degreeto which scatteringoccursis a function of the numberof particlesthrough

which the radiationmust passand the size of theseparticlesThe decreaseof the total

amountof radiationfrom thesunto theearth[7], canbeseenin nextgraph:

Fig 1.5:Changesin annualmeanglobal irradiancemeasuredwithin thePolarCircles.Upperline – the

Antartic; lower line – theArtic[8]

As can be seen the total radiation in Polar Circles are decreasedaround 2.3% per

decade[9],soit shouldtakeinto accountthereduction of radiationovertheyears.
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2 Problem description

2.1 System description

Thesystemthat is analyzedin this projectis themodelof heatingof buildingsin Norwegian

homes,wheretheweatheris freezingandit is necessaryto providethehomeswith a system

of thermalsolarenergyfor minimize theconsumption of fuel or electricityat homes,because

nowadaysit is needednewformsof cleanenergy.

As it can be seenin the previousparts,homeshavedifferent needsof heatdependon the

country,thelocationandtheweatherof eachone.

Dependon thesizeof thebuilding thecomponentsof thesystemmustbegreateror lesser.

This projectis elaboratedfor a normalNorwegianhouse,with normaldimensionsandnormal

consumptions.

The aim of this project is to provide energyto the homethanksto an energystoragetank,

heatingby an electricity systemanda thermalsolar energysystem(collector) to maintaina

constanttemperatureinsidehomeat any time of the day thanksto a underfloorheating,and

hot watersupplyat thehouse(this quantityof energy dependson thehourof theday,thedate

andthenumberof peopleinsidethehouse).

Thesystemthatit is goingto describein this project is a systemcompoundby threeelements:

thecollector,thetankof waterstorage,andtheunderfloorheating.

Thecollectoris thepartof thesystemin which the solarenergyis picked,but no storage,and

the tank is the part of the systemin which the energy is stored,and then distributedto the

building for heatinghomeor usewater(bathconsumption, showerconsumptions).Heatingof

thehouseis thanksto anunderfloorheatingthatprovidesof energyat homeat anytime of the

day,mainly atnighthours,whentheheatlossesarehigher.

Eachpartof the systemhasa function; the collector capturesenergy,the tank storesenergy,

andthenthis energyis distributedat homethanksto underfloorpipes.

This partsof the systemareconnectedby pipes,and thanksto this, the energyis transported

from thecollectorto thestoragetank,andthen,of this tankto home,by pipes.

As it canbe seenin the next figure, the collectorhasits own systemof pipesandthe water,

thatgoesthroughit, havenot contactwith the rest of thesystem;this canpreventthegrowth

of algaeandmicroorganismsoiling thebuildingheating system.
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Figure2.1:Simplifiedsystemdescriptionof thesolar collector.Modification of figureatcollector[10]

Apart from the collector piping systemthereis another piping systemthat is the systemof

pipesof building heating.This systemdepartureof the storageheatingtank andcrossesthe

building to gettheproperplaceof waterneed(showeror floor).

The systemwill be describedby a dynamicalmodel,wherenumericalvaluesfor parameters

andtypicaloperationaldatearechosen.This modelwill beverified throughsimulation.

2.1.1 Solar collector

The solar collector consistson a horizontalmirror, which focus the solar radiationinto the

absorberpipe. The absorberpipe runs along the area of the collector with an established

diameter.It is enclosedin a glassenvelope,which is mostly transparentto UV radiation,but

opaqueto IR radiation.The absorberpipe is designed to have high absorptivity and low

emissivity, so that it absorbshigh amountsof radiation, while minimizing radiative heat

losses.This is typically doneby applyinga selective coatingto the outersurfaceof the pipe.

[11]

Normally the solarcollector is locatedin the roof of the houses,but otherconfigurationsare

possible,like in walls,dependon theorientationof thehouse,andthetypeof roof.

Solarcollector is composedby a systemof pipesthat flow insideof a systemof mirrors, to

concentratedirectsolarradiation,which permit to increasethetemperatureinsidethembelow

373K, this is dueto insidethis systemof pipes(absorberpipe),wherecirculateaheattransfer

fluid, in this case,water,must not achievemore than373K becauseat this temperaturethe

wateris steam,andit is not neededto transportsteam;this systemtransportwater.

As it canbe seenin the next figures,the solarradiation crossesthe mirrors (glassenvelope)

andit is concentratein the absorberplate,increasing the temperatureof the platefor heating

thetubesof waterthatcirculatesinsidethecollector.
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Figure2.2:Componentsof thesolarcollector.[12]

Figure2.3:Schemeof thesolarcollector.Modified figureat [13]

Thesetubesof watergo to thetank,whereheatis transmittedto thewaterof the tank,thanks

to a coil. Here, tubesof water of the collector lossestemperature,and come back to the

collectorat low temperature,sothe tankfunctionsasa heatexchanger.This cycle is repeated

at full time.

Only is consideredthe input of energythanksto the sun radiationin the collector,and this

quantityof energydependson the areaof the collector, the solarzenithangle,the incidence

anglethat dependson the location, the day of the year,the hour of the day and the optical

efficiencyof thecollector.

In this model is consideredthe lossof heatthrough the walls of the collectorto the ambient

(hE, coefficientof naturalconvectionbetweenthewalls of thecollectorandtheambient).

Thefigurebelowshowstheconfigurationof thecollectoron theroof:

Figure2.4:Collectorconfiguration.
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2.1.2 Energy storage tank

This tank provideswater to the house,and then this water is usedto heatingfloor, or, for

example,to a showerin thehouse.

Dependon thehourtheneedsof waterin thehousearedifferent,thereforethelevel insidethe

tank is continuouslychanged,thanksto a pumpthatcontinuouslyis providingof water(�� �� )

to theenergystoragetank.This flow of waterentersat a temperature(Tw).

The water tank is beenheatingthanksto a coil, and anothertype of energy,as electricity,

because,lot of daysin Norway arecloudy,andsolar radiationcannotprovidethe necessary

temperatureto the tank; thosedaysor hoursof the day (as night), the systemof electricity

switchon andthenecessarytemperatureof the tank is maintained;in Norwaythe98%of the

electricityis producedfrom hydropower[14].

In this figure it is possibleto seethetankconfiguration.

Figure2.5:Schemeof energystoragetankconfiguration. Modificationof figure in [15]

Inside the tank it is supposedthat the temperatureis constant(Tt) thanksto an agitatorthat

maintainthetankcompletelymixed.

The capacityof the tank dependson the size of the house,and is usually locatedon the

groundfloor of thebuilding,soheatlosseswill beminimal.

Thetankfunctionsasa heatexchangerwherethewater insideit, is heating,while tubesof the

collector(coil) arecooled,andthetankis too heatingthanksto theelectricitysystem;theheat

transmittedby thecoil dependson theheightof the waterin thetank.

In the draw can be seenthat thereare two typesof heatinginside the tank, the electricity

system,and the heat provided by the collector, here, the input is Tco (temperatureat the

outsideof thecollector)andtheoutputTci (temperatureat theinsideof thecollector).

In this modelit is assumedthatwaterfrom thecollector(Tco) enterto thepipingsystemof the

tank (coil) at high temperature(below 373K) and leavesthe tank at low temperature(this

temperaturedependson the circuit, heattransferarea,velocity of the water inside the pipe,
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velocity of water inside tank); this heattransmission is controlledby a global coefficientof

heattransmission(Uc-t).

In themodelis consideredthelossof heatin the tank,throughthewalls of the tankto theair

of the house(becausethe tank is located in the house, not outside), this heat lossesare

controlledby coefficientof naturalconvectionbetweenthewalls of thetankandtheair of the

house(Ut-a).

Thestoredenergyin thetankis deliveredto thebuilding thanksto a systemof pipesthat lead

theenergyto eachpartof thehouse,wheretheheat is needed(bathrooms,kitchenor floor).

Thefigurebelowshowsthecoil configuration:

Figure2.6:Coil configuration.

2.1.3 Underfloor heating

Theunderfloorheatingtakestheheatfrom theenergy storagetank,anddistributesthis heatto

thehouse;normally,in a houseno full floor is heating,dependson thesizeof thehouse.

Thehouseanalyzedin this thesishas8 meterlong,8 meterwideand6 meterhigh.

Mainly two problemsis consideredwhenunderfloorheatingis installed:firstly, themaximum

surfacetemperatureof a radiant floor; becauseif the floor is operatedabove303 K, the

occupantsarelikely to complainof uncomfortablyhot andsweatyfeet; secondly,arelimited

by theamountof energythatcanthroughfloor coverings,suchascertaincarpetedandwood

floors,becausetheyhavevery low conductivity[16].

In this case,woodfloor is used,andabout100%of thehouseif heatby underfloorheating.

The temperatureinside the pipe of radiant floor is modeledthanksto dynamic equations

controlled by a global coefficient of heat transmission with some simplifications; this

simplificationsneglectedthe individuals coefficients of heat transmissionby conductionin

plasticpipe andwood floor andonly considerthe individual coefficientof heattransmission

by naturalconvectionbetweenthe underfloorpipe and the air of the house,so, considerthe

temperatureof thepipeasthetemperaturein thewoodfloor.

Theunderfloorpipeis full of watersuppliedby the energystoragetank,andat theendof the

pipethis wateris pouredoutsideof thehouse,into sewer.
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Thehoursin which this systemis switchedon in this Thesisis duringall theday.

A pictureof this radiantfloor is seenbelow:

Figure2.7:Schemeof underfloorheating.Modification of figure in[25].

Normally metal reflectorsare usedto improve the heat transmissionfrom the tubesto the

woodfloor.

Thefigurebelowshowsthefloor configuration:

Figure2.8:Underfloorheatingconfiguration

2.1.4 Boundaries of the system

In this project the boundariesof the systemare focusedin the collector, the energystorage

tank,andthehouse(underfloorpipesandair of the house).

Theheatlossin thepipesthatcarrywaterto thehouseor betweenthecollectorandtheenergy

storagetank are not considered,so the equationsof the model do not considerthat loss of

heat,or otherkindsof energyinputs,asheatingof thewallsof thehousedueto thesun.

Lot of simplificationsis assumedwhenthis systemis modeled.

2.2 Properties and interesting parameters in each

system

In themodelstudied,somepropertiesandparametermustbeestimated.
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When the model is built, springconditionsareassumed,the zenith anglethat provides,the

amountof radiationin thesedates,andif the model works in this conditionsit is possibleto

assumethat in better conditions the model could heat the tank to the corresponding

temperature.

This model is composedof three systems:the collector, the energystoragetank and the

underfloorheating;eachonehasseveralparametersthatmustbeestimated.

Thesesystemsusesomefluids of heattransmissionin them.

Thesolarcollectorusesa heattransferfluid to transporttheenergyto theenergystoragetank,

this fluid is water,andpropertiesof watermustbe known.Theabsorberpipecapturesheatof

thesun,soit hasto bein accountthepropertiesof heattransmissionin theabsorberpipe.

Theenergyof thesuncrossestheglassenvelope,heatingthesurface,sohaveto bein account

theenergybalanceto theglassenvelope,andthepropertiesof its components.

Theenergystoragetankusedwaterto provideenergy to thehouse,sopropertiesof waterare

interestingin this casetoo.

The underfloorheatingusesthis water for heatingthe houseand transmittingheatfrom the

water flowing through the pipe to the house.The temperatureof the houseis calculated

havingin accountthis heatprovidedby underfloorheatingandheatlossesthroughthewall of

thehouse.

2.2.1 Solar collector

The collector is composedby pipes (flow tubes),absorberplate,glasscover and insulated

metalbox.

Thesepartsare alreadydesignedand constructedfor different Norwegiancompanies,like

AVENTA SOLAR that hasdifferent typesof solarcollectors,with differentsizes,andcolors

to maintaina highefficiencyandto reduceheatlossthroughthermalradiation.

In this figure it canbeseendifferentcolors:

Figure2.9:Differentcolorsof solarcollectors.Figureof: http://www.aventa.no/eng/Solar-Energy/AventaSolar-

solar-collector

Different materialsareusedin companiesfor thecollectorswith importantfeaturesespecially

designedfor building integration,like:

• New,but goodmaterialsthatreducecosts.

• Low weightsolarcollectormodulesto facilitatetransportandinstallation.
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• Aestheticbuilding integrationin roof or façadeswith severaldifferent dimensions

andstyles.

• Environmental friendly (low manufacturingenergy consumption and complete

recyclability)

Informationof: [18]

Figurebelowshowsthesolarcollectorpipe:

Figure2.10:Schemeof thesolarcollectorpipe.Modificationof figure in [19]

Somepropertiesin thesolarcollectorare:

Table2.1:Propertiesof thesolarcollector

Properties Value Unit Comment

� w 1000 kg/m3 Densityof waterof thecollector

Cpw 4180 J/kg/K Heatcapacityof waterof thecollector

� coll 1 - Efficiencyof thecollector

� A 8900 kg/m3 Copperdensity

CpA 389 J/kg/K Heatcapacityof copper

� E 2700 kg/m3 Glassdensity

CpE 833 J/kg/K Heatcapacityof glass

� A 0.01 - Emissivityof theabsorberpipe

� E 0.92 - Emissivityof theglassenvelope

� 5.67·10-8 W/m2/K4 Stefan-Boltzmannconstant

[20],[21],[22],[23].

The collector pipe is built of copper,but is supposed that its thicknessis neglected;the

absorberpipe is too built of copper,but in this case,the thicknessis not neglected;the

envelopeis built of glass.

Dependson theseproperties,thecollectorcancaptureor assignmoreor lessenergy.
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Parametersof thesolarcollectoraregivenin thetablebelow:

Table2.2:Parametersof thesolarcollector

Symbol Value Unit Comment

Lc 112.5 m Lengthof thecollector

rc 0.025 m Radiusof thecollectorpipe=radiusof the

coil (rc)

Dc 0.05 m Collectordiameter=Coil diameter

rAi 0.025 m Innerradiusof theabsorberpipe=radiusof

thecoil

rAo 0.030 m Outerradiusof theabsorberpipe

rEi 0.045 m Innerradiusof theglassenvelope

rEo 0.050 m Outerradiusof theglassenvelope

eA 0.005 m Thicknessof theabsorberpipe

eE 0.005 m Thicknessof theglassenvelope

Pc 0.157 m Perimeterof thecollector

PAi 0.157 m Innerperimeterof theabsorberpipe

PAo 0.188 m Outerperimeterof theabsorberpipe

PEo 0.314 m Outerperimeterof theglassenvelope

Ac 4.91·10-4 m2 Crosssectionalareaof thecollector

AA-c 17.67 m2 Areaof heattransmissionin thecollector

pipe

AA 8.64·10-4 m2 Annularareaof theabsorberpipe

AE 1.49·10-3 m2 Annularareaof theglassenvelope

w 0.06 m Width of horizontalmirror

mc 55.22 kg Massof waterinsidethecollectorpipe

� �� variable kg/s Massflow in thecollector

mA 865 kg Massof theabsorberpipe

mE 453 kg Massof theglassenvelope

Vc 0.055 m3 Volumeof thecollector

Here:

� � = 2 rc Eq2-1
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� �� = 2 rAi Eq2-2

� �� = 2 � �� Eq2-3

� � = 2 � �� Eq2-4

� �� = 2 � ��� Eq2-5

� �� = 2 � ��� Eq2-6

� �� = 2 �� �� Eq2-7

� � =
�

�
� �

� Eq2-8

� ���� = 2 � �� � � Eq2-9

� � = � (r��
� � r��

� ) Eq2-10

� � = � (r��
� � r��

� ) Eq2-11

� � = � � � � = � � � � � � Eq2-12

�� � = � �� � � � � Eq2-13

� � = � � � � � � Eq2-14

� � = � � � � � � Eq2-15

� � = � � � � Eq2-16

AA andAE aretheareasof theannulus.

Dependson theseradiusandlengthsthecollectorcancaptureor assignmoreor lessenergy.

2.2.2 Energy storage tank

The size of the tank dependson the size of the building, and the storagetanks is fully

equippedwith pumps,valves,controllersandconnectionsto auxiliaryheatsources.

The heatstoragetank canbe heatedduring day time by solarenergyor during night time or

cloudyperiodsby takingadvantageof low-costnight tariffs for electricity.

In thenext tabledifferentconfigurationsareshown for thestorageenergytanksdependingon

thesizeof thebuildings.

Table2.3:Differentsizesof thestorageenergytanksInformationat [18]

Volume

(litre)

Length

(cm)

Width

(cm)

Height

(cm)

1000 170 85 146

1500 230 85 146

2000 170 150 146

3000 230 150 146

AVENTA SOLARrecommendsapprox.1000liter for 100m2 heatedfloor space.
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Somepropertiesin theenergystoragetankareshown in thetablebelow:

Table2.4:Propertiesof theenergystoragetank

Properties Value Unit Comment

� w 1000 kg/m3 Densityof waterinsideenergystoragetankand

densityof waterinsidethecoil

Cpw 4180 J/kg/K Heatcapacityof waterinsidetheenergy storagetank

andheatcapacityof waterthatflows insidethecoil

Dependon the fluid insidetheenergystoragetank, it would bepossibletransfermoreor less

quantityof energy.In this systemthefluid is water,sothepropertiesareof thewater.

Thetankis built of copper,sotheconductionthroughit is veryhigh.

Figurebelowshowstheenergystoragetank:

Figure2.11:Schemeof thesolarcollectorandthetank.Modificationof figure in [24].
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Parametersof theenergystoragetankaregivenin thetablebelow:

Table2.5:Parametersof theenergystoragetank

Symbol Value Unit Comment

rt 0.56 m Tankradius

Dt 1.13 m Tankdiameter

At 1 m2 Crosssectionalareaof thetank

� � 3.55 m Tankperimeter

Vt 0.9 m3 Tankvolume

� ��� 2 kW Heatprovidedby theelectricsystem

Ht 0.9 m Totalheightof thetank

hwt variable m Heightof waterinsidethetank

rc 0.025 m Coil radius

Lcoil 29 m Total lengthof coil

Dc 0.05 m Coil diameter

Acoil 4.5 m2 Areaof heattransmissionin thecoil

vwt 2.5 m/s Velocity of thewaterin thetank

vwc variable m/s Velocity of waterin thecoil

mwt variable kg Massof waterin thetank

mcoil 57 kg Massof waterin thecoil

Vwt variable m3 Volumeof waterin thetank

Vcoil 5.7·10-2 m3 Volumeof waterin thecoil

V 220 V Voltage

I 25 A Intensity

[25]

Here:

� � = 2 � � Eq2-17

� � =
�

�
� �

� Eq2-18

� � = 2 � �� Eq2-19

� ���� =
�

�
� �

� L���� Eq2-20

� ���� = � � � � � ���� Eq2-21
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� �� = � � � �� Eq2-22

� �� = � � � �� Eq2-23

2.2.3 Underfloor heating

Underfloorheatingpropertiesareshownin thetablebelow:

Table2.6:Underfloorheatingproperties

Properties Value Unit Comment

� w 1000 kg/m3 Densityof waterthatflows insidetheunderfloor

pipe

Cpw 4180 J/kg/K Heatcapacityof waterthatflows inside the

underfloorpipe

� air 1.2 kg/m3 Air density

Cpa 1033 J/kg/K Heatcapacityof air

Dependon thefluid thatflows insidetheunderfloor heatingpipe,it would bepossibletransfer

moreor lessquantityof energy.In this systemthe fluid is water,so thepropertiesareof the

water.

The propertiesof air are importantdueto heatlossesconsidered,andthe naturalconvection

coefficientfrom theunderfloorheatingpipeto theair of thehouse.

In figurebelowcanbeseentheschemeof theunderfloor heating:

Figure2.12:Underfloorheatingscheme.Modification of figure in [19]
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Underfloorheatingandhouseimportantparametersare givenin thetablebelow:

Table2.7:Parametersof theunderfloorheatingandthehouse

Symbol Value Unit Comment

rr 0.03 m Radiusof thepipeof underfloorheating

Lr 200 m Lengthof thepipeof underfloorheating

Awall 48 m2 Wall area

Aroof 40 m2 Roof area

Alost 272 m2 Total areaof heatlossin thehouse

Ar 37.7 m2 Total areaof heattransmissionof

underfloorheatingpipe

Afloor 64 m2 Floor area

Twall 287 K Wall temperature

Va 384 m3 Air volumein thehouse

mah 461 kg Air massin thehouse

Here:

A���� = 4 A���� + 2 A���� Eq2-24

Ar = 2 � r� L� Eq2-25

� �� = � � � ��� Eq2-26

2.3 Establishing assumptions

In formulationof governingequations,thefollowing assumptionsareused:

2.3.1 Assumptions in the solar collector

Someassumptionsin thesolarcollectorhaveto bein account:

• The fluid that flows in tubesof the collector (heat transferfluid) is incompressible

(water)anduniform in theradialdirection.

• Heattransferis symmetricalin theradialdirection.

• Thethicknessof thecollectorpipe is neglected(rc= rAi) conductionthroughthepipe

of thecollectoris neglected(theconductioncoefficient is high).

• Thecollectorhasaperfectopticalefficiency(� coll=1).

• Thetotalenergycapturedby thecollectordependson its area.

• Thesolarcollectorconsistsof a horizontalmirror.
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• Theabsorberplateis designedto havehigh absorptivity andlow emissivity,sothatit

absorbshigh amountsof radiation,while minimizing radiative heat losses(this is

typically doneby applyinga selectivecoatingto theoutersurfaceof thepipe).

• Radialtemperaturegradientsareneglected.

• The lost of heatbetweenthecollectorandtheenergy storagetankareneglected.,so,

it means,that the temperatureat the exit of the solar collector (Tco) is the same

temperaturethat temperatureat the entranceof the coil; and the temperatureat the

exit of the coil is the sametemperaturethat temperatureat the entranceof the solar

collector.

• Thevelocity of waterinsidethecollectorandinside the coil of the tank is constant;

in this modelfriction forcesareneglected.

• Globalheattransfercoefficientsin thecollectorneglectsthe conductionthroughthe

pipe,only havein accountconvectionandradiationcoefficients.

• Convectionbetweenthe absorberpipe andthe glassenvelopeis neglecteddueto is

assumedvacuumbetweenthis two surfaces,so radiation is the dominantmodeof

heattransmissionbetweenthis two surfaces.

• The absorberpipe and the glassenvelopehavenot flow mass,in their respective

balancesshouldbeconsidered:

� ��,�� = � ��,���� = 0

� ��,�� = � ��,���� = 0

• Temperaturesof theambientair, clouds(Tair, Tcloud), areapproximatedto reality.

• Quantityandnumberof radiationhoursareapproximatedto reality.

[7], [13], [19].

2.3.2 Assumptions in the energy storage tank

Insidetheenergystoragetanksomehypothesisareassumed,like:

• Thetankhasagitation,sothetemperatureinsidethetankis consideredconstant.

• The velocity of the stirrer is always the same, so the coefficient of forced

convectioninsidethetankis consideredconstant,but in this Thesisis neglected.

• Thevelocity insidethecollectorandcoil pipe is not alwaysthesameso the forced

convectioncoefficient insidethe collectorandcoil pipe changeswith the velocity,

sotheglobalcoefficient(Uc-t) only dependson this velocity.

• The tank is not insulated,so someheatlossesareconsidered;theseheatlossesare

low dueto thetankis locatedinsidethehouse,not outside.

• Conductionthroughthewall of thetankis neglected, is built of copper.

• Thedensityof thewaterinsidethetankandinsidethesolarcollectoris considered

constant.



37

• It is assumedthat the temperatureat the exit of the collector is the samethat the

temperatureat theentranceof theenergystoragetank;so, therearenot heatlosses

in theway of thepipebetweenthecollectorandtheenergystoragetank.

• Conductionthroughthewall of thecoil is neglected dueto thehigh conductivityof

the copper; in the global coefficient only is considered the forced convection

coefficients.

• Velocity of water inside the coil is the samethat velocity of the water that flows

insidethecollector;friction forcesareneglected.

• It is assumedthat the contactareabetweenthe coil andwaterof the tank depends

on theheightof thewaterinsidethetank.Thetank is not alwaysfull so,thecontact

areabetweencoil andwaterof thetankcanchange.

• It is assumedthat thedimensionsof theelectricresistancego from top to bottomof

thetank,asthecoil.

• Coil lengthgoesfrom thetop to thebottomoff thetank.

• Waterconsumptionin a house(�� �� ,�� �� ) areapproximatedto reality.

• It is assumedthat if the tank has 0.9 meter high, and the surface of heat

transmissionin thecoil is of 4.5squaremeters,each0.1 meterof high thereare0.5

squaremetersof areaof heattransmissionin thecoil.

2.3.3 Assumptions in the underfloor heating (house)

Someassumptionsathomeare:

• Heatlossesathomeareassumedin thefour walls and theroof of thehouse.

• Therearenot inputsor outputsof air at home(is completelyclosed),so:

H��� = H��� = 0

• Theoverallcoefficientof heattransmissionin thehouse(betweentheair of thehouse

and the ambient air) only considersthe natural convection from the wall to the

ambientair. This overall coefficientis assumedconstantthroughouttheday(its value

is only approximate).

• Thehouseis not insulated,only it is considereda woodwall.

• Thevolumeof air at homeis consideredthe total volume,no furniture is considered,

andis assumednowalls insidehome.

• Whenheatlossesarecalculated,a constanttemperature is assumedat wall andthese

heat lossesonly dependson the surface of these walls, the coefficient of heat

transmission( is consideredconstant),the temperature of the wall and the ambient

temperaturethatis variableovertime.

• Radiantfloor is heatingthetotal surfaceof thehouse(64m2).

• Valueof propertiesof air of thehouseandambientair, areconsideredthesame.
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• The overall coefficientof heattransmissionbetween the underfloorpipesandthe air

of thehouseconsidersonly thenaturalconvectionbetweentheunderfloorpipeandthe

air of the house(it is assumedthat the pipe is at the sametemperaturethat the fluid

thatflows insideit), thiscoefficientis assumedconstanttoo.

• Heattransferredfrom the underfloorheatingto the houseis the samethatheatlosses

of thefluid flowing throughtheunderfloorpipe.

2.3.4 Assumptions of the electricity system, the solar collector

system, and the underfloor heating

Someassumptionsof the electricitysystem,solarcollector andof the housearesummarized

here:

• Theelectricitysystemis switchedon dependingof theheatdemandin thetank.

• The solar collector systemis running full time, but dependson the hour with

highero lesservelocity.

• Theunderfloorheatingis continuouslyswitchedon.

2.4 Coefficients and area of heat transmission in each

system

Each systemhas different coefficientsof heat transmission(dependingon the materials,

conditionsandassumptions)anddifferentareas;theyare:

2.4.1 Coefficients and areas of heat transmission in the solar

collector

This systemis composedby threedifferentparts:thewaterthat flows insidethecollector,the

absorberpipeandtheglassenvelope;eachonehasit respectivebalance,sofor eachonethere

aredifferentcoefficients.

In thenext figurecanbeseentheheattransferredin thesolarcollector:
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Figure2.13:Heattransferredbetweendifferentpartsof thecollector.Modifiedf of figure in [19]

2.4.1.1Coefficients and area on heat transmission in the collector water

Thewaterof thecollectorreceivesheat(QA-c) providedof theabsorberpipe throughthearea

of heattransmission(AA-c), and thanksto a global coefficient (UA-c); this global coefficient

shouldhavein accounttheconductionthroughthe absorberpipe, theconductionthroughthe

It is assumedthat the sun’sradiationaffectsonly the half pipe,becauseis a horizontalsolar

collector,ascanbeseenin nextfigure.

wall of thecollectorpipeandtheforcedconvection insidethecollectorpipe(hc).

As can be seenin previouspart (assumptionsin the system),the thicknessof the collector

pipe is neglected,so the conductionthroughthis material is neglected,and too, conduction

throughtheabsorberpipedueto this materialis copperthathasavery high conductivity.

So:

� ���� = � ��� � ��� ( � � � �� ) Eq2-27

� ��� = � � � � Eq2-28
�

� ���
�

�

� �
Eq2-29

Table2.8:Coefficientsandareasof thecollectorwater

Symbol Unit Comment

� �� � � W Heattransferredby forcedconvectionbetweentheabsorberpipe

andthecollectorwater

� � � � W/m2/K Overallcoefficientof thecollectorpipe

� � � � m2 Areaof heattransmissionbetweentheabsorberpipeandthe

collectorwater

� � W/m2/K Individualcoefficientof forcedconvectioninsidethecollector

pipe
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It is supposedthat forced convection coefficient of water inside the collector pipe is

calculatedwith thenextequation:

� � = 4280 (0.00488�� � 1)
� ��

�.�

� �
�.� Eq2.30[26]

Thatis theDittus-Boeltercorrelationfor waterin a turbulentflow in a circularpipe.

Here:

Table2.9:Forcedconvectioncoefficientinsidethecollectorpipe

Symbol Unit Comment

�� K Averagetemperaturebetweeninput andoutputof thecollector

vwc m/s Velocity of waterinsidethecollector

Dc m Pipediameterof thecollector

Then:

� ���� = � � � � � � ( � � � �� ) Eq2-31

2.4.1.2Coefficients and area of heat transmission in the absorber pipe

The absorberpipe receivesheatprovidedfrom the sun andcrossesthe glassenvelope(Qr
I),

transportingheat to the water that flows inside the collector pipe (� ���� ), and transporting

heat,too,by radiationto theglassenvelope( � �
���
� ).

Thetransmissionof heatby radiationis governedby radiationequations,like:

� �
�
� = �� � �

� Eq2-32

� �
���
� = � � ���

� (� �
� � ��

� ) Eq2-33[7]

Areaof heattransmissionby radiationis:

� �
� = 2 � � � �� Eq2-34

Figure2.14:Areaof solarirradiance

� ���
� = � �� � � Eq2-35
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Table2.10:Heattransferredin theabsorberpipe

Symbol Unit Comment

� �
�
� W Heattransferredby radiationof thesunto theabsorberpipe

� �
� � �
� W Heattransferredby radiationfrom theabsorberpipe to theglass

envelope

�� W/m2 Directsolarirradianceincidenton thecollectorsurface

Table2.11:Areaof heattransmissionin theabsorber pipe

Symbol Unit Comment

� �
� m2 Areaof heattransmissionby radiationfrom thesun

� � � �
� m2 Areaof heattransmissionby radiationfrom theabsorberpipeto

theglassenvelope

Theheattransmissionto thewaterflowing insidethecollectorpipedependson its areaanda

global coefficientof heattransmissionbetweenthe absorberpipe andthe collectorpipe (UA-

c); this coefficientasin the previouscase,neglects the conductionthroughthe collectorpipe

and throughthe absorberpipe, and only considersthe forced convectioncoefficient to the

waterthatflows insidethecollectorpipe;so:
�

� ���
�

�

� �
Eq2-36

As can be seen,the heat transmissioncoefficient is the samein both partsof the system

(collector water and absorberpipe), becauseconduction through the collector pipe and

conductionthroughabsorberpipeareneglected.

2.4.1.3Coefficients and area of heat transmission in the glass envelope

The glassenvelopereceivesheatby radiationfrom the absorberpipe (� �
���
� ) , and transmits

heatby radiationto theclouds(� �
�������
� ) andheatby naturalconvectionto theair (� ������ )

As in thepreviouscases,heatby radiationis governedby someequationlike:

� �
�������
� = � � ��������

� (� �
� � ������

� ) Eq2-37[7]

� ������ = � ����� � ����� (� � � ���� ) Eq2-38
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Table2.12:Heattransferredin theglassenvelope

Symbol Unit Comment

� �
� � �����
� W Heattransferredby radiationfrom theglassenvelopeto the

clouds

� �
� � �
� W Heattransferredby radiationfrom theabsorberpipe to theglass

envelope

� �� � ��� W Heattransferredfrom theglassenvelopeto theair

This areaof heattransmissionis thesamearea:

� �������
� = � ����� = � �� � � Eq2-39

Table2.13:Areasof heattransmissionin theglassenvelope

Symbol Unit Comment

� � � �
� m2 Areaof heattransmissionby radiationbetweentheabsorberpipe

andtheglassenvelope

� � � �����
� m2 Areaof heattransmissionby radiationbetweentheglass

envelopeandclouds

� � � ��� m2 Areaof heattransmissionbetweentheglassenvelopeandthe

ambientair

The heat transmittedby natural convectionto the ambient air dependson its areaand a

coefficientof heattransmissionbetweenthe envelope andthe air (UE-air), this coefficienthas

in accountthenaturalconvectionbetweentheenvelopeandtheair (hE);
�

� �����
=

�

� �
Eq2-40

Table2.14:Coefficientsof theglassenvelope

Symbol Unit Comment

� � � ��� W/m2/K Overallcoefficientof heattransmissionbetweentheglass

envelopeandtheair

� � W/m2/K Individualcoefficientof naturalconvectionfrom theglass

envelopeto theair

Thenaturalconvectioncoefficientto theair is calculatedwith thenextequation:

� � = 1.31 � (
��

�
)

�
� Eq2-41 [26]

Is theindividual coefficientby naturalconvectionto theair in verticalplanes.

Here:
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Table2.15:Naturalconvectioncoefficientbetweentheglassenvelopeandtheair

Symbol Unit Comment

� T K Temperatureincreasebetweenthesurfaceof heat transmission

andtheambientair (glassenvelopewall-air)

L m Lengthof heattransmission(Lengthof thecollector)

This coefficientis assumedconstantandequalto 1.27W/m2/K.

2.4.2 Coefficients and area of heat transmission in the energy

storage tank

This systemhas in account the heat transmissionfrom the coil to the tank (� ���� ), the

transmissionthanksto theelectricsystem( � ��� )andthe lost of heatbetweenthe tankandthe

ambientair (� ���� ).

In thefigurebelowcanbeseentheheattransferred thanksto thecoil:

Figure2.15:Heattransferredfrom thecoil to thetankandlost in thetank.Modificationof figureat[13]

Theheattransmissionfrom thecoil to thetank(� ���� ) dependson thecontactsurfacebetween

the coil and the tank and an overall coefficient of heat transmission(Uc-t) betweenboth

surfaces.

� ���� = � ��� � ��� ( � � � �� ) Eq2-42

� ��� = � � � ���� Eq2-43

This overallcoefficientshouldhavein accounttheconductionthroughthewall of thecoil, the

forcedconvectioncoefficientsof thewaterinsidethecoil (hc,), (this coefficientis assumedthe

samecoefficientthat in thesolarcollectorcase,becausethewaterinsidethecoil flows at the

samevelocity that the water inside the collector, the temperaturedifferenceare assumed

equal,anddiameterof bothpipesis thesamediameter),andtheforcedconvectioncoefficient

dueto theagitationof thewaterinsidethetank.

In this casetheconductionthroughthewall of thecoil is neglectedbecausethecoil is built of

copper,andtheforcedconvectionof thetank,too.
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So:
�

� ���
�

�

� �
Eq2-44

Table2.16:Coefficientsandareasin theenergystoragetank

Symbol Unit Comment

� � � � W/m2/K Overallcoefficientof heattransmissionbetweenthecoil andthe

waterof thetank

� � � � m2 Areaof heattransmissionbetweenthecoil pipeandthetank

� � W/m2/K Individualcoefficientof forcedconvectionof thewaterinside

thecoil

It is supposedthat forcedconvectioncoefficientof waterinsidethecoil is calculatedwith the

nextequation:

� � = 4280(0.00488T� � 1)
� ��

�.�

� �
�.� Eq2-45[26]

Thatis theDittus-Boeltercorrelationfor waterin a turbulentflow in a circularpipe

Here:

Table2.17:Forcedconvectioncoefficientsinsidethecoil pipe

Symbol Unit Comment

T� K Averagetemperaturebetweeninputandoutputof thecoil

vwc m/s Velocity of waterinsidethecoil

Dc m Pipediameterof thecoil

In this case,this overall coefficient it is not supposedconstant,becauseinside the coil, the

coefficientdependson thevelocityof waterinsidethecoil pipe,andthis velocitycanchange.

As can be assumed,coefficients of water of the collector, absorberpipe are the same

coefficients(hc) that forcedconvectioncoefficientinsidethecoil pipe,becauseis supposedto

simplifies the model,this coefficienthasthe sametemperaturerange,the samevelocity and

diameterof pipe;sothesecoefficientsareconsideredby simulation,thesamecoefficient(hc).

The heattransmissionfrom the tank to the ambientair (� ���� ) dependson the surfaceof the

tank,andthe heightof waterinsidethe tank (in this caseit is consideredthat the lost of heat

in the tank are only in the surfaceoccupiedby water) and a global coefficient of heat

transmission(Uc-t) betweentankandair.

� ���� = � ��� � ��� ( � � � �� ) Eq2-46

� ��� = � � � �� Eq2-47
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Table2.18:Heattransferredfrom thecoil

Symbol Unit Comment

Ut-a W/m2/K Overallcoefficientbetweenthetankandair of thehouse

At-a m2 Heattransmissionareabetweenthetankandtheair of the

house

Tt K Tanktemperature

Th K Air temperatureof thehouse

This overallcoefficientshouldhasin accounttheconductionthroughthewall of thetankand

the insulation,the forcedconvectioncoefficientsof thewaterinsidethe tank,andthe natural

convectioncoefficientfrom thetankto theair (hcnt).

In this casetheconductionthroughthewall of the tank is neglectedbecausethe tank is built

of copperandit conductivityis veryhigh

And thecoefficientof forcedconvectioninsidethetankis neglectedtoo,becauseis very high

comparedwith thenaturalconvectioncoefficient,so this coefficientdoesnot control theheat

transmission.

So:
�

� ���
�

�

� ���
Eq2-48

Coefficientof naturalconvectionis calculatedthanksto nextequation:

� ��� = 1.18 (
��

� �
)

�
� Eq2-49[26]

Coefficientof naturalconvectionto air, in laminar flow, for a verticalor andhorizontalpipe.

Here:

Table2.19:Naturalconvectioncoefficientbetweenthetankandtheair

Symbol Unit Comment

� T K Temperatureincreasebetweenthewall of thetank andtheair of

thehouse

� � m Diameterof thetank(is consideredapipe)

In this case,this coefficientis assumedconstantandequalto 1.71W/m2/K; this coefficientis

low becauseit is supposedthatthetankhasinsulation.

2.4.3 Coefficients and area of heat transmission in the house

In the house,thereare two different heattransmissions:the heatingof the houseby radiant

floor, andthe coolingof thehousedueto heatlossesto theambientair; thesetwo forms are

schematizedin thepicturebelow.
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Figure2.16:Heattransferredin thehouse.Modified of figureat [27]

2.4.3.1Coefficients and area of heat transmission of underfloor heating

The heatingof the houseis achievedthanksto underfloor heating,this allow to warm the

housefrom the bottomto the top, improving heattransmissionanddecreasingthe heatflux

needed(� �� ).

Theglobalcoefficientshouldhasin accountindividualcoefficients,becauseheathasto cross

somesurfaces.

In nextfigurecanbeseenthesesurfaces:

Figure2.17:Heattransmissionof underfloorheating. Modified of figure in [19]

� �� = � � � � (� � � �� ) Eq2-50

Heat transmissionbetweenthe underfloorheatingpipe (in which wateris flown) andthe air

of thehouseshouldconsidertheplasticof thepipe, theair betweenthis andthe floor, which

normally is built of wood, so global coefficient should considerthesedifferent individual

coefficients:

Table2.20:Coefficientsof underfloorheating

Symbol Unit Comment

� � W/m2/K Overallcoefficientof heattransmissionin radiantfloor

� � W/m2/K Individualcoefficientof naturalconvectionbetweenpipeandair
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All coefficients are important when the overall coefficient is calculated(Ur), but most

importantcoefficientsareconductionthroughplastic andwood,naturalconvectionbetween

plasticandair, andbetweenwoodandair. Thecoefficient of forcedconvectioninsidethepipe

is neglectedbecauseit doesnotcontrolheattransmission.

To simplified thesystemis only consideredtheheat transmissionby naturalconvectionfrom

the pipe to the air of the house,consideringthat the pipe is at the sametemperaturethat the

waterflowing throughit.
�

� �
�

�

� �
Eq2-51

Thiscoefficienthasbeencalculatedthanksto this expression:

� � = 1.18 (
��

� �
)

�
� Eq2-52[26]

Coefficientof naturalconvectionto theair for horizontalpipes.

Here:

Table2.21:Naturalconvectioncoefficientbetweenunerfloorpipeandair of thehouse

Symbol Unit Comment

� T K Temperatureincreasebetweenthepipesurfaceand theair of the

house

� � m Diameterof thepipe

So thanks to thesesimplifications, and consideringa temperatureinside this pipe as the

averagetemperaturebetweentheinlet andtheoutlet, anda constanttemperaturein thehouse,

this coefficientis assumedconstantandequalto 5 W/m2/K. This coefficientis high because

therearemetalplatesaroundthepipewhich promote heattransmission.

If they were consideredthe heat transmissionthrough the walls, and the air betweenthe

plasticpipeandthewood,this coefficientwouldbe lower.

So the heat flow dependson the coefficient hr, the area(Ar) of heat transmission,and the

averagetemperaturein theunderfloorpipeandair of thehouse.

Theareaof heattransmissionbetweentheplasticpipeandair is:

� � = 2 � �� � � Eq2-53

So,beforeexpressionwould be:

� �� = � � 2 � �� � � (� � � �� ) Eq2-54

2.4.3.2Coefficients and area of heat transmission to the ambient

Heat lossesat homeare very important (� ����� ); in this work is consideredthe lost of heat

throughwalls of thebuildingandheatlosseson the roof.
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To simplify thecalculationsit is assumedthatall is wall; it means,therearenot windowsand

doors,the entiresurfaceis consideredequal,and the wall is only built in wood, it hasnot

morethanonematerial.

This heatdependson the areaof heattransmission,the global coefficientand temperatures

betweenwall andambientair.

� ����� = � ���� � ���� (� ���� � ���� ) Eq2-55

In thenextpicturecanbeseentheheattransferred throughthewall of thehouse:

Figure2.18:Heattransmissionby naturalconvection throughthewall of thehouse(simplified)

This overall coefficientshouldhasin accountthe conductionthroughthe walls of the house,

and both natural convections,one inside the houseand anotherone outside.To simplify

calculationsit is only consideredthe outsidenatural convection;the conductionthroughthe

wall andthenaturalconvectioninsidethehomeis neglected.
�

� ����
�

�

� ��
Eq2-56

Table2.22:Losscoefficientin thehouse

Symbol Unit Comment

� ���� W/m2/K Overallcoefficientof heattransmissionthroughwallsof the

house

� �� W/m2/K Individualcoefficientof naturalconvectionto theambientair

Here:

� �� = 1.35 (
��

�
)

�
� Eq2-57[26]

Coefficientof naturalconvectionto theair for vertical planes.

Table2.23:Naturalconvectioncoefficientbetweenwall andair

Symbol Unit Comment

� T K Temperatureincreasebetweenthewall surfaceand theambient

air

L m Lengthof wall
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This coefficient is assumedconstantandequalto 4 W/m2/K. This coefficient is a very high

coefficient,becausethehouseis verypoorly insulated.

The areaof heat transmissionby natural convectionfrom the walls of the houseto the

ambientair considers4 walls andtwo roofs; if is assumedthatentiresurfaceis wall (no doors

and no windows) and the material of the roof is the samethat the material of the walls

(wood).

� ���� = 4 � ���� + 2 � ���� Eq2-58
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3 Model development
Whena modelis built, someequationsshouldbesolved.

Numberof equationsmustbeequalto thenumberof unknowns.

This systemis dividedin threedifferentsystems:thesolarcollector,theenergystoragetank,

andthehouse;in thesesystemsthereare8 unknowns or outputsthatarecalculatedby the

computerprograms,theyare� ht, Tt, Tc,Tcoil, TA, TE, Tr andThou. Theseoutputsarecalculated

by simulationof thesystemby thecomputer.

Themodelwill beanalyzedfor threedifferentconfigurations:completelysunnyday,partly

cloudyday,andcompletelycloudyday;eachconfigurationwill beanalyzedduringthree

days.

Modelequationsarethesamefor eachconfiguration; but inputsin eachconfigurationwill be

different.

3.1 Models

All thesystemsfollow thelaw of conservationof massandenergy,so,in eachsystemlawsof

conservationmustbeconsidered.

3.1.1 Mass balance

Thelaw of massconservationstates:
��

��
= �� � � �� o + �� � Eq3-1

Here:

Table3.1:Massbalance

Symbol Unit Comment

� �� kg/s Massflow inlet

� �o kg/s Massflow outlet

� �� kg/s Massflow generated

��
��

kg/s Masschangewith time

In this systemthetermcorrespondingto themassgeneratedis zero,dueto thattherearenot

chemicalreactionsin thesystem.



51

3.1.1.1 Mass balance to the collector

Thecollectordoesnot needthemassbalancedueto that is a closedcircuit of waterworking

continuouslythanksto a pump; this pumpdrawswater from the collector to the coil of the

energystoragetank, and water that flows inside this circuit is cooled. This pump has a

controllerthat changesthe velocity of thewaterinsidethecircuit, dependson the amountof

heatthatneedsto betransferred.

In the next figure it canbe seenthe pumpandthe controller that actsover the flow of heat

transferfluid (water)insidetheenergystoragetank.

Figure3.1:Drawof thesolarcollectorcontroller.Modificationfigure in [28]

3.1.1.2 Mass balance to the energy storage tank

Firstly, this tank is consideredfull all first time, but whenthe time begins,themassoutputis

not equal to the massinput and the massinside the energystoragetank is continuously

changing,themassbalanceto thetankmustbeconsidered.

Themassbalanceto theenergystoragetankcanbewrittenas:

�� ��

��
= �� �� � �� �� Eq3-2

Here:

Table3.2:Massbalanceto theenergystoragetank

Symbol Unit Comment

� ��� kg/s Inlet massflow to theenergystoragetank

� ��� kg/s Outletmassflow from theenergystoragetank

�� ��

��
kg/s Variationof themassof waterinsidethetankover

time
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Figure3.2:Crosssectionalareaof theenergystoragetank

So,themassbalanceto theenergystoragetankis:

�� ��

��
=

�(� ��� � � ��� )

�� � � �
� Eq3-3

3.1.2 Energy balance

Thelaw of energyconservationsaidthat:
��

��
= � �� � � �� + � �+ � � Eq3-4

Here:

Table3.3:Energybalance

Symbol Unit Comment

� �� kJ/s Energyinput to thesystem

� �� kJ/s Energyoutputto thesystem

� � kJ/s Heattransferredto thesystem

� � kJ/s Work transferredto thesystem

��
��

kJ/s Energychangewith thetime

Energybalance;enthalpyform:

� ( ����)

��
�

��

��
Eq3-5

In this system� � is neglectedbecausethis term in comparisonwith � � is negligible;thereare

pumpsandstirrersin thesystemthatprovideto the systemof kinetic energy,but in theglobal

balance,this quantityis sosmallthatcanbeneglected.

3.1.2.1 Energy balance to the solar collector

The modelingof this systemrequirescomputingenergy balancesfor the heattransferfluid

(water),theabsorberpipeandtheglassenvelope.

Theenergybalanceto thecollectormustconsidertheinput of energyto thesystemfrom solar

radiation,theoutputof energyto theenergystoragetankandlossto theambient.
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Thewaterinsidethecollectormovesthanksto a pump; this pumphasa controllerthatchange

thevelocity of circulationof thewater(heattransfer fluid) insidethepipe;dependingon this

velocity thefluid capturesor transfersto thesystemmoreo lessenergy.

Dependingon thetemperatureof thewaterinsidethe energystoragetankandthetemperature

of the outputof the heattransferfluid (water)of the collector,the pumpdrivesmoreor less

heattransferfluid to thecoil of theenergystorage tank, in orderto maintainthe temperature

insidetheenergystoragetankashighaspossible.

Thereforemodelhasin accountthe energybalanceto the glassenvelope,the absorberpipe,

andtheheattransferfluid (water)of thecollector.

Energybalancein enthalpyform:
�� �

��
= H��� � H��� + � �́ + �´; ( �´ � 0 ) Eq3-6

Here:

Table3.4:Energybalanceto thecollector

Symbol Unit Comment

H��� kJ/s Inlet enthalpyto thecollector

H��� kJ/s Outletenthalpyfrom thecollector

� �́ kJ/s Heatabsorbedby thecollector

� ´ kJ/s Work transferredto thecollector

�� �

��
kJ/s Enthalpychangein thecollectorwith thetime

The energycapturedby the collector is transferredto the energystoragetank,andthe work

transferredin thecollectoris neglected,becausethis termis very low in comparisonwith the

otherterms.

Thesolarcollectoris modeledof this way:

Figure3.3:Completemodelof thesolarcollector.Modified of figure in [19]
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The energymodelof the waterof the collector,the absorberpipe, andthe glassenvelopeis

shownbelow:

3.1.2.1.1 Energy balance to the water of the collector

Thetotal energybalanceto thewaterflowing inside thecollectoris:

Energybalance,enthalpyform:
�� �

��
= H��� � H��� + � �́ + �´; ( �´ � 0 ) Eq3-7

Thatis thesamethat:

�� �,��

��
= H��,� � H��,���� + � ��� Eq3-8

Here:

� �,�� = � �,���� H� �,���� Eq3-9

� � = �� � �� � Eq3-10

� ��,� = �� �,� �� �.� Eq3-11

� ��,���� = �� �,� �� �,���� Eq3-12

In thecollector,themassflow of thewateris:

�� �� = �� �� = �� � Eq3-13

� ��� = � ���� Eq3-14

And thanksto equation2-31canbeobtained:

m�
� �� �,����

��
= m�� � H� �,� � H� �,���� � + � � P� � � (T�,���� � T�,���� ) Eq3-15

If:

�� � � ��� �� Eq3-16

then:

m� ����
�� �,����

��
= m�� ���� � T�,� � T�,���� � + � � P� � � (T�,���� � T�,���� ) Eq3-17

�� �,����

��
=

� ��
� �

�T �,� � T�,���� � +
� � � � � � (� �,���� �� �,���� )

� � ���,�
Eq3-18

Here:
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Table3.5:Energybalanceto thewaterflowing insidethecollector

Symbol Unit Comment

vwc m/s Velocity of waterthatflows insidethecollector

� ��� kg/s Inlet massflow of waterto thecollector

� ��� kg/s Outletmassflow of waterfrom thecollector

� �� kg/s Massflow of waterin thecollector

mc kg Totalmassof waterinsidethecollector

� � K Temperatureof theabsorberpipe

� � K Temperatureof thewaterinsidethecollector

Thesystemis dividedin controlvolumes,andeachcontrolvolume:

� =
� �

��
Eq3-19

In this systemN=10

This systemis dividedin 10 differentparts;thesolar collectorhasa lengthof 112.5meters,so

if this pipe is dividedin 10 parts,eachparthas11.25meters.It is necessaryto do thebalance

for eachpart.

In appendix1 is showntheequationsfor eachcontrol volume.

Thanksto equation2-12and3-19:

�� �,����

��
=

� ��
� � � � ��

�T �,� � T�,���� � +
� � � � (� �,���� �� �,���� )

� � � � ���,�
Eq3-20

As it canbe seen,dependingon the temperatureof the absorberpipe,andthevelocity of the

waterinsidethe collector,the temperatureof the waterthat flows insidethe collectorcanbe

variable,becausetherestof parametersareconstant.

So,at theboundaryof thesystem,x =0.

�� �,��

��
=

� ��
� � � � ��

�T �,� � T�,�� � +
� � � � (� �,���� �� �,���� )

� � � � ���,�
Eq3-21

In anyoneplaceof thesystem,x = N

�� �,�

��
=

� ��
� � � � ��

�T�,(���)�� � T�,��� � +
� � � � (� �,���� �� �,���� )

� � � � ���,�
Eq3-22

If � x � 0

�� �

��
= �

� ��
� � � �

�� �

��
+

� � � � (� �,���� �� �,���� )

� � � � ���,�
(T� � T� ) Eq3-23[13]

Thespatialdiscretizationschemeis shownin next figure, whereeachcylindrical segmenthas

a lengthof � x.
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Figure3.4:A sideview of thecollectorpipeassembly illustratingdiscretizationfor numericalsimulation.

Modificationof figure in [13]

In appendix1 is showntheequationsfor eachcontrol volume.

3.1.2.1.2 Energy balance to the absorber pipe

Theenergybalanceto theabsorberpipeis:
�� �,��

��
= H��,� � H��,� + Q���� Eq3-24

�� �,��

��
= H��,� � H��,���� + Q���� Eq3-25

� �,�� = � � �� �,���� Eq3-26

� ��,� = � ��.���� = 0 Eq3-27

�� � �� = � �
�
� � �����

� � ����� Eq 3-28

And thanksto equations2-31,2-32,2-33,2-34,2-35, canbeobtained:

�
�
� � � �

�� � �,�+��

��
= � � 2 � � � �� �

�
1
� �

+
1 � ��

� �
(

� ��

� ��
)

PAo � � � � �,�+��
4 � � �,�+��

4 � � �� PAi � � (TA,x+�x

� Tc,x+�x )

Eq3-29

If is appliedequation3-16for theabsorberpipe:

�� �,����

��
=

2 I� � ��

� � ���� � �
�

�
1
� �

+
1 � ��

� �
(

� ��
� ��

)
·

P��

� � ���� � �
�� �,����

� � ��,����
� � �

� � P�� (T�,���� � T�,���� )

� � ���� � �

Eq3-30

If � x� 0:

�� �

��
=

2 IC � ��

� � �� �� � �

�
�

1
� �

+
1 � ��

� �
(

� ��
� ��

)
·

PAo

� � �� �� � �

� � �
� � ��

� � �
� � P��

� � ���� � �

(T� � T� )

Eq3-31[13]

As it canbeseenthetemperatureof theabsorberpipe is dependentof theradiationof thesun

(Ic), the forced convectioncoefficient in the collector pipe (hc), and the temperatureof the

glassenvelope(TE), therestof parametersareconsideredconstantparameters.
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In appendix1 is showntheequationsfor eachcontrol volume.

3.1.2.1.3 Energy balance to the glass envelope

Theenergybalanceto theglassenvelopeis:

�� �,��

��
= H��,� � H��,� + Q��� �� Eq3-32

�� �,��

��
= H��,� � H��,���� + Q��� �� Eq3-33

� ��,�� = � � �� �,���� Eq 3-34

� ��,� = � ��.���� = 0 Eq 3-35

���� �� = � �
���
� � ���������

� � ������� Eq3-36

Thanksto equations2-33,2-35,2-37,2-38,2-39,.is obtained:

m�
�� �

�,����

��
=

�
1
� �

+ 1�� �
� �

( ���
� ��

)
P�� � � � � �,����

� � ��,����� � � � �� � �� � � � � �,����
� � ������

� � �� � P�� � � (T�,���� � T��� )

Eq3-37

If equation3-16is appliedto theglassenvelope:

� � � � ����
�� �,����

��
=

�
1
� �

+
1 �� �

� �
(

� ��
� ��

)
P�� �� �,����

� � ��,����
� �� � �� � �� �� �,����

� � ������
� ��� � P�� (T�,���� � T��� )

Eq3-38

�� �����

��
=

�
1
� �

+ 1�� �
� �

( ���
� ��

)

� � ���� � �
P�� � � �,����

� � ��,����
� � �

� �� � ��

� � �� �� � �
� � �,����

� � ������
� � �

� � P��

� � ���� � �
(T�,���� � T��� )

Eq3-39

If � x� 0:

�� �

��
=

�
1

� �

+
1 � ��

� �

(
� ��

� ��

)

�
�

� ��� � �

PAo( � A
4 � �E

4) �
� �� � ��

�
�

�� �� � �

( � �
4 � � �����

4 ) �
� � PEo

�
�

� ��� � �

(TE � Tair)

Eq3-40[13]

Table3.6:Energybalanceto theglassenvelope

Symbol Unit Comment

� � K Temperatureof thewaterinsidethecollector

TA K Temperatureof theabsorberpipe

TE K Temperatureof theglassenvelope

Tcloud K Temperatureof thecloud

Tair K Temperatureof theair ambient

And, therelationbetweenthetemperatureof thecloudsandthetemperatureof theair is:

� ����� = � ��� � 9.84 · 10�� · � ����� Eq3-41[29]
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As it canbe seenin theseequations,the temperature of the glassenvelopedependson the

temperatureof theabsorberpipe,thetemperatureof cloudsandair, andthenaturalconvection

coefficientbetweentheenvelopeandtheair (hE).

In appendix1 is showntheequationsfor eachcontrol volume.

3.1.2.2Energy balance to the energy storage tank

The energystoragetank is modeledby dynamicmassbalanceandenergybalancefor mixed

tank(constanttemperature).

The input of energyto the energystoragetank depends on the velocity of the heattransfer

fluid (water)insidethecoil, andits temperature.

3.1.2.2.1 Energy balance to the energy storage tank

Energybalancein enthalpyform:

�� �

��
= H��� � H��� + � �́ ´ + �´´; ( �´´ = 0 ) Eq3-42

Here:

Table3.7:Energybalanceto theenergystoragetank

Symbol Unit Comment

H��� kJ/s Enthalpyof theincomingwaterflow to thetank

H��� kJ/s Enthalpyof theoutputwaterflow from thetank

� �́ ´ kJ/s Heattransferredto/from thetank

W´´ kJ/s Work transferredto thetank

�� �

��
kJ/s Enthalpychangein thetankwith thetime

Here,thesetermsare:

H��� = �� �� �� � Eq3-43

� ��� = �� �� �� � Eq3-44

� �́ ´ = � ���� + � ��� � ����� Eq3-45
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Table3.8:Heattransferredinto thetank

Symbol Unit Comment

�� � kJ/kg Massenthalpyof theincomingwaterflow to thetank

�� � kJ/kg Massenthalpyof theoutputwaterflow from thetank

� �� kJ Heattransferredby thecoil of thecollectorto thetank

� ��� kJ Heattransferredby theelectricitysystemto the tank

� �� � � kJ Heattransferredfrom thetankto theair of thehouse

and:

� ����� =
� �

� �
� ����� Eq3-46

Applying equations2-42, 2-43, 2-46, 2-47, 3-46 and having in accountthat the enthalpy

insidethetankis:

� � = � �� �� � Eq3-47

� ( � �� �� � )

��
= m�ti �� � � m�to �� � + � ��� � ��� � � �,�+�� � � � � +

� �

� �

Q�elec � � ��� � ��� ( � � � � ��� )

Eq3-48

Here:

Table3.9:Enthalpybalance

Symbol Unit Comment

�� � kJ/kg Massenthalpyinsidethetank

�� � kJ/kg Watermassenthalpythatentersto thetank

Sotheenthalpychangeinsidethetankis:

� (� �� �� � )

��
= � ��

�� � �

��
+ �� �

�� ��

��
Eq3-49

� ��
�� � �

��
+ �� � (m�ti � m�to) Eq3-50

� ��
�� � �

��
+ �� � ( � ��� � � ��� ) = m�ti �� � � m� to�� � +� ��� � ��� � ��,���� � �� �+

� �
� �

� �
���� � � ��� � ��� ( � � � � ��� )

Eq3-51

so:

� ��
�� � �

��
= m�ti �� � � � �� � � + � ��� � ��� � ��,���� � �� � +

� �

� �
� ��� � � ��� � ��� ( � � � � ��� )

Eq3-52

Applying equation3-16for a tank,andif Cpw is consideredconstant:
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�� � � � �� � � = � ��
�� �

�� �
� � �� �

� �

� �
�� � ��� �� � – � � � Eq3-53

Thereforetheenergybalanceis:

� �� � ��
�� �

��
= m�ti � �� ( � � – � � ) + � ��� � ��� � � �,���� � �� � +

� �

� �
� �

�� � � ��� � ��� ( � � � � ��� )

Eq3-54

HereAc-t is the contactareaof the coil with the waterof the tank inside the heatexchanger

(energystoragetank),is functionof theheightof thewaterinsidethetank:Ac-t = f ( ht).

So,aftersomesimplifications:

�� �

��
=

m�ti ( � � – � � )

m��
+

2 � �� � ���� � ��� � ��,���� � �� �
m�� C��

+

� �
� �

� ���

m�� � ��
�

� ��� � ��� ( � � � � ��� )

m�� � ��

Eq3-55

In modelingis neededtheenergybalanceto thecoil thatprovidesenergyto the tank.Thanks

to this balanceit is possiblecalculatethe temperatureof the waterthat flows insidethe coil;

this temperatureis the sametemperaturethat enters to the collector becausein this model

therearenot lost of heatbetweentheenergystoragetankandthecollector;theyareneglected.

3.1.2.2.2 Energy balance to the coil

Theenergybalancein enthalpyform for thecoil is:

�� ����,����

��
= H�����,� � H�����,���� � Q���� Eq3-56

� ����,�� = � ����,���� �� �,���� Eq 3-57

� � = �� ���� �� � Eq3-58

� �����,� = �� ���� �� �.� Eq3-59

� �����,���� = �� � �� �,���� Eq3-60

�� ����

��
= �� ���� �� � ����.� � �� ����,���� � � Q���� Eq3-61

Here,thanksto equation3-16appliedfor thecoil, theequations2-21,2-42,2-43,andif the

totalpipeis dividedin controlvolumes:

��=
� ����

�
Eq3-62

so:

�� ����,����

��
=

� ��
� � � � ��

(� ����,� � �����,���� ) �
� � � �

� � � � ����
(� ����,���� � �� ) Eq3-63

so,at theboundaryof thesystem,x =0.
�� ����,��

��
=

� ��
� � � � ��

(� �� � �����,�� ) �
� � � �

� � � � ����
(� ����,�� � �� ) Eq3-64
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In anyoneplaceof thesystem,x = N

�� ����,�

��
=

� ��
� � � � ��

(� ����,(���) � �����,� )�
� � � �

� � � � ����
(� ����,� � �� ) Eq3-65

If � x � 0

�� ����

��
=

� ��
� � � �

�� ����

��
�

� � � �

� � � � ����
(� ���� � �� ) Eq3-66

Here:

Table3.10:Energybalanceto thewaterthatflows insidethecoil

Symbol Unit Comment

Vc m3 Coil volume

vwc m/s Velocity of waterflowing insidethecoil

� �� kg/s Watermassflow in thecoil

mc kg Watertotal massinsidethecoil

In this systemN=10

This systemis dividedin 10 differentparts;thecoil hasa lengthof 9 meters,so if this pipe is

dividedin 10 parts,eachparthas0,9meters.It is necessaryto do thebalancefor eachpart.

Thespatialdiscretizationschemeis shownin nextfigure, in it, eachcylindrical segmenthasa

lengthof � x.

Figure3.5:A sideview of thecoil pipeassemblyil lustratingdiscretizationfor numericalsimulation.Modificatin

of figure in [13]

3.1.2.3Energy balance to the house

Therearetwo heatflows in thehouse,oneheatingandanotheronecooling.

Theheatingto thehouseis thanksto theradiantfloor andcoolingof thehouseis dueto heat

lossesthroughthewalls.

3.1.2.3.1 Energy balance to the air of the house

In chapter2 someassumptionsaredeclaredto modelthis system(house),so, theappropriate

balanceis:
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�� ���

��
= H��� � H��� + � �́ ´´+ �´´´; ( �´´´ = 0 ) Eq3-67

It is assumedthattherearenot inputsor outputsof air at home(is completelyclosed),so:

H��� = H��� = 0

Entranceof heatin thehouseis by radiantfloor and outputsof heataredueto lossesof heat

throughwalls.

� ��� = � �� H� � Eq3-68

� �́ ´´ = � �� + � ����� Eq3-69

And thanksto theequation3-16appliedfor theair of thehouse,andequations2-26,2-66,2-

67,and2-69canbeobtained:

� �� ����
�� ���

��
= � � � � ( � � � ����� ) � ��� � ���� (� ���� � ���� ) Eq3-70

So:

�� ���

��
=

� � � � ( � ���� � � ��� )

� �� ����
�

� �� � ���� (� ���� � � ��� )

� �� ����
Eq3-71

3.1.2.3.2 Energy balance to the water that flows through the underfloor pipes.

The energybalanceto this systemis the samethat energybalanceto the water that flows

insidethecoil of the tank,theuniquedifferenceis that in this case,heatis transmittedto air,

not to water;socoefficientof heattransmissionin this alternativeis thecoefficientof natural

convectionto theair; someassumptionsin this case hasbeencarriedout.

�� �,����

��
=

� ��
� � � � ��

(� �,� � ��,���� ) �
� � � �

� � � � ����
(� �,���� � ����� ) Eq3-72

so,at theboundaryof thesystem,x =0.

�� �,��

��
=

� ��
� � � � ��

(� � � ��,�� ) �
� � � �

� � � � ����
(� �,�� � ����� ) Eq3-73

In anyoneplaceof thesystem,x = N

�� �,�

��
=

� ��
� � � � ��

(� �,(���) � ��,� ) �
� � � �

� � � � ����
(� �,� � ����� ) Eq3-74

If � x � 0

�� �

��
=

� ��
� � � �

�� ����

��
�

� � � �

� � � � ����
(� � � ����� ) Eq3-75

So,for anycontrolvolumethis equationwouldbe:

�� �,�

��
=

� ��
� � � � ��

(� �,��� � ��,� ) �
� � � �

� � � � ����
(� �,� � ����� ) Eq3-76

3.2 Inputs and outputs of the system

Therearesomeinputsin thesolarcollector,theenergystoragetank,andat home;dependon

theseinputsthesystemwill transfergreateror lesserquantityof energy;theseinputsare:
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3.2.1 Inputs in the solar collector

Therearesomeinputsin thesolarcollector;theyaregivenin thetablebelow:

Table3.11:Inputsin thesolarcollector

Symbol Value Unit Comment

Ic 0� 200 W/m2 Directsolarirradianceincidenton the

collectorsurface

Tair 278� 289 K Air ambienttemperature

Tcloud 268� 279 K Cloudstemperature

vwc 0� 2.5 m/s Watervelocity insidethecollector

Dependingon the temperatureof the air, clouds, and the incident solar irradiance, the

temperaturein theabsorberpipe,andin the waterthat flows insidethe collectorpipewill be

greateror lesser.

And dependingon the velocity inside the collector pipe, the water that flows inside the

collectorpipewill gainandwill transfermoreor lessquantityof heat.

3.2.2 Inputs in the energy storage tank

Therearesomeinputsin theenergystoragetank;are givenin thetablebelow:

Table3.12:Inputsin theenergystoragetank

Symbol Value Unit Comment

� ��� 0� 0.195 kg/s Waterfeedmassflow to thetank

� ��� 0� 0.195 kg/s Waterfeedmassflow from thetank

Tw 278� 280 K Temperatureof feedmassflow to thewater

tank

vwc 0� 2.5 m/s Watervelocity insidethecoil

� ����� 0� 2000 W Heatprovidedby electricitysystem

Dependingon themassflow andthe temperatureof this massflow thatenteror departureof

thetank,thetemperatureinsideit will begreateror lesser.

Dependingon the � ����� the tank will be heatedmoreo less,anddependingon the velocity

insidethecoil, thewaterthatflows insideit wil l transfermoreor lessquantityof energy.
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3.2.3 Inputs in the underfloor heating

Thereis only two inputsin theradiantfloor becauseotherparametersareconsideredconstant,

like Twall andcoefficientsof heattransmission(hcn, hr); is givenin thetablebelow:

Table3.13:Inputsin theunderfloorheating

Symbol Value Unit Comment

Tair 278� 289 K Temperatureof theambientair

vwr 0� 2.5 m/s Velocity of thewaterthatflows insidethe

underfloorpipe

Dependingon thetemperatureof theambientair; the lossesof heatat homewill begreateror

lesser,dueto thetemperatureof thewall is constant.

All theseinputs can be measuredin the system,and dependingon the valuesof them, the

systemhasdifferentoutputsthatarecomputedby themodel.

3.2.4 Outputs of the solar collector

Therearesomeoutputsin thesolarcollector;aregivenin thetablebelow:

Table3.14:Outputsin thesolarcollector

Symbol Unit Comment

Tc K Watertemperaturethatflows insidethe

collector

TA K Absorberpipetemperature

TE K Glassenvelopetemperature

3.2.5 Outputs of the energy storage tank

Therearesomeoutputsin theenergystoragetank;aregivenin thetablebelow:

Table3.15:Outputsin theenergystoragetank

Symbol Unit Comment

Tt K Temperatureof thefeedmassflowing from

thetank

ht m Heightof thetank

Tcoil K Temperatureof thewaterflowing inside

thecoil
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3.2.6 Outputs of the radiant floor

Therearesomeoutputsin theradiantfloor; theyaregivenin thetablebelow:

Table3.16:Outputsin theunderfloorheating

Symbol Unit Comment

Tr K Temperatureof thewaterflowing inside

theunderfloorpipe

Thou K Housetemperature

Dependingof the inputsfor thesethreecases(sunny, partly cloudy,andcompletelycloudy),

theoutputsof thesystemwill bedifferent.

3.2.7 Initial conditions

To startthesimulationof thesystem,someinitial conditionsmustbeconsidered;theyare:

Table3.17:Initial conditionsof stateparameters

Symbol Value Unit

ht 0.9 m

Tt 278 K

Tc 278 K

TA 278 K

TE 278 K

Tr 278 K

Thou 288 K

3.3 Accuracy of the model

The accuracyof the modeldependson someassumptions in eachsystem,theseassumptions

are:

• The model neglectsthe conductionthroughthe pipes; the model considersa good

conductivity.

• The modelneglectsthe lossesof heatbetweenthe pipes that connectthe collector

andtheenergystoragetank.

• The model neglectsthe kinetic and potential energyin the systemdue to that in

comparisonwith theheattransferred,thosetermsaresmaller.
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• The accuracyin the weatherconditions(Tair, Tcloud, Tw, Ic) hasbeenmodeledwith

some lacks, becauseweatherconditions are continuously changedand has been

impossiblemodeledwith greateraccuracy.

• Theaccuracyof themodelhasin accountsomesimplificationsin overallcoefficients

of heattransmission;in respectivechapter(2.4)wasconsidered.

3.4 Validation of the model

Whena modelis built, numberof equationsmustbeequalto thenumberof unknownstates,

so, in this model there are 8 unknowns,they are: Tt, ht,TA,TE,Tc, Tcoil,Tr and Thou so the

systemneeds8 equationsto solveit.

To validate the model these8 equationsshall be computed in the respectivecomputer

program.
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Equationnumber1 and2 areequationsfor thesamefluid (water)but this fluid dependson the

partof thesystem,andis modeledwith differentequations.

The model is validated through simulation with computer programs;theseprogramsare

Matlab,Pythonor Modelica;in this projectOpenModelicais goingto beused.

One time simulationis validated,next stephasbeen considerall inputs in the system,like:

Tair,Tcloud,Tw, m��� , m��� , Ic, vwc., � ��� that are continuously changing over time, and the

simulationis performedwith OpenModelica.

Theseinputs:Tair,Tcloud,Tw, Ic arefixed by theweatherconditions,while theseinputsarefixed

by humanconsumptions:m��� , m��� .

The only inputs that man can manipulatedare: vwc., � ��� , dependingon these inputs, the

temperatureof thetankwill vary.
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4 Simulation and verification
Simulationandverificationof theresultsis carriedout in nextchapter.

4.1 Simulation

Thesesystems(collector, energy storagetank and house) have been simulatedby Open

Modelicaon a clearday, partly cloudy day, and on a completelycloudy day in a period of

threedays.

Solarirradiancehasnot thesamevalue,this valuedependson theday; in a sunnyday,solar

irradiancewill be higher than in a partly cloudy day, and this will be greaterthan in a

completelycloudyday. In a completelycloudyday the highestradiationis carriedout in the

centralhoursof theday,whenthesunis ashigh as possible;in this configurationthefirst day

is completelysunny,while thesecondandthird dayis completelycloudy.

In this study is supposedthat at the beginning the tank is full of water at the supply

temperature(278K),sothefirst daytheheatcapturedby thecollectoris usedto heatthetank;

at thesametime thehouseis at 288K so the first day thehouseis on a heatingperiod;after

this periodthehouseis heatedasmuchaspossible.

Dependingon different inputs the outputshavebeen different, and the temperaturesof the

tankandthehousewill reachdifferenttemperatures in eachcase.

Codeof simulationby OpenModelicaprogramfor each caseis attachedin theAppendix2.

4.1.1 Simulation on a clear day

This simulationconsistsin a threedaysimulation,in which arecompletelysunny.

Inputsaredifferentdependingon theday(sunny,partly cloudyor completelycloudy). In the

systemanalyzedTair, Tcloud, Tw, mto havethesamevaluein thesethreecases,becausetheneed

of water in a housedoesnot dependon the day,andit is assumedthat a springday,hasthe

sametemperaturesof water,cloudandair.

Hereis attachedtheinputsfor aclearday:Tw, Tair, Tcloud, Ic, Qelec, mti, mto, vwc, andvwr.
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Fig 4.1: Inputsin a sunnyday:Tw, Tair, Tcloud (K).

Fig 4.2: Inputsin a sunnyday:Qelec (W), Ic (W/m2).

Regardingto the electric energy supplied for the electricity system of the tank: if the

temperatureof thetankneedsto behigherbecausetheheattransmissiondueto theunderfloor

pipe doesnot transmitthe energyenoughto maintain the temperatureof the houseto 294K,

theelectricitysystemwill beswitchedon,while if thetemperatureof thetank is high enough,

theelectricitysystemwill beswitchedoff.

Dependingon the day (sunny,partly cloudy or completely cloudy), the entranceof water to

the tank (mti) will be at different hours, in order to maintain as high as possible the

temperatureinsidethe tank; in a sunnyday, this entrancedoesnot dependof the hourof the

day,but in a partly cloudy day it will betterto do in the hourswith highestradiation,andin

completelycloudydaysit will bebetterto load the tank in thecentralhoursof the day,with

highertemperaturesandthehighestsolarirradiance.

In all casesthe outlet of the tank reachesits highest value between6 and 7 a.m. in the

morningby showeringof four people;thesecondhighestvalueof outletof the tank is at the

hour of the lunch at home,and washdishes,this consumeis between11 a.m and 12 a.m.,

while the lastconsumeof waterin a dayis dueto havedinnerat homeandthewashmachine.

Constantconsumethroughoutthedayis dueto theunderfloorheatingwith a constantvalueof

0.025kg/s.

Most importantinlet of waterto the tank is carried out at the centralhoursof the day,when

thesunradiatesmorestrongly,between11 a.m.and13 p.m,but between8 a.m.and16 p.m.
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is continuouslyenteredwaterto thetank.Between6 a.m.and8 a.m.the tank is only emptied

dueto thelow solarradiationin thosehours.

Fig 4.3: Inputsin a sunnyday:mti, mto (kg/s).

About the velocity in the collectorpipe,or the velocity in the underfloorpipe,dependingof

theneedof heatwithin thesystem,thevelocity will behigheror lower.

In sunnycasethevelocity of thewaterthat flows insidethecollectoris of 2 m/s in thehours

in which thesunradiatesandhasa minimumvalueof 0.1m/sat hoursin which thesunis not

radiating.

Fig 4.4: Inputsin a sunnyday:vwc, vwr (m/s).

And thenextresultshavebeenobtained:

Fig 4.5:Outputsin a sunnyday:hwt (m).

It canbeseenin this figure themostimportantoutlet of waterfrom thetank is carriedoutat 6

a.m., to have a shower, and then during the day, and the sun is radiating, the tank is

continuouslyfilling.
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Fig 4.6:Outputsin a sunnyday:TA, TE(K).

Here the absorberpipe is heating during the day, and cooling during the night periods.

Between11 a.m. and 13p.m. (second and third day) entersto the tank very much water

(cold), andthe temperatureof the absorberpipe,decreased;this is dueto the absorberpipe,

yields all of the heatto the watercirculating inside the collector,and this water lose much

temperaturein thetank

Between6 a.m.and8 a.m.theabsorberpipe is heating, becausethetank is almostemptyand

the electricity systemprovides lot of hot to this water; this water heatsthe coil, so the

temperatureat the entranceof the collector is continuouslyincreasingin this periodof time;

then,at 8 a.m.thetankstartsto fill with cold waterandthetemperatureof thetankdecreasea

lot, so the temperatureof the absorberpipe, logically, decreasetoo. When the tank is filled

morethanhalf, the areaof heattransmissionbetween thecoil andthe tank is high enoughto

elevatethe temperatureof the waterof the tank,and the temperatureof the absorberpipe, is

increasedin this periodof time(whenthetankis almostfull).

Thetemperatureof theglassenvelopeis continuously repeated.

At night periods,the absorberpipe is not ableto cool down to the initial temperature,so is

continuouslyheating,but in lessquantityeachday

Fig 4.7:Outputsin a sunnyday:Tt, Thou, Tr(K)

As shown in Fig 4.7 the temperatureof the tank is continuouslyheatingeachday, and is

coolingeachnight; heatlost at night is lessthantheheatgainduringtheday,sothetankeach

dayis hotter.
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At night the temperatureof the tank decreasedalthoughthe electricitysystemis switchedon

due to the tank is full at night and electricity is not enough to maintain constantthe

temperatureof thetank.

In the secondand third day, the temperatureof the tank is increasedbetween6 a.m.and 8

a.m.dueto theelectricitysystemandthelow level of waterin thetank; then,between8 a.m.

and12a.m.thetankdecreaseits temperaturedueto thelow areaof heattransmissionbetween

the coil andthe waterof the tank, andthe entrance of cold water to the tank, to replacethe

waterexpendedduringthemorning.

First day the tank is in a heatingperiod,but second and third day the tank reachesenough

temperaturefor supplyingwaterto theneedsof home,morethan300K; with this temperature

is possibleto havea showerin the morning,cleandishesat lunch or to switch on the wash

machineafterlunch(this lasthomework,dependson theprogram).

The underfloor heating is always switched on, so, the temperatureof the house is

continuouslyincreaseddue to the temperatureof the tank is continuouslyincreased,too; so

would be possibleto maintaincontinuouslythe house heatingby this systemduring sunny

days.

Eachday,thetemperatureof thetankandthetemperatureof thehouseareincreasinglessthat

previousday,soit is possiblethatsteadystateis achievedwith thepassageof time.

Thetemperaturein theunderfloorpipe(Tr) is increasinganddecreasingat thesametime that

the tank; in the first control volume (Tr[1]) the temperatureis slightly lower than the

temperatureof thetank,but in thelastvolumecontrol (Tr[10]) thetemperaturedecreasea lot.

In the third day the temperatureof the tank decrease very much betweenthe hours of

replacingthe waterof the tank,but the temperature of the houseis increasing,this is dueto

the temperatureof the tank dropsquickly, and the temperatureof the housecannotdrop as

fast,andalso,thehouseis heatingby theambientair in this periodof time.

Fig 4.8:Outputsin a sunnyday:Qc-t, Qr, Qlost(W).

The resultsof heattransmissionin the houseandin the tank areshownin Fig 4.8, in which

the heattransmissioncanbe seenbetweenthe coil andthe tank (Qc-t), and in the house(Qr,

Qlost). During the day the lossesof heatin the houseare negative(the ambientis hotter that
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the wall of the house);at night the lossesof heatat home are important (air temperature

decreaseatnight),andtheunderfloorheatingtransmit heatto thehouse.

As heattransferfrom the underfloorpipe is calculatedasthe sumof the temperaturesof the

underfloorpipesand the temperatureof the house,this can be negative,becausethereare

morecontrolvolumesin thepipewith a lower temperaturethanthetemperatureof thehouse;

this heatdependsa lot of thevelocityof thewater insidetheunderfloorpipe.

Negativepeaksof heatin thecoil areshownin Fig 4.8dueto in thefirst hoursof thedaythe

temperatureof the tank is higher than temperaturein the coil pipe, this is due to electric

system that maintains the temperatureof the tank at night; in this period of time the

temperatureof thewaterthatflows insidethecoil decreaseits temperatureduringthenight by

heatlossesof the collector, that cooledthe glassenvelopeand the absorberpipe and these

cool the waterthat flows insidethe collectorpipe; this is dueto a constantbut low velocity,

that is maintainedinsidethecollectorpipeatnight.

Highestheattransmissionin the coil is between11 a. m. and13 p.m. in which the flow of

waterthatentersto thetankis highestandtheradiationin thosehoursis maximum.

Betweenthe6 a.m.and8 a.mtheheattransmissionbetweenthecoil andthe tank is negative

dueto in thesehourstheelectricitysystemof thetank is switchedon anda low level of water

is in thetank,sotherearehighertemperaturein thetank,thanthecoil .

Fig 4.9:Outputsin a sunnyday:Tc1, Tc2 (K).

Heattransmissionin the coil canbe seenin Fig 4.9, in which areshowntemperaturesat the

entranceandtheexit of thecoil. Thetemperaturedifferencebetweentheinlet andtheoutletis

so smalldueto thevelocity of thewaterinsidethe pipe (2m/s),whenthe velocity decreased,

thetemperaturesdifferenceis increased.

In this case,in onehour, the temperatureis increasedabout2.6 K, with a total radiationof

200W/m2, themaximumradiationreachedin a day.

4.1.2 Simulation in a partly cloudy day

In next figures,valuesof inputsaredrawnin a partly cloudy day: Ic, Qelec, mti, mto, vwc, and

vwr;Tw, Tair, Tcloud arethesamethatin thepreviouscase.
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Fig 4.10:Inputsin a partly cloudyday:Qelec (W), Ic(W/m2)

In this caseQelecdoesnot havea null value;theelectricsystemis switchedonduringthenight

with a valueof 2000W/m2. As it canbe seen,electricity systemis switchedon between21

p.m. and8 a.m.andis not switchedoff until 6 a.m. becausethe radiationof the sunat these

hoursis very low andthesolarcollectortakesa few hoursto warmup.

About Ic asit canbe seenonly reachesa maximumvalueof 200 W/m2 in threehoursof the

day,therestof thetimehasamediumvalueof 100W/m2 moreor less.

Fig 4.11:Inputsin a partlycloudyday:mti, mto(kg/s).

As it canbe seenin a partly cloudy day, the outlet of waterof the tank is carriedout at the

samehours that in a sunnyday, but the inlet of water to the tank is different; this is due

becausethe radiationis not ashigh asin a sunnyday,andthe flow entranceto the tankmust

bedonemoreslowly, becausethe temperatureof the tankdropsquickly with a fastentrance.

Most importantentranceof water to the tank is carried out at the centralhoursof the day

(between11 a.m.and16 p.m.).

Fig 4.12:Inputsin a partlycloudyday:vwc, vwr(m/s).
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The highestvelocity (2 m/s) throughoutthe day is at the hours in which the radiation is

highest,between14 p.m. and 19 p.m. At the rest of the day hoursthe systemsrunswith a

mediumvelocityof 1 m/s;atnight this systemis almostoffline.

And thenextresultshavebeenobtained:

Fig 4.13:Outputsin a partlycloudyday:hwt(m).

As it canbeseenin this figure themostimportantoutletof waterfrom thetank is carriedout

at 6 a.m.,to havea shower,like in a sunnyday,and thenduringtheday,andthesunradiates,

the tank is continuouslyfilling, in this casethe inlet of waterto the tank is realizedin more

hoursthanin asunnydaybecausethelow radiationin thesedaysis not enoughto increasethe

temperatureof the absorptionpipe at a high value andconsequenceof this, is a lower heat

transmissionto the tank. If the inlet of water to the tank is realized in more time, the

temperatureof thetankwill decreaselessthanwith a fastentranceof water.

Fig 4.14:Outputsin a partly cloudyday:TA, TE(K).

Herethe absorberpipe is heatingduring the day,and cooling during the night andin filling

periods;in this casethe electricitysystemis switchedon at night andthe temperatureof the

tank, and the absorberpipe almostdoesnot decrease. The greatestentranceof water to the

tank is realizedbetween13 a.m.and16 p.m.but is not ashigh asin thesunnyday,therefore,

the level of the tank is very low in muchof theday, so theheattransmissionby thecoil pipe

is very low duringthesehours,andthetemperatureof thecoil andtheabsorberpipedecrease.

Whenthetankis almostfull (morethanhalf) theheattransmissionby thecoil is increased,so

thetemperatureof thetank,coil, andabsorberpipe is increasedtoo.

Dueto thelow radiationin this casein comparisonwith sunnyday,theabsorberpipedoesnot

reachthesametemperature,thetemperatureof theabsorberpipein this caseis lower.
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Theheatingof thetankby theelectricitysystemis shownin thetemperatureof theabsorption

pipe,whenatnight its temperaturedoesnotdecreasemuch.

Thetemperatureof theglassenvelopeis continuously repeated.

At night periods,the absorberpipe is not ableto cool down to the initial temperature,so is

continuouslyheating.

As in previouscase,between6 a.m.and8 a.m.thetemperatureof theabsorberpipe increases

dueto theheatingof thetank(electricitysystem), andtheonly outputof waterin thetank,no

inputsin thesehours.

Fig 4.15:Outputsin a partly cloudyday:Tt, Thou, Tr(K).

As it can be seenin Fig 4.15 the heat lossesat night are higher that heatprovidedby the

underfloorheating,sothetemperatureof thehousedecreased.

Temperaturesof thetankandthefirst controlvolumeof theunderfloorpipelook like a lot; at

night thesetemperaturesalmostdonot decreasea lot dueto theelectricitysystem.

At this case,thevelocity in theunderfloorpipeis zeroin thesix first hoursof thefirst dayand

it causestherapiddropin temperatureof theunderfloor heatingpipeandthehouseduringsix

first hoursof the first day; the secondandthird day, this systemis alwaysconnectedso the

temperatureof thehouseis increasingduringtheday,anddecreasea bit at night.

Temperaturein the houseis continuouslyincreasing, but eachday less;it is possiblethat in

thenext daysthis temperaturereacha steadystate. This temperatureis betweenthan286K ,

and 295 K, and it is possiblethat next dayswill be between290 K and 295 K, a suitable

temperatureto live, so in this caseit would bepossibleheatingthehousewith theunderfloor

heating.
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Fig 4.16:Outputsin a partly cloudyday:Qc-t, Qr, Qlost(W)

As showFig 4.16theheatlost is negativethroughout thedaydueto thetemperatureof theair

is higherthanthe temperatureon the wall. Thehighestheattransmissionfrom thecoil to the

tank takesplacein the hoursof the day in which the radiationis maximum(14 p.m. to 16

p.m.,and17p.m.to 19 p.m.),therestof thehours this heattransmissionis lower.

Negativeheatpeaksexist in thesystemof heattransmissionbetweenthecoil andhetankdue

to in the first hoursof the day the temperatureof the tank is higher than temperaturein the

coil pipe, this is dueto electricsystemthat maintainsthe temperatureof the tank at night; in

this period of time the temperatureof the water that flows inside the coil decreaseits

temperatureduringthenightby heatlossesof thecollector,thatcooledtheglassenvelopeand

theabsorberpipeandthesecool thewaterthat flows insidethecollectorpipe; this is dueto a

constantbut low velocity, that is maintainedinside thecollectorpipeat night.

Positiveheatpeaksin transmissionbetweenthecoil andthetankareat 14p.m.dueto thehigh

differenceof temperaturesbetweenthecoil andthetankin thathour.

In this case,highestheattransmissionbetweenthe coil and the tank is carriedout between

14p.m.and16p.m.when the radiationis maximumand the entranceof water to the tank is

maximum,too.

Heatprovidedby the underfloorheatingis higherthanlossesduring the daydueto the high

temperatureof the tank, but lossesof heatof the houseare higher than underfloorheating

during the night, due to the ambient temperatureand the temperatureof the tank is

decreasing..

Fig 4.17:Outputsin a partlycloudyday:Tc1, Tc2(K).
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Heattransmissionin thecoil canbeseenin Fig 4.17, in which areshowntemperaturesat the

entranceand the exit of the coil. The differenceof temperaturebetweenthe inlet and the

outlet is so small due to the velocity of the water inside the pipe (2m/s),when the velocity

decreased,thedifferenceof temperatureis increasedbecausethewaterhasmoretime of heat

transmission,maytransfermoreheat.

In this casethe temperatureis increasedabout1.1 K in onehour, lessthan in previouscase

becausetheradiationbetweenthis hoursis 50 % lessthantheradiationin thesamehoursin a

completelysunnyday(100W/m2).

4.1.3 Simulation in a completely cloudy day

In next figures,valuesof inputsaredrawnfor a completelycloudyday: Ic, Qelec, mti, mto, vwc,

andvwr; Tw, Tair, Tcloud arethesamethatpreviouscases.

Fig 4.18:Inputsin a completelycloudyday:Qelec, Ic.

In this caseelectricity systemis switchedon during all the day,becausethe radiationof the

sunis not highenoughto maintainthetemperatureof thetankin atacceptablelevel.

Fig 4.19:Inputsin a completelycloudyday:mti, mto.

In this casethe inlet of water to the tank is carried out more slowly becauseif not, the

temperatureof thetankdropsdrastically,dueto thelow radiationof thesunin thesedays.
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Fig 4.20:Inputsin a completelycloudyday:vwc, vwr.

Here,thevelocity of waterinsidethecollectorpipeis thehighestpossibleduringthedaydue

to low radiation; at night this velocity decreaseda lot, becausein thesehours the heat

transmissionfrom thecoil to thetankis notsuitable,becauseit coolsthetank.

And thenextresultshavebeenobtained:

Fig 4.21:Outputsin a completelycloudyday:hwt (m).

Figure 4.21 showsthat the entranceof water to the tank, in this caseare carriedout more

slowly thanin previouscases,continuouslyduring13hours(8a.m.and21p.m.,themaximum

time of heattransmissionby thesun)dueto thelow radiationthroughouttheday.

This slow entry of water causesminimal diminution in the temperatureof the waterof the

tank.

Fig 4.22:Outputsin a completelycloudyday:TA, TE (K)

In this case,temperatureof absorberpipe is maintainedat night dueto theelectricitysystem,

but betweenthe hoursin which the tank is practically emptythis temperaturedrops,because
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the collectordoesnot providesheatenough,andthe areaof transmissionof that heatin the

tankis very low, dueto thelevelof thetankat thesehours.

Temperatureof theglassenvelopeis practicallythe samein two previouscases.

Fig 4.23:Outputsin a completelycloudyday:Tt, Thou, Tr (K).

As it canbeseenin Fig 4.23thetemperatureof the tankis continuouslyincreasingduringthe

first day, becausethis day is sunny, but in next days that are completely cloudy the

temperatureof thetankis decreasingdueto thecontinuousentryof waterto thetank;at night

this temperaturedecreaseda bit becausethe tank is full and the electricity systemis not

enoughto maintainthetemperatureinsidethetankconstant.

The temperatureof the tank is enoughin thesecondandthird day to havea showeror clean

dishes.Thewashmachine is notvalid to this process,andthis waterneedsto beheatedmore.

Regardingto theheatingof thehouse,the temperatureat homeis enoughto live goodduring

the centralhoursof the day, becauseis of 294K, but as it can be seenthe temperatureis

continuouslydecreasinginsidetank,andat home,so it is surethatthetankcannotmaintainan

adequatetemperaturein thefollowing days.

Fig 4.24:Outputsin a completelycloudyday:Qc-t, Qr, Qlost.

As in previouscasesthe heat lossesduring the day are negativedue to the air hashigher

temperaturethanthewall of thehouse;atnight the heatlossesarepositive,logically.

Theheatprovidedby thecoil is positiveduring the dayandduringthenight, dueto thewater

that flows insidethe coil havemoretemperaturethat the tank.Between6a.m.and8 a.m.the

heatprovidedby thecoil hasa negativevaluedueto the tank is warmerthanthecoil, dueto

the electricsystem.The valueof this heattransmission(coil-tank) is constantin the second

andthird daydueto duringtheday,therearethesamevalueof radiation.



80

Fig 4.25:Outputsin a completelycloudyday:Tc1, Tc2.

Heattransmissionin thecoil canbeseenin Fig 4.25, in which areshowntemperaturesat the

entranceandtheexit of thecoil during11a.m.and12p.mof thesecondday.Thetemperature

differencebetweenthe inlet andthe outlet is so small dueto the velocity of the waterinside

the pipe (2.5m/s), when the velocity decreased,the temperaturedifference is increased

becausethewaterhasmoretime of heattransmission andcouldtransfermoreheat.

In this casethetemperatureincreasesabout1.4K perhour,morethanpreviouscase(partly

cloudy)dueto thevelocity in this caseis higher.

4.2 Verification of the results

As canbe seenin previousfigures,the resultsfor eachsimulationaredifferent; theseresults

dependon thedifferentinputsfor eachsystemanddifferentassumptionin eachone.

Dependingon the solar radiationincident in the collector for eachcase,the temperatureof

absorberpipeincreasemoreor less.

In a sunnyday the sunis radiatingduring fifteen hourswith almosta constantirradianceof

200 W/m2, while in a partly cloudy day only in three hours of fifteen there are a solar

irradianceof 200W/m2; in a completelycloudyday thereis no time with this solarradiation,

so, the temperaturein the absorberpipe will be lesserin eachexperiencerespectively.It can

beseenin Fig 4.6,Fig 4.14,andFig 4.22.

Thesefigures shown the absorberpipe temperatureincreasebetween6 a.m. and 8 p.m.

becausethe sun is irradiating,the tank is emptying, and the electricity systemrunning; this

temperaturedecreasesbetweenthehoursin which the tankis filling (normallybetween8 a.m.

and14 .a.m.)dueto the low areaof heattransmission by the coil andthe electricity system,

andreturnto increasebetween14 p.m. and21 p.m., thanksto the irradiationof the sunand

theareaof heattransmissionby thecoil.

Temperatureof the absorberpipe doesnot only depends on the radiationof the sun, also

dependson the temperatureof water flowing throughthe collector pipe; dependingon this

temperature,theabsorberpipewill yield greateror lesseramountof heat;if theabsorberpipe

providesgreatamountof heatto thecollectorpipe, its temperaturedecreasea lot, while if the
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absorberpipe providesless amountof heat, its temperaturedecreasea bit (with the same

quantityof radiation).

The temperatureof the glass envelopeis almost constant in the three experiences;this

temperaturedependson temperatureof the absorberpipe, clouds and air; temperatureof

cloudsandair areconstantin thethreeexperiences.

Theheightof waterin thetank is relatedto waterconsumptionof thehouse;at thebeginning

of a day the tank shouldbe full due to the higher needof hot water in a day, it is in the

morning,dueto it is the momentfor havinga shower, so the tank shouldbe full at this time.

Dependon thecase,theradiationis greateror lesser,soin a sunnydayis practicallyequalthe

hoursin which thetank is filled, but in a partly or completelycloudyday,thesehoursshould

bediscussed.In a partly cloudyday,it would bebetterto fill thetank in thehourswith more

radiation,andin a completelycloudy day this massflow shouldbe divided in the maximum

period of time in order to maintainas much as possible the tank temperature(this water is

around278K,too cold). It canbeseenin figures4.5, 4.13,4.21.

About thetemperatureof thetank,in figures4.7,4.15,4.23it canbeseenthat in a sunnyday

the tank reachesa highertemperaturethanin a partly cloudy day,andin this casereachesa

highertemperaturethan in a completelycloudyday.This temperaturedependsmainlyonthe

heattransmissionin thecoil; if the radiusandthe lengthof thecoil arethesamein the three

cases,this heat transmissiondependson the velocity of the water flowing inside the coil

(collectorpipe),andthe temperatureof this water. Thetemperatureof this water(collectoror

coil pipe), dependson the quantity of solar radiation absorbedby the absorberpipe, so it

dependson theradiationof thesun,andthetemperatureachievedby theabsorberpipe.Sunny

day reachesthe highesttemperatureof the absorberpipe, so the highesttemperatureof the

waterflowing insidethe coil will be in a sunnyday, thereforethehighesttemperatureof the

tankwill bein a sunnyday.

In therestof caseswith low radiation,if thevelocity of thewaterflowing insidethecoil pipe

is increased,the forced convection coefficient wil l be increased(hc), too, and the heat

transmissionbetweenthesesystemswill bebetter

Temperaturein the houseandtemperatureof the underfloor pipe is closely relatedwith the

temperatureof thetank,becauseit is this tankwhich provideswaterto theunderfloorpipe.

Highest temperaturewill be the temperatureof the tank, then, the temperaturein the first

volumecontrolof theunderfloorpipe,then,thesecondvolumecontrol,third, etc.

The temperatureof the underfloorpipe dependson the temperatureof the tank andthe heat

transmissionbetweenthis pipe andthe air of the house,coefficientof naturalconvectionin

thehouse,hr, andareaof heattransmission;this coefficientis assumedconstantin this thesis

so the temperatureof the underfloorpipe only dependson the temperatureof the tank. The

velocity of thewaterflowing throughthis pipe is importantdueto the temperaturedifference

betweenthe entranceandthe exit of the water.As it canbe seenin Appendix3 in Fig 4-26
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and 4-27 the housereachesa greatertemperaturewhen the water flows at higher velocity

insidetheunderfloorpipe thanat a lower velocity, but thedifferenceof temperaturebetween

theentranceandtheexit of this pipewill belesser at high velocity thanat low velocity; it can

be seenin Fig 4-28and4-29, in Appendix3. As canbeseenthe temperatureof the houseis

higher that the temperatureof the tank during sunny hours; this can be by the heat

transmissionfrom theambientto thehouse,in thecentralhoursof theday.

The temperatureof the houseonly dependson the entranceof heatfrom the underfloorpipe

andtheexit of heatdueto heatlosses.Theseheattransmissionis not exactdueto thehouseis

assumedperfectlyclosedover time andthis is never possible,becauseof thewindow, doors,

etc.In this Thesisis assumedperfectlyclosedto theambientandonly heatlossesthroughthe

walls areconsidered,Underfloorheatingis all theday runningandthehouseis continuously

heating thanks to this system. The heat transfer coefficients do not have in account

conductionsthroughmaterials,anda lot of simplificationsin theconstructionof thehouseare

assumed(walls,windows,doors,floor, etc).

As it canbe seenin figures4.7,4.15,4.23the temperatureof thehousedecreasea lot in the

first six hoursin all cases,this is due to in this hoursthe tank hasa low temperaturethat

provideto theunderfloorpipea low temperature,too,duringsix hours;this couldreducedthe

temperatureof the housea lot during thesesix hours, thenthe tank increasedits temperature

thanksto thesun,andthetemperatureof thehousebeginsto rise.

About heattransmission,in eachcaseis different.

Heat transmissionbetweenthe coil andthe tank is function of the lengthof the coil, radius,

the coefficientof heattransmissionbetweencoil and tank,areaof heattransmissionandthe

temperatureof thecoil pipeandthe tank; in all casesthe radiusandthelengthof thepipeare

thesame,sothis heattransmissiononly dependson thevelocity of thewaterthat flows inside

thatpipe thataffectsto thecoefficientof heattransmission,theareaof heattransmissionand

thetemperaturedifferencebetweencoil andtank.

Temperatureof the coil pipe dependson the temperature of the water that flows inside the

collector,andthis temperaturedependsin turn on thetemperatureof theabsorberpipe,which

dependson theradiationof thesun.So thetemperatureof thewaterthat flows insidethecoil

will begreateron a sunnydaythanin a cloudyday, sothis heattransmissionwill begreaterin

a sunnyday,then,in a partly cloudyday,andfinally in acompletelycloudyday.

The areaof heat transmissionby the coil in a sunny day is higher than the areaof heat

transmissionin a partly cloudy or completelycloudy day, dueto in thesedaysthe tank fills

slowerthanin asunnyday.

Dependingon thetemperatureof thetank,this heattransmissionwill begreateror lesser.

As canbe seenin figures4.9, 4.17,4.25 the temperaturesat the entranceof the coil andthe

exit of this are different dependingon the casestudy. The maximum heat transmissionis

carriedout in a sunnyday,whenthetemperatureof thecoil pipeis higher.
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Radiusof thepipesandlengthof thesemakethesystemgreaterheattransmission,duringthe

day,andduringthenight.Heattransmissionis higherif radiusor lengthis increased.

The velocity of the water inside the coil is an important factor too; in the two first cases

(sunny and partly cloudy) the velocity is the same,but in the third case,the velocity is

increasedto 2.5 m/s to improvethe heattransmission. This heattransmissioncanbe seenin

figures4.8,4.16,4.24.

About lossesof heatat home, in the threecasesare the samedue to the threecaseshave

assumedthesameconditions(Twall, Tair, Alost, hcn). It canbeseenin figures4.8,4.16,4.24.

Theselossesof heatarenegativethroughoutthe day, this is dueto the temperatureof the air

in somehoursis greaterthanthetemperatureof the wall of thehouse,so,heattransmissionin

thesehoursis from theambientto thehouse.

The temperatureof the underfloorpipe dependson the temperatureof the tank andthe heat

transmissionbetweenthis pipe and the air of the house,coefficientof naturalconvectionin

the house,hr, andareaof heattransmission;this coefficientis assumedconstantin this thesis

so the temperatureof the underfloorpipe only dependson the temperatureof the tank. The

velocity of thewaterflowing throughthis pipe is importantdueto the temperaturedifference

betweenthe entranceandthe exit of the water.As it canbe seenin Appendix4 in Fig 4-26

and 4-27 the housereachesa greatertemperaturewhen the water flows at higher velocity

insidetheunderfloorpipe thanat a lower velocity, but thedifferenceof temperaturebetween

theentranceandtheexit of this pipewill be lesser at high velocity thanat low velocity; it can

beseenin Fig 4-28and4-29, in Appendix4. As canbeseenthe temperatureof the houseis

higher that the temperatureof the tank during sunny hours; this can be by the heat

transmissionfrom theambientto thehouse,in thecentralhoursof theday.

About underfloorheating,Thetemperatureof theunderfloorpipedependson thetemperature

of thetankandtheheattransmissionbetweenthis pipeandtheair of thehouse,coefficientof

naturalconvectionin the house,hr, andareaof heattransmission.In all casesthe dimensions

andthecoefficientof heattransmissionareconsideredequal,but thetemperaturedifferenceis

differentfor eachcase.

Temperaturein theunderfloorpipedependson thetemperatureof thetank,if this temperature

increasesthe temperatureof the underfloor pipe increasestoo, and if this temperature

decreases,thetemperaturein theunderfloorpipedecreases,too.

The variationsin the temperaturesof the collector pipe, the coil and the underfloorpipe is

calculatedthanksto the Eulermethod,so thevariations in this variablesmaytakesometime

to bereflected,it means;it is possiblethat the temperatureof the tankdropsquickly, but the

temperatureof theunderfloorpipeor thehousedo not reflectthis variationsimultaneously.
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5 Optimized operation
Optimizationof operationcouldnot carryoutdueto lack of time in themakingof this Thesis.
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6 Discussion and conclusions
Availableof thepowerof thesunis themostimportantparameterin this system,anddepends

on quantityof this power,all previoustemperatures will be greateror lesser;this systemis

unableto functionwithout sunenergy.

Logically thesystemwill functionbetterin sunnyconditionsthanin cloudyconditions.

This systemis a complex systemdue to all the temperaturesis related.Temperatureof

absorberpipedependson thesunradiation,temperatureof thecollectorpipe dependson the

temperatureof the absorberpipe; temperatureof the coil pipe dependson the temperaturein

the collector pipe; temperaturein the tank dependson the temperatureof the coil pipe;

temperatureof theunderfloorpipedependson thetemperatureof thetank,andtemperatureat

homedependson thetemperatureof theunderfloorpipe; soall temperaturesarerelated.

Velocities,lengthsandradiusarevery importantparameterswhenthesystemis modeled,due

to thedifferenceheattransferredin them;in this thesissomeof theseconditionsarefixed like

constantconditionslike radius,lengths,temperaturesor heattransmissionareas.

In the experimentationof the model in this Thesishasbeenfound that the lengthof the coil

usedwasnot adequate,becauseotherlengthsimprove theheattransmission.

Changesin the diameter,length or velocity of the coil, collector pipe, or underfloorpipe

provide very different results; this resultsare not the ideal results,and are not the results

which canobtainedthebettertemperaturein thetank.

Better resultshavebeenobtainedin different experimentswith the model,but diametersof

thecoil wasnot idealdiametersfor thedimensionsof thetank,andseveralsimplificationhad

beencarriedout.

Coefficientsof heat transmissionare very important parameterstoo, becausedependingof

them,thetemperaturesachievein eachpipesor placeswill bedifferent;someassumptionand

simplificationsin themarecarriedout; is possible that someof themarenot correct,but, to

simplify themodel,thesesimplificationshavebeencarriedout.

Heat provided by electricity system does not provide the heat enough to increasethe

temperatureof the tank, is this is full, but when the tank is half, the temperaturecan be

maintainedwith this typeof heattransmission.

Areaof heattransmissionin the tank is a very importantparameterandit is possiblethat the

configurationof heightsin the tank is not thebetter configuration,becauseit would bebetter

that during the hoursof the day with high transmission of radiationthe tank wascompletely

filled.

Velocity inside the pipes modifies these coefficients in order to maintain a high heat

transmission.Thesevelocities,in this Thesis,have not beenzeroin any moment,becauseif

thesevelocitiesare zero high peaksof heatappearin the system,due to the differenceof

temperaturesbetweenthe waterof the coil andthe tank, the absorberpipe and the coil; the
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waterthat flows insidetheunderfloorpipe andthe house,etc. It is possiblethat the collector

worksbetterwhenthevelocity of thewaterflowing throughit is zeroatnight hours.

Therealmodelhasto takeinto accountall thesesimplificationsto getcloserto reality.

Heightof waterin thetankis, also,avery importantparameterbecausethetankmustbefilled

in the times when hot water is needed.The main consumeof hot water at homeis in the

morning in order to havea shower,at lunch to washdishesand washclothesin the wash

machine;thetemperatureof thesehomeworksaredifferentfor eachone,but it is assumethat

with around313 K is possibleto realizeall thesehomeworks.The tank systemprovidesa

complementaryelectricity systemto achievethis temperatureif the solar collector system

cannotachieve.In this Thesisthe electricity system hasbeenusedaslessaspossibledueto

thecostof theenergyandbecauseit is supposedthatis a form of greenenergy,but if in some

momentstheelectricitysystemhasto beconnectedin orderto maintaina highertemperature

insidethetank,theelectricitysystemcanbeused.

In the systemmodeledwith the inputs establishedonly achievesthat temperaturein sunny

days,andis lower than313 K; in partly cloudy andcompletelycloudy dayswasimpossible

achievesthattemperature,I think is dueto thepoor configurationof theentranceof thewater

to thetank,thatdonot permitincreasethis temperature.

Entranceof waterto the tank low it temperaturequickly, dueto thetemperatureof this water

is only 278K, a very low temperature(becauseis Norway). In order to maintain the

temperatureof the tank asmuchconstantaspossible the entranceof watermustbe doneas

slow aspossiblein partlyandcompletelycloudydays.

Consumesof water are higher than normal consumesin order to oversize the power

consumptionof water and having hot water for other purposes,in the caseit could be

necessary.

About thevelocity insidetheunderfloorpipesor the velocity of the waterflowing insidethe

collector pipe or coil pipe, dependon this velocity eachsystemwill transfermore or less

energy;it is possiblethatwith a fastvelocity the waterflowing insidethepipecannottransfer

all the possibleenergy,becauseof the time ( length of 9 m, andvelocity of 2m/sonly states

4.5 seconds);and if the velocity inside thesepipes is very slow, the heattransferedwill be

morethanrequired,it means,if this wateris cooled,it is possiblethatwith very low velocity

the pipe at the endof the tour canbe heated,due to transferall the heatpossibleandmore

than this, so finally the water finish heating.It canbe seenin the undefloorpipe that hasa

greatlengthandif thevelocity is veryslow at the endof thepipethehousetransferheatto the

pipeandnot thepipetransferheatto thehouse.

In sunnydays,the tank is continuouslyheating,day by day; if the temperatureof the tank is

approximatedto 373 K theheatinput to the tank should bestoppedbecausethewaterof the

tank cannotachievethat temperature.To control this temperaturea control systemcan be

establishedin a set point of temperatureof the tank; if this temperatureis exceeded,the
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controllerstop the heatinput to the tank; this is achievedstoppingthe velocity of the water

flowing throughthecollectorandcoil pipe,so thecoefficientof heattransmissionis ceroand

theheattransferredbetweenthecoil andthetank(Qc-t) will bezero.

On the otherhanda temperaturesensorshouldbe set to the outputof the underfloorpipe, in

orderto changethespeedof waterinsidethis pipe, to avoidanincorrectheattransmission.

In theunderfloorheatingcanbealsousedascontroller with a setpoint. If thetemperatureof

the houseis higher than 294K the underfloorheating is stoppedand the temperatureof the

underfloorpipe and the temperatureof the housestart to decrease.In the other hand,if the

temperatureof the housedecreasedof 291K the underfloor heatingstarts to run and the

temperatureof the houseis increased;if at this time the temperaturein the tank is not high

enoughto increasethe temperatureof thehousethe electricitysystemis switchedon andthe

tank increaseits temperaturein orderto maintainthe temperatureof thehousein thesuitable

values.

Severalsimplificationshavebeencarriedout in this Thesis,like efficiency of the collector,

coefficientsof heattransmissionthatmakethemodel differsquitefrom reality.

Calculating the constant coefficients is performed assumingconstant temperaturesand

speeds.

Lower consumeof electricityhasbeensearchedin this Thesis,sobetterconditionsandinputs

hasbeenestablishedin order to decreaseconsumeof this type of energy.It is possiblethat

someassumptionsand simplificationsare not the as bettersimplificationsas possible,and

someequationdo not definethe systemasbetteraspossible;havingin accountthosethings

thoseresultshavebeenobtained.
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Appendices
Appendix1: Thesistopic

Title : Thermalsolarenergyuse:modelingandoptimization

TUC supervisor: BerntLie

External partner : Universiteteti Agder(prof. Hans-GeorgBeyer)

Task description:

Thefollowing describesthethesis:
1. An overviewshouldbegivenof basicsolarirradiation,including theamountavailablein
SouthernNorway,andhow it variesduringtheseason/day,andwith cloudlevel. (In the
work, theactualdatawill bemadeavailablefrom anotherproject.)
2. Themainstudyis on a collectorof solarenergyandthestorageof hotwater.An
overviewshouldbegivenof suchasystem,togetherwith theuseof alternativeenergy
sources(e.g.electricity).A typical useof theenergyshouldbedescribed,e.g.heatinga
house(floor heating).Theneedfor level of detail in abuildingmodelshouldbe
discussed.
3. Thesystemfor collectingandstoringthermalenergytogetherwith typical consumption
of suchenergyshouldbedescribedin adynamicmodel. Numericalvaluesfor
parametersandtypical operationaldatashouldbechosen,andthemodelshouldbe
verified throughsimulation.
4. A costfunctionfor optimizingtheuseof hotwatershouldbedeveloped,including
futureconsumption,energyprices,andavailablesolar energy– typically on a 1-2day
horizon.Thepossibilityof harvestingasmuchsolar energyaspossibleshouldbe
studied.
5. Thework shouldbedocumentedin a written report (thethesis).

Task background:

In a developingworld with limitation in availability of energy,it is importantto useevery
availableenergysource.To avoidnegativeinfluence on theenvironment,renewableenergy
formsshouldbefavoured.Two importantsourcesof energyaresolarenergyandwind
energy;
thesearefreelyavailable,bothareindependentof thecarboncycle,butsharetheproblemof
beingintermittentin nature:theiravailability is fluctuatingandcanonly bepredictedona
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relativelyshorttimehorizon.Solarenergycanbedirectlyusedasthermalenergy,or canbe
convertedto electricenergyutilizing photovoltaic (pv) technology.
In a projectinvolving personellat Universityof AgderandTelemarkUniversityCollege,the
goalis to studyhow theuseof suchintermittent(fluctuating)energycanbeexpandedby
storingtheenergy.Sometimessuchintermittentenergy producemorepowerthancanbeused
at
themoment,while at othertimes,it produceslesspowerthanwhatis needed.By storingthe
surplusproduction,intermittentenergycanbeusedwhenit is needed.As it is difficult to store
electricenergy,otherformsof storagearesought,e.gstorageasthermalenergy(e.g.hot
water),
hydrogen(electrolysisof water),or potentialenergy (pumpingwaterup into highheadwater
reservoirs).All suchstorageinvolvessomelossof energy.However,asthis is freeenergythat
is not otherwiseutilized,harvestingsomeof it is betterthanharvestingnoneof it.
In orderto usetheintermittentenergyin anoptimal way,oneshouldreally knowthefuture
consumptionandpriceof energy,aswell asthefutureavailability of theseintermittentenergy
forms.
In this thesis,themainemphasisis on thestorageof solarenergyin theform of hot water.
This
is achievedby usingsolarradiationto heatup water.Furthermore,assumingthatthefuture
consumptionandpriceis known,aswell asthatfuturesolarradiationis known,theemphasis
of thethesisis to find theoptimaluseof theenergy.
In a parallelthesisatUniversityof Agder,prediction modelsfor solarradiationwill be
studied.
Also, somework will becarriedout atTelemarkUniversityCollegeon characterisingenergy
consumption(visiting PhDstudent).

Student category:

Thethesiscanbesolvedby EET,PT,andSCEstudents with a decentunderstandingof
modelingof dynamicsystems.Also, partof thework dealswith optimizationof theoperation
overa giventime horizon.This canalsobehandledby EET,PT andSCEstudents.

Practical arrangements:

Theworkingplacewill beTelemarkUniversityCollege,CampusKjølnesin Porsgrunn.

Signatures:

Student(dateandsignature):. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Supervisor(dateandsignature):. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Appendix2: Equationsfor eachcontrolvolume

Waterof thecollector:
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Coil pipe:
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Appendix3: Codewritten in Modelica

Completelysunnyday:

modelsolarsunnyfinal

// Constants

constantRealPI = 3.141592654"pi, -";

constantRealsbc= 0.0000000567"StefanBoltzmann constant,W/m2/K4";

constantRealemissa= 0.01"Emissivityof theabsorberpipe,-";

constantRealemisse= 0.92"Emissivityof theglassenvelope,-";

constantRealdensw= 1000.0"Densityof water,kg/m3";

constantRealdensa= 8900.0"Densityof absorberpipe,kg/m3";

constantRealdense= 2700.0"Densityof glassenvelope,kg/m3";

constantRealdensair= 1.2"Densityof air, kg/m3";

constantRealhcair= 1033"Heatcapcityof air, J/kg/K";

constantRealhcw = 4180.0"Heatcapacityof water, J/kg/K";

constantRealhca= 389.0"Heatcapacityof absorberpipe,J/kg/K";

constantRealhce= 833"Heatcapacityof glassenvelope,J/kg/K";

// Parameters

parameterRealrc = 0.025"Radiusof thesolarcollectorandthecoil, m";

parameterRealDc = 0.05"Diameterof thecollector";

parameterRealrai = 0.025"Inner radiusof theabsorberpipe,m";

parameterRealrao= 0.03"Outerradiusof theabsorberpipe,m";

parameterRealrei = 0.045"Inner radiusof theglassenvelope,m";

parameterRealreo= 0.05"Outerradiusof theglassenvelope,m";

parameterRealrr = 0.03"Inner radiusof theunderfloorpipe,m";

parameterRealrt = 0.565"Radiusof thetank,m";

parameterRealDt = 1.13"Diameterof thetank,m";

parameterRealDr = 0.06"Diameterof theunderfloorpipe,m";

parameterRealHt = 0.9 "Total heightof thetank, m";

parameterRealhe= 1.27"Individual coefficientof naturalconvectionfrom theenvelopeto

theair, W/m2/K";

parameterRealhr = 4.24"Naturalconvectioncoefficient from theunderfloorpipeto theair

of thehouse,W/m2/K";
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parameterRealhcn= 4.0"Naturalconvectioncoefficient from thewall of thehouseto the

ambientair, W/m2/K";

parameterRealhcnt= 1.71"Naturalconvectiooncoefficientfrom thetankto theair of the

house,W/m2/K";

parameterRealL = 112.5"Lengthof thecollectorpipe,m";

parameterRealLcoil = 29 "Lenghtof thecoil pipe,m";

parameterRealLr = 200"Lengthof theunderfloorpipe,m";

parameterRealVair = 384"Air volumein thehouse,m3";

parameterIntegerN = 10 "Numberof controlvolumes";

parameterRealdx = L / N "Lengthof eachcontrolvolumein thecollector,m";

parameterRealdy = Lcoil / N "Lengthof eachcontrol volumein thecoil, m";

parameterRealdz = Lr / N "Lengthof eachcontrol volumein theunderfloorpipe,m";

parameterRealsigma= sbc/ (1 / emissa+ (1 - emisse)/ emisse* rao/ rei) "Radiation

coefficient";

parameterRealAc = PI / 4 * Dc ^ 2 "Crosssectional areaof thecollector,m2";

parameterRealAt = PI / 4 * Dt ^ 2 "Crosssectionalareaof thetank,m2";

parameterRealAr = PI / 4 * Dr ^ 2 "Crosssectionalareaof theradiationpipe,m2";

parameterRealAlost = 272"Areaof lost in thehouse,m2";

parameterRealPc= 2 * PI * rc "Perimeterof thecollector,m";

parameterRealAa = PI * (rao^ 2 - rai ^ 2) "Crosssectionalareaof theabsorberpipe,m2";

parameterRealPai= 2 * PI * rai "Innerperimeter of theabsorberpipe,m";

parameterRealPao= 2 * PI * rao"Outerperimeter of theabsorberpipe,m";

parameterRealPeo= 2 * PI * reo"Outerperimeter of theglassenvelope,m";

parameterRealPr = 2 * PI * rr "Innerperimeterof theunderfloorpipe,m";

parameterRealAe = PI * (reo^ 2 - rei ^ 2) "Crosssectionalareaof theglassenvelope,m2";

parameterRealmair = Vair * densair"Massof air in thehouse";

parameterRealTwall = 287"Temperatureof thewall fo thehouse";

// Initial stateparameters

parameterRealTc1i = 278"Initial temperatureof thewaterthatflows insidethecollector,

K";

parameterRealTc2i = 278"Initial temperatureof thewaterthatflow insidethecoil, K";

parameterRealTai = 278"Initial temperatureof theabsorberpipe,K";

parameterRealTei = 278"Initial temperatureof theglassenvelope,K";

parameterRealTti = 278"Initial temperatureof thetank,K";

parameterRealhwti = 0.9 "Initial valueof theheightof waterinsidethetank,m";
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parameterRealTri = 278"Initial temperatureof theunderfloorpipe,K";

parameterRealThoui= 288"Initial temperatureof thehouse,K";

// Inputparameters

parameterRealTwi = 278"Valueof theinlet temperatureof waterto thetank,K";

parameterRealTairi = 280"Valueof theambientair, K";

parameterRealTambi= 280"Valueof theambientair, K";

parameterRealTcloudi = 270"Valueof thetemperatureof theclouds,K";

parameterRealIci = 0.0 "Total energyprovidedby thesun,W";

parameterRealQeleci= 2000.0"Total heatprovidedby theelectricitysystem,W";

parameterRealvwci = 2 "Velocity of waterinsidethecollectorandcoil pipe,m/s";

parameterRealmtii = 0.025"Inlet massflow to thetank,kg/s";

parameterRealmtoi = 0.025"Outletmassflow from thetank,kg/s";

parameterRealQri = 0.0 "Heattransferredby theunderfloorpipe,W";

parameterRealvwri = 0.005"Velocity of thewater thatflows insidetheunderfloorpipe,

m/s";

// Variables

RealQc2t"Heatprovidedby thecoil, W";

Realmwt "Massof waterinsidethetank,kg";

Realmc "Massflow insidethecollector";

Realmr "Massflow insidetheradiationpipe,kg/s";

Realhc "Forcedconvectiveheattransfercoefficientinsidethecollectorpipe";

RealQlost"lost of heatfrom thehouseto theambientair, W";

Reala "Heattransferredby theunderfloorpipe,W";

// DeclaringN statevariablesin anarray,setting initial (start)values

RealTc1[N](eachstart= Tc1i) "Temperaturein collectorconduit,K";

RealTc2[N](eachstart= Tc2i) "Tempeaturein conduit in heatexchangerthroughtank,K";

RealTa[N](eachstart= Tai) "Temperaturein absorber,K";

RealTe[N](eachstart= Tei) "Temperaturein *envelope*??,K";

RealTt(start= Tti) "Temperaturein tank,K";

Realhwt(start= hwti) "Level/heightof tank,m";

RealTr[N](eachstart= Tri) "Temperatureof theunderfloorpipe,K";

RealThou(start= Thoui) "Temperaturein thehouse,K";

// Declaringinputvariables

RealTw "Valueof theinlet temperatureof waterto thetank,K";
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RealTair[N] "Valueof theambientair, K";

RealTamb"Temperatureof theambientair, K";

RealTcloud[N] "Valueof thetemperatureof theclouds,K";

RealIc[N] "Total energyprovidedby thesun,W";

RealQelec"Total heatprovidedby theelectricity system,W";

Realvwc "Velocity of waterinsidethecollectorandcoil pipe,m/s";

Realmti "Inlet massflow to thetank,kg/s";

Realmto "Outletmassflow from thetank,kg/s";

RealQr "Heattransferredby theunderfloorpipe,W";

Realvwr "Velocity of thewaterthatflows insidetheunderfloorpipe";

equation

// Heatinput to tank

Qc2t= (hwt * 5 * hc * (sum(Tc2)- N * Tt));

//Heattransferredby underfloorpipe

a = 2 * PI * rr * Lr * hr * (sum(Tr)- N * Thou);

// Lostof heatto theambientair

Qlost= Alost * hcn* (Twall - Tamb);

// Coefficientsof heattransfer

hc = 4280* (0.00488* ((303+ 363)/ 2)- 1) * (vwc ^ 0.8)/ (Dc ^ 0.2);

// Massof waterinsidethetank

mwt = At * hwt * densw;

// Massflow insidethecollector

mc = vwc * Ac * densw;

//Massflow insidetheunderfloorpipe

mr = vwr * Ar * densw;

// Differentialequations

der(Tc1[1])= (mc / densw/ Ac / dx * (Tc2[N] - Tc1[1]) + (hc* Pc)/ densw/ Ac / hcw*

(Ta[1] - Tc1[1]))* 3600;

der(Tc1[2:end])= (mc / densw/ Ac / dx * (Tc1[1:end- 1] - Tc1[2:end])+ (hc* Pc)/ densw

/ Ac / hcw* (Ta[2:end]- Tc1[2:end]))*3600;

der(Tc2[1])= (mc / densw/ Ac / dy * (Tc1[N] - Tc2[1]) - (hc * Pc)/ densw/ Ac / hcw *

(Tc2[1] - Tt)) * 3600;

der(Tc2[2:end])= (mc / densw/ Ac / dy * (Tc2[1:end- 1] - Tc2[2:end])- (hc * Pc)/ densw/

Ac / hcw * (Tc2[2:end]- Tt * ones(N- 1))) * 3600;
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der(Ta)= ((Ic * 2 * rao)/ densa/ hca/ Aa - (sigma* Pao)/ densa/ hca/ Aa * (Ta.^ 4 - Te

.^ 4) - (hc * Pai)/ densa/ hca/ Aa * (Ta - Tc1)) * 3600;

der(Te)= ((sigma* Pao)/ dense/ hce/ Ae * (Ta .^ 4 - Te .^ 4) - (sbc* emisse* Peo)/ dense

/ hce/ Ae * (Te .^ 4 - Tcloud.^ 4) - (he* Peo)/ dense/ hce/ Ae * (Te - Tair))* 3600;

der(Tt)= (mti / mwt * (Tw - Tt) + Qc2t/ mwt / hcw + hwt / Ht * Qelec/ mwt / hcw - 2 * PI

* rt * hwt * hcnt/ mwt / hcw * (Tt - Thou))* 3600;

der(hwt)= ((mti - mto) / densw/ At) * 3600;

der(Tr[1])= (mr / densw/ Ar / dz * (Tt - Tr[1]) - (hr * Pr) / densw/ Ar / hcw * (Tr[1] -

Thou))* 3600;

der(Tr[2:end])= (mr / densw/ Ar / dz * (Tr[1:end - 1] - Tr[2:end])- (hr * Pr) / densw/ Ar /

hcw * (Tr[2:end]- Thou* ones(N - 1))) * 3600;

der(Thou)= (Qr / mair / hcair- Qlost/ mair / hcair) * 3600;

// Inlet values

vwr = vwri;

Qr = if Thou< 294thena

elsea;

vwc = if time < 6 then0.1

elseif time > 6 andtime < 8 thenvwci

elseif time> 8 andtime < 16 thenvwci

elseif time> 16andtime < 21 thenvwci

elseif time> 21andtime < 30 then0.1

elseif time> 30andtime < 32 thenvwci

elseif time> 32andtime < 40 thenvwci

elseif time> 40andtime < 45 thenvwci

elseif time> 45andtime < 54 then0.1

elseif time> 54andtime < 56 thenvwci

elseif time> 56andtime < 64 thenvwci

elseif time> 64andtime < 69 thenvwci

else0.1;

Tw = if time< 9 thenTwi

elseif time> 9 andtime < 21 then280.0

elseif time> 21andtime < 33 thenTwi

elseif time> 33andtime < 45 then280.0

elseif time> 45andtime < 57 thenTwi

elseif time> 57andtime < 69 then280.0
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elseTwi;

Tair = if time < 1 thenTairi * ones(N)

elseif time> 1 andtime < 2 then280.0* ones(N)

elseif time> 2 andtime < 3 then280.0* ones(N)

elseif time> 3 andtime < 4 then279.0* ones(N)

elseif time> 4 andtime < 5 then278.0* ones(N)

elseif time> 5 andtime < 6 then278.0* ones(N)

elseif time> 6 andtime < 7 then279.0* ones(N)

elseif time> 7 andtime < 8 then280.0* ones(N)

elseif time> 8 andtime < 9 then283.0* ones(N)

elseif time> 9 andtime < 10 then285.0* ones(N)

elseif time> 10andtime < 11 then287.0* ones(N)

elseif time> 11andtime < 12 then288.0* ones(N)

elseif time> 12andtime < 13 then288.0* ones(N)

elseif time> 13andtime < 14 then288.0* ones(N)

elseif time> 14andtime < 15 then288.0* ones(N)

elseif time> 15andtime < 16 then289.0* ones(N)

elseif time> 16andtime < 17 then288.0* ones(N)

elseif time> 17andtime < 18 then288.0* ones(N)

elseif time> 18andtime < 19 then288.0* ones(N)

elseif time> 19andtime < 20 then287.0* ones(N)

elseif time> 20andtime < 21 then287.0* ones(N)

elseif time> 21andtime < 22 then285.0* ones(N)

elseif time> 22andtime < 23 then284.0* ones(N)

elseif time> 23andtime < 24 then283.0* ones(N)

elseif time> 24andtime < 25 thenTairi * ones(N)

elseif time> 25andtime < 26 then280.0* ones(N)

elseif time> 26andtime < 27 then280.0* ones(N)

elseif time> 27andtime < 28 then279.0* ones(N)

elseif time> 28andtime < 29 then278.0* ones(N)

elseif time> 29andtime < 30 then278.0* ones(N)

elseif time> 30andtime < 31 then279.0* ones(N)

elseif time> 31andtime < 32 then280.0* ones(N)

elseif time> 32andtime < 33 then283.0* ones(N)
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elseif time> 33andtime < 34 then285.0* ones(N)

elseif time> 34andtime < 35 then287.0* ones(N)

elseif time> 35andtime < 36 then288.0* ones(N)

elseif time> 36andtime < 37 then288.0* ones(N)

elseif time> 37andtime < 38 then288.0* ones(N)

elseif time> 38andtime < 39 then288.0* ones(N)

elseif time> 39andtime < 40 then289.0* ones(N)

elseif time> 40andtime < 41 then288.0* ones(N)

elseif time> 41andtime < 42 then288.0* ones(N)

elseif time> 42andtime < 43 then288.0* ones(N)

elseif time> 43andtime < 44 then287.0* ones(N)

elseif time> 44andtime < 45 then287.0* ones(N)

elseif time> 45andtime < 46 then285.0* ones(N)

elseif time> 46andtime < 47 then284.0* ones(N)

elseif time> 47andtime < 48 then283.0* ones(N)

elseif time> 48andtime < 49 thenTairi * ones(N)

elseif time> 49andtime < 50 then280.0* ones(N)

elseif time> 50andtime < 51 then280.0* ones(N)

elseif time> 51andtime < 52 then279.0* ones(N)

elseif time> 52andtime < 53 then278.0* ones(N)

elseif time> 53andtime < 54 then278.0* ones(N)

elseif time> 54andtime < 55 then279.0* ones(N)

elseif time> 55andtime < 56 then280.0* ones(N)

elseif time> 56andtime < 57 then283.0* ones(N)

elseif time> 57andtime < 58 then285.0* ones(N)

elseif time> 58andtime < 59 then287.0* ones(N)

elseif time> 59andtime < 60 then288.0* ones(N)

elseif time> 60andtime < 61 then288.0* ones(N)

elseif time> 61andtime < 62 then288.0* ones(N)

elseif time> 62andtime < 63 then288.0* ones(N)

elseif time> 63andtime < 64 then289.0* ones(N)

elseif time> 64andtime < 65 then288.0* ones(N)

elseif time> 65andtime < 66 then288.0* ones(N)

elseif time> 66andtime < 67 then288.0* ones(N)
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elseif time> 67andtime < 68 then287.0* ones(N)

elseif time> 68andtime < 69 then287.0* ones(N)

elseif time> 69andtime < 70 then285.0* ones(N)

elseif time> 70andtime < 71 then284.0* ones(N)

else283* ones(N);

Tamb= if time< 1 thenTambi

elseif time> 1 andtime < 2 then280.0

elseif time> 2 andtime < 3 then280.0

elseif time> 3 andtime < 4 then279.0

elseif time> 4 andtime < 5 then278.0

elseif time> 5 andtime < 6 then278.0

elseif time> 6 andtime < 7 then279.0

elseif time> 7 andtime < 8 then280.0

elseif time> 8 andtime < 9 then283.0

elseif time> 9 andtime < 10 then285.0

elseif time> 10andtime < 11 then287.0

elseif time> 11andtime < 12 then288.0

elseif time> 12andtime < 13 then288.0

elseif time> 13andtime < 14 then288.0

elseif time> 14andtime < 15 then288.0

elseif time> 15andtime < 16 then289.0

elseif time> 16andtime < 17 then288.0

elseif time> 17andtime < 18 then288.0

elseif time> 18andtime < 19 then288.0

elseif time> 19andtime < 20 then287.0

elseif time> 20andtime < 21 then287.0

elseif time> 21andtime < 22 then285.0

elseif time> 22andtime < 23 then284.0

elseif time> 23andtime < 24 then283.0

elseif time> 24andtime < 25 thenTambi

elseif time> 25andtime < 26 then280.0

elseif time> 26andtime < 27 then280.0

elseif time> 27andtime < 28 then279.0

elseif time> 28andtime < 29 then278.0
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elseif time> 29andtime < 30 then278.0

elseif time> 30andtime < 31 then279.0

elseif time> 31andtime < 32 then280.0

elseif time> 32andtime < 33 then283.0

elseif time> 33andtime < 34 then285.0

elseif time> 34andtime < 35 then287.0

elseif time> 35andtime < 36 then288.0

elseif time> 36andtime < 37 then288.0

elseif time> 37andtime < 38 then288.0

elseif time> 38andtime < 39 then288.0

elseif time> 39andtime < 40 then289.0

elseif time> 40andtime < 41 then288.0

elseif time> 41andtime < 42 then288.0

elseif time> 42andtime < 43 then288.0

elseif time> 43andtime < 44 then287.0

elseif time> 44andtime < 45 then287.0

elseif time> 45andtime < 46 then285.0

elseif time> 46andtime < 47 then284.0

elseif time> 47andtime < 48 then283.0

elseif time> 48andtime < 49 thenTambi

elseif time> 49andtime < 50 then280.0

elseif time> 50andtime < 51 then280.0

elseif time> 51andtime < 52 then279.0

elseif time> 52andtime < 53 then278.0

elseif time> 53andtime < 54 then278.0

elseif time> 54andtime < 55 then279.0

elseif time> 55andtime < 56 then280.0

elseif time> 56andtime < 57 then283.0

elseif time> 57andtime < 58 then285.0

elseif time> 58andtime < 59 then287.0

elseif time> 59andtime < 60 then288.0

elseif time> 60andtime < 61 then288.0

elseif time> 61andtime < 62 then288.0

elseif time> 62andtime < 63 then288.0
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elseif time> 63andtime < 64 then289.0

elseif time> 64andtime < 65 then288.0

elseif time> 65andtime < 66 then288.0

elseif time> 66andtime < 67 then288.0

elseif time> 67andtime < 68 then287.0

elseif time> 68andtime < 69 then287.0

elseif time> 69andtime < 70 then285.0

elseif time> 70andtime < 71 then284.0

else283;

Tcloud= if time< 1 thenTcloudi * ones(N)

elseif time> 1 andtime < 2 then270.0* ones(N)

elseif time> 2 andtime < 3 then270.0* ones(N)

elseif time> 3 andtime < 4 then269.0* ones(N)

elseif time> 4 andtime < 5 then268.0* ones(N)

elseif time> 5 andtime < 6 then268.0* ones(N)

elseif time> 6 andtime < 7 then269.0* ones(N)

elseif time> 7 andtime < 8 then270.0* ones(N)

elseif time> 8 andtime < 9 then273.0* ones(N)

elseif time> 9 andtime < 10 then275.0* ones(N)

elseif time> 10andtime < 11 then277.0* ones(N)

elseif time> 11andtime < 12 then278.0* ones(N)

elseif time> 12andtime < 13 then278.0* ones(N)

elseif time> 13andtime < 14 then278.0* ones(N)

elseif time> 14andtime < 15 then278.0* ones(N)

elseif time> 15andtime < 16 then279.0* ones(N)

elseif time> 16andtime < 17 then278.0* ones(N)

elseif time> 17andtime < 18 then278.0* ones(N)

elseif time> 18andtime < 19 then278.0* ones(N)

elseif time> 19andtime < 20 then277.0* ones(N)

elseif time> 20andtime < 21 then277.0* ones(N)

elseif time> 21andtime < 22 then275.0* ones(N)

elseif time> 22andtime < 23 then274.0* ones(N)

elseif time> 23andtime < 24 then273.0* ones(N)

elseif time> 24andtime < 25 thenTcloudi * ones(N)
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elseif time> 25andtime < 26 then270.0* ones(N)

elseif time> 26andtime < 27 then270.0* ones(N)

elseif time> 27andtime < 28 then269.0* ones(N)

elseif time> 28andtime < 29 then268.0* ones(N)

elseif time> 29andtime < 30 then268.0* ones(N)

elseif time> 30andtime < 31 then269.0* ones(N)

elseif time> 31andtime < 32 then270.0* ones(N)

elseif time> 32andtime < 33 then273.0* ones(N)

elseif time> 33andtime < 34 then275.0* ones(N)

elseif time> 34andtime < 35 then277.0* ones(N)

elseif time> 35andtime < 36 then278.0* ones(N)

elseif time> 36andtime < 37 then278.0* ones(N)

elseif time> 37andtime < 38 then278.0* ones(N)

elseif time> 38andtime < 39 then278.0* ones(N)

elseif time> 39andtime < 40 then279.0* ones(N)

elseif time> 40andtime < 41 then278.0* ones(N)

elseif time> 41andtime < 42 then278.0* ones(N)

elseif time> 42andtime < 43 then278.0* ones(N)

elseif time> 43andtime < 44 then277.0* ones(N)

elseif time> 44andtime < 45 then277.0* ones(N)

elseif time> 45andtime < 46 then275.0* ones(N)

elseif time> 46andtime < 47 then274.0* ones(N)

elseif time> 47andtime < 48 then273.0* ones(N)

elseif time> 48andtime < 49 thenTcloudi * ones(N)

elseif time> 49andtime < 50 then270.0* ones(N)

elseif time> 50andtime < 51 then270.0* ones(N)

elseif time> 51andtime < 52 then269.0* ones(N)

elseif time> 52andtime < 53 then268.0* ones(N)

elseif time> 53andtime < 54 then268.0* ones(N)

elseif time> 54andtime < 55 then269.0* ones(N)

elseif time> 55andtime < 56 then270.0* ones(N)

elseif time> 56andtime < 57 then273.0* ones(N)

elseif time> 57andtime < 58 then275.0* ones(N)

elseif time> 58andtime < 59 then277.0* ones(N)



109

elseif time> 59andtime < 60 then278.0* ones(N)

elseif time> 60andtime < 61 then278.0* ones(N)

elseif time> 61andtime < 62 then278.0* ones(N)

elseif time> 62andtime < 63 then278.0* ones(N)

elseif time> 63andtime < 64 then279.0* ones(N)

elseif time> 64andtime < 65 then278.0* ones(N)

elseif time> 65andtime < 66 then278.0* ones(N)

elseif time> 66andtime < 67 then278.0* ones(N)

elseif time> 67andtime < 68 then277.0* ones(N)

elseif time> 68andtime < 69 then277.0* ones(N)

elseif time> 69andtime < 70 then275.0* ones(N)

elseif time> 70andtime < 71 then274.0* ones(N)

else273* ones(N);

Ic = if time< 6 thenIci * ones(N)

elseif time> 6 andtime < 7 then70.0* ones(N)

elseif time> 7 andtime < 8 then100.0* ones(N)

elseif time> 8 andtime < 9 then120.0* ones(N)

elseif time> 9 andtime < 10 then150.0* ones(N)

elseif time> 10andtime < 11 then170.0* ones(N)

elseif time> 11andtime < 12 then200.0* ones(N)

elseif time> 12andtime < 13 then200.0* ones(N)

elseif time> 13andtime < 14 then200.0* ones(N)

elseif time> 14andtime < 15 then200.0* ones(N)

elseif time> 15andtime < 16 then200.0* ones(N)

elseif time> 16andtime < 17 then200.0* ones(N)

elseif time> 17andtime < 18 then200.0* ones(N)

elseif time> 18andtime < 19 then170.0* ones(N)

elseif time> 19andtime < 20 then150.0* ones(N)

elseif time> 20andtime < 21 then100.0* ones(N)

elseif time> 21andtime < 30 thenIci * ones(N)

elseif time> 31andtime < 31 then70.0* ones(N)

elseif time> 31andtime < 32 then100.0* ones(N)

elseif time> 32andtime < 33 then120.0* ones(N)

elseif time> 33andtime < 34 then150.0* ones(N)
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elseif time> 34andtime < 35 then170.0* ones(N)

elseif time> 35andtime < 36 then200.0* ones(N)

elseif time> 36andtime < 37 then200.0* ones(N)

elseif time> 37andtime < 38 then200.0* ones(N)

elseif time> 38andtime < 39 then200.0* ones(N)

elseif time> 39andtime < 40 then200.0* ones(N)

elseif time> 40andtime < 41 then200.0* ones(N)

elseif time> 41andtime < 42 then200.0* ones(N)

elseif time> 42andtime < 43 then170.0* ones(N)

elseif time> 43andtime < 44 then150.0* ones(N)

elseif time> 44andtime < 45 then100.0* ones(N)

elseif time> 45andtime < 54 thenIci * ones(N)

elseif time> 54andtime < 55 then70.0* ones(N)

elseif time> 55andtime < 56 then100.0* ones(N)

elseif time> 56andtime < 57 then120.0* ones(N)

elseif time> 57andtime < 58 then150.0* ones(N)

elseif time> 58andtime < 59 then170.0* ones(N)

elseif time> 59andtime < 60 then200.0* ones(N)

elseif time> 60andtime < 61 then200.0* ones(N)

elseif time> 61andtime < 62 then200.0* ones(N)

elseif time> 62andtime < 63 then200.0* ones(N)

elseif time> 63andtime < 64 then200.0* ones(N)

elseif time> 64andtime < 65 then200.0* ones(N)

elseif time> 65andtime < 66 then200.0* ones(N)

elseif time> 66andtime < 67 then170.0* ones(N)

elseif time> 67andtime < 68 then150.0* ones(N)

elseif time> 68andtime < 69 then100.0* ones(N)

elseIci * ones(N);

Qelec= if time< 8 then0.0

elseif time> 8 andtime < 21 then0.0

elseif time> 21andtime < 36 thenQeleci

elseif time> 36andtime < 45 then0.0

elseif time> 45andtime < 60 thenQeleci

elseif time> 60andtime < 69 then0.0
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elseQeleci;

mti = if time < 6.0thenmtii

elseif time> 6.0andtime < 7.0then0.0

elseif time> 7.0andtime < 8.0then0.0

elseif time> 8.0andtime < 11.0then0.03333333

elseif time> 11.0andtime < 12.0then0.1095

elseif time> 12.0andtime < 13.0then0.1095

elseif time> 13.0andtime < 16.0then0.045

elseif time> 16.0andtime < 17.0then0.042

elseif time> 17.0andtime < 18.0thenmtii

elseif time> 18.0andtime < 21.0thenmtii

elseif time> 21.0andtime < 30.0thenmtii

elseif time> 30.0andtime < 31.0then0.0

elseif time> 31.0andtime < 32.0then0.0

elseif time> 32.0andtime < 35.0then0.033333333

elseif time> 35.0andtime < 36.0then0.1095

elseif time> 36.0andtime < 37.0then0.1095

elseif time> 37.0andtime < 40.0then0.045

elseif time> 40.0andtime < 41.0then0.042

elseif time> 41.0andtime < 42.0thenmtii

elseif time> 42.0andtime < 45.0thenmtii

elseif time> 45.0andtime < 54.0thenmtii

elseif time> 54.0andtime < 55.0then0.0

elseif time> 55.0andtime < 56.0then0.0

elseif time> 56.0andtime < 59.0then0.03333333

elseif time> 59.0andtime < 60.0then0.1095

elseif time> 60.0andtime < 61.0then0.1095

elseif time> 61.0andtime < 64.0then0.045

elseif time> 64.0andtime < 65.0then0.042

elseif time> 65.0andtime < 66.0thenmtii

elseif time> 66.0andtime < 69.0thenmtii

elsemtii;

mto = if time < 6.0thenmtoi

elseif time> 6.0andtime < 7.0then0.195
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elseif time> 7.0andtime < 8.0thenmtoi

elseif time> 8.0andtime < 11.0thenmtoi

elseif time> 11.0andtime < 12.0then0.042

elseif time> 12.0andtime < 13.0then0.042

elseif time> 13.0andtime < 16.0thenmtoi

elseif time> 16.0andtime < 17.0then0.042

elseif time> 17.0andtime < 18.0thenmtoi

elseif time> 18.0andtime < 21.0thenmtoi

elseif time> 21.0andtime < 30.0thenmtoi

elseif time> 30.0andtime < 31.0then0.195

elseif time> 31.0andtime < 32.0thenmtoi

elseif time> 32.0andtime < 35.0thenmtoi

elseif time> 35.0andtime < 36.0then0.042

elseif time> 36.0andtime < 37.0then0.042

elseif time> 37.0andtime < 40.0thenmtoi

elseif time> 40.0andtime < 41.0then0.042

elseif time> 41.0andtime < 42.0thenmtoi

elseif time> 42.0andtime < 45.0thenmtoi

elseif time> 42.0andtime < 54.0thenmtoi

elseif time> 54.0andtime < 55.0then0.195

elseif time> 55.0andtime < 56.0thenmtoi

elseif time> 56.0andtime < 59.0thenmtoi

elseif time> 59.0andtime < 60.0then0.042

elseif time> 60.0andtime < 61.0then0.042

elseif time> 61.0andtime < 64.0thenmtoi

elseif time> 64.0andtime < 65.0then0.042

elseif time> 65.0andtime < 66.0thenmtoi

elseif time> 66.0andtime < 69.0thenmtoi

elsemtoi;

endsolarsunnyfinal;

Partlycloudyday:
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modelsolarcloudyfinal

// Constants

constantRealPI = 3.141592654"pi, -";

constantRealsbc= 0.0000000567"StefanBoltzmann constant,W/m2/K4";

constantRealemissa= 0.01"Emissivityof theabsorberpipe,-";

constantRealemisse= 0.92"Emissivityof theglassenvelope,-";

constantRealdensw= 1000.0"Densityof water,kg/m3";

constantRealdensa= 8900.0"Densityof absorberpipe,kg/m3";

constantRealdense= 2700.0"Densityof glassenvelope,kg/m3";

constantRealdensair= 1.2"Densityof air, kg/m3";

constantRealhcair= 1033"Heatcapcityof air, J/kg/K";

constantRealhcw = 4180.0"Heatcapacityof water, J/kg/K";

constantRealhca= 389.0"Heatcapacityof absorberpipe,J/kg/K";

constantRealhce= 833"Heatcapacityof glassenvelope,J/kg/K";

// Parameters

parameterRealrc = 0.025"Radiusof thesolarcollectorandthecoil, m";

parameterRealDc = 0.05"Diameterof thecollector";

parameterRealrai = 0.025"Inner radiusof theabsorberpipe,m";

parameterRealrao= 0.03"Outerradiusof theabsorberpipe,m";

parameterRealrei = 0.045"Inner radiusof theglassenvelope,m";

parameterRealreo= 0.05"Outerradiusof theglassenvelope,m";

parameterRealrr = 0.03"Inner radiusof theunderfloorpipe,m";

parameterRealrt = 0.565"Diameterof thetank,m";

parameterRealDt = 1.13"Diameterof thetank,m";

parameterRealDr = 0.06"Diameterof theunderfloorpipe,m";

parameterRealHt = 0.9 "Total heightof thetank, m";

parameterRealhe= 1.27"Individual coefficientof naturalconvectionfrom theenvelopeto

theair, W/m2/K";

parameterRealhr = 5.0 "Naturalconvectioncoefficient from theunderfloorpipeto theair of

thehouse,W/m2/K";

parameterRealhcn= 4.0"Naturalconvectioncoefficient from thewall of thehouseto the

ambientair, W/m2/K";

parameterRealhcnt= 1.71"Individual coefficient of heattransmissionby natural

convectionbetweenthetankandiar of thehouse,W/m2/K";
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parameterRealL = 112.5"Lengthof thecollectorpipe,m";

parameterRealLcoil = 29 "Lenghtof thecoil pipe,m";

parameterRealLr = 200"Lengthof theunderfloorpipe,m";

parameterRealVair = 384"Air volumein thehouse,m3";

parameterIntegerN = 10 "Numberof controlvolumes";

parameterRealdx = L / N "Lengthof eachcontrolvolumein thecollector,m";

parameterRealdy = Lcoil / N "Lengthof eachcontrol volumein thecoil, m";

parameterRealdz = Lr / N "Lengthof eachcontrol volumein theunderfloorpipe,m";

parameterRealsigma= sbc/ (1 / emissa+ (1 - emisse)/ emisse* rao/ rei) "Radiation

coefficient";

parameterRealAc = PI / 4 * Dc ^ 2 "Crosssectional areaof thecollector,m2";

parameterRealAt = PI / 4 * Dt ^ 2 "Crosssectionalareaof thetank,m2";

parameterRealAr = PI / 4 * Dr ^ 2 "Crosssectionalareaof theradiationpipe,m2";

parameterRealAlost = 272"Areaof lost in thehouse,m2";

parameterRealPc= 2 * PI * rc "Perimeterof thecollector,m";

parameterRealAa = PI * (rao^ 2 - rai ^ 2) "Crosssectionalareaof theabsorberpipe,m2";

parameterRealPai= 2 * PI * rai "Innerperimeter of theabsorberpipe,m";

parameterRealPao= 2 * PI * rao"Outerperimeter of theabsorberpipe,m";

parameterRealPeo= 2 * PI * reo"Outerperimeter of theglassenvelope,m";

parameterRealPr = 2 * PI * rr "Innerperimeterof theunderfloorpipe,m";

parameterRealAe = PI * (reo^ 2 - rei ^ 2) "Crosssectionalareaof theglassenvelope,m2";

parameterRealmair = Vair * densair"Massof air in thehouse";

parameterRealTwall = 287"Temperatureof thewall fo thehouse";

// Initial stateparameters

parameterRealTc1i = 278"Initial temperatureof thewaterthatflows insidethecollector,

K";

parameterRealTc2i = 278"Initial temperatureof thewaterthatflow insidethecoil, K";

parameterRealTai = 278"Initial temperatureof theabsorberpipe,K";

parameterRealTei = 278"Initial temperatureof theglassenvelope,K";

parameterRealTti = 278"Initial temperatureof thetank,K";

parameterRealhwti = 0.9 "Initial valueof theheightof waterinsidethetank,m";

parameterRealTri = 278"Initial temperatureof theunderfloorpipe,K";

parameterRealThoui= 288"Initial temperatureof thehouse,K";

// Inputparameters
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parameterRealTwi = 278"Valueof theinlet temperatureof waterto thetank,K";

parameterRealTairi = 280"Valueof theambientair, K";

parameterRealTambi= 280"Valueof theambientair, K";

parameterRealTcloudi = 270"Valueof thetemperatureof theclouds,K";

parameterRealIci = 0.0 "Total energyprovidedby thesun,W";

parameterRealQeleci= 2000.0"Total heatprovidedby theelectricitysystem,W";

parameterRealvwci = 2 "Velocity of waterinsidethecollectorandcoil pipe,m/s";

parameterRealmtii = 0.025"Inlet massflow to thetank,kg/s";

parameterRealmtoi = 0.025"Outletmassflow from thetank,kg/s";

parameterRealQri = 0.0 "Heattransferredby theunderfloorpipe,W";

parameterRealvwri = 0.005"Velocity of thewater thatflows insidetheunderfloorpipe,

m/s";

// Variables

RealQc2t"Heatprovidedby thecoil, W";

Realmwt "Massof waterinsidethetank,kg";

Realmc "Massflow insidethecollector";

Realmr "Massflow insidetheradiationpipe,kg/s";

Realhc "Forcedconvectiveheattransfercoefficientinsidethecollectorpipe";

RealQlost"lost of heatfrom thehouseto theambientair, W";

Reala "Heattransferredby theunderfloorpipe,W";

// DeclaringN statevariablesin anarray,setting initial (start)values

RealTc1[N](eachstart= Tc1i) "Temperaturein collectorconduit,K";

RealTc2[N](eachstart= Tc2i) "Tempeaturein conduit in heatexchangerthroughtank,K";

RealTa[N](eachstart= Tai) "Temperaturein absorber,K";

RealTe[N](eachstart= Tei) "Temperaturein *envelope*??,K";

RealTt(start= Tti) "Temperaturein tank,K";

Realhwt(start= hwti) "Level/heightof tank,m";

RealTr[N](eachstart= Tri) "Temperatureof theunderfloorpipe,K";

RealThou(start= Thoui) "Temperaturein thehouse,K";

// Declaringinputvariables

RealTw "Valueof theinlet temperatureof waterto thetank,K";

RealTair[N] "Valueof theambientair, K";

RealTamb"Temperatureof theambientair, K";

RealTcloud[N] "Valueof thetemperatureof theclouds,K";



116

RealIc[N] "Total energyprovidedby thesun,W";

RealQelec"Total heatprovidedby theelectricity system,W";

Realvwc "Velocity of waterinsidethecollectorandcoil pipe,m/s";

Realmti "Inlet massflow to thetank,kg/s";

Realmto "Outletmassflow from thetank,kg/s";

RealQr "Heattransferredby theunderfloorpipe,W";

Realvwr "Velocity of thewaterthatflows insidetheunderfloorpipe";

equation

// Heatinput to tank

Qc2t= (hwt * 5 * hc * (sum(Tc2)- N * Tt));

//Heattransferredby underfloorpipe

a = 2 * PI * rr * Lr * hr * (sum(Tr)- N * Thou);

// Lostof heatto theambientair

Qlost= Alost * hcn* (Twall - Tamb);

// Coefficientsof heattransfer

hc = 4280* (0.00488* ((303+ 363)/ 2)- 1) * (vwc ^ 0.8)/ (Dc ^ 0.2);

// Massof waterinsidethetank

mwt = At * hwt * densw;

// Massflow insidethecollector

mc = vwc * Ac * densw;

//Massflow insidetheunderfloorpipe

mr = vwr * Ar * densw;

// Differentialequations

der(Tc1[1])= (mc / densw/ Ac / dx * (Tc2[N] - Tc1[1]) + (hc* Pc)/ densw/ Ac / hcw*

(Ta[1] - Tc1[1]))* 3600;

der(Tc1[2:end])= (mc / densw/ Ac / dx * (Tc1[1:end- 1] - Tc1[2:end])+ (hc* Pc)/ densw

/ Ac / hcw* (Ta[2:end]- Tc1[2:end]))*3600;

der(Tc2[1])= (mc / densw/ Ac / dy * (Tc1[N] - Tc2[1]) - (hc * Pc)/ densw/ Ac / hcw *

(Tc2[1] - Tt)) * 3600;

der(Tc2[2:end])= (mc / densw/ Ac / dy * (Tc2[1:end- 1] - Tc2[2:end])- (hc * Pc)/ densw/

Ac / hcw * (Tc2[2:end]- Tt * ones(N- 1))) * 3600;

der(Ta)= ((Ic * 2 * rao)/ densa/ hca/ Aa - (sigma* Pao)/ densa/ hca/ Aa * (Ta.^ 4 - Te

.^ 4) - (hc * Pai)/ densa/ hca/ Aa * (Ta - Tc1)) * 3600;

der(Te)= ((sigma* Pao)/ dense/ hce/ Ae * (Ta .^ 4 - Te .^ 4) - (sbc* emisse* Peo)/ dense

/ hce/ Ae * (Te .^ 4 - Tcloud.^ 4) - (he* Peo)/ dense/ hce/ Ae * (Te - Tair))* 3600;
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der(Tt)= (mti / mwt * (Tw - Tt) + Qc2t/ mwt / hcw + hwt / Ht * Qelec/ mwt / hcw - 2 * PI

* rt * hwt * hcnt/ mwt / hcw * (Tt - Thou))* 3600;

der(hwt)= ((mti - mto) / densw/ At) * 3600;

der(Tr[1])= (mr / densw/ Ar / dz * (Tt - Tr[1]) - (hr * Pr) / densw/ Ar / hcw * (Tr[1] -

Thou))* 3600;

der(Tr[2:end])= (mr / densw/ Ar / dz * (Tr[1:end - 1] - Tr[2:end])- (hr * Pr) / densw/ Ar /

hcw * (Tr[2:end]- Thou* ones(N - 1))) * 3600;

der(Thou)= (Qr / mair / hcair- Qlost/ mair / hcair) * 3600;

// Inlet values

vwr = if time< 6 then0.0

elsevwri;

Qr = if Thou< 294thena

elsea;

vwc = if time < 6 then0.1

elseif time > 6 andtime < 9 then1.0

elseif time> 9 andtime < 14 then1.0

elseif time> 14andtime < 16 thenvwci

elseif time> 16andtime < 17 thenvwci

elseif time> 17andtime < 19 thenvwci

elseif time> 19andtime < 21 then1.0

elseif time> 21andtime < 31 then0.1

elseif time> 31andtime < 33 then1.0

elseif time> 33andtime < 38 then1.0

elseif time> 38andtime < 40 thenvwci

elseif time> 40andtime < 41 thenvwci

elseif time> 41andtime < 43 thenvwci

elseif time> 43andtime < 45 then1.0

elseif time> 45andtime < 55 then0.1

elseif time> 55andtime < 57 then1.0

elseif time> 57andtime < 62 then1.0

elseif time> 62andtime < 64 thenvwci

elseif time> 64andtime < 65 thenvwci

elseif time> 65andtime < 67 thenvwci

elseif time> 67andtime < 69 then1.0
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else0.1;

Tw = if time< 9 thenTwi

elseif time> 9 andtime < 21 then280.0

elseif time> 21andtime < 33 thenTwi

elseif time> 33andtime < 45 then280.0

elseif time> 45andtime < 57 thenTwi

elseif time> 57andtime < 69 then280.0

elseTwi;

Tair = if time < 1 thenTairi * ones(N)

elseif time> 1 andtime < 2 then280.0* ones(N)

elseif time> 2 andtime < 3 then280.0* ones(N)

elseif time> 3 andtime < 4 then279.0* ones(N)

elseif time> 4 andtime < 5 then278.0* ones(N)

elseif time> 5 andtime < 6 then278.0* ones(N)

elseif time> 6 andtime < 7 then279.0* ones(N)

elseif time> 7 andtime < 8 then280.0* ones(N)

elseif time> 8 andtime < 9 then283.0* ones(N)

elseif time> 9 andtime < 10 then285.0* ones(N)

elseif time> 10andtime < 11 then287.0* ones(N)

elseif time> 11andtime < 12 then288.0* ones(N)

elseif time> 12andtime < 13 then288.0* ones(N)

elseif time> 13andtime < 14 then288.0* ones(N)

elseif time> 14andtime < 15 then288.0* ones(N)

elseif time> 15andtime < 16 then289.0* ones(N)

elseif time> 16andtime < 17 then288.0* ones(N)

elseif time> 17andtime < 18 then288.0* ones(N)

elseif time> 18andtime < 19 then288.0* ones(N)

elseif time> 19andtime < 20 then287.0* ones(N)

elseif time> 20andtime < 21 then287.0* ones(N)

elseif time> 21andtime < 22 then285.0* ones(N)

elseif time> 22andtime < 23 then284.0* ones(N)

elseif time> 23andtime < 24 then283.0* ones(N)

elseif time> 24andtime < 25 thenTairi * ones(N)

elseif time> 25andtime < 26 then280.0* ones(N)



119

elseif time> 26andtime < 27 then280.0* ones(N)

elseif time> 27andtime < 28 then279.0* ones(N)

elseif time> 28andtime < 29 then278.0* ones(N)

elseif time> 29andtime < 30 then278.0* ones(N)

elseif time> 30andtime < 31 then279.0* ones(N)

elseif time> 31andtime < 32 then280.0* ones(N)

elseif time> 32andtime < 33 then283.0* ones(N)

elseif time> 33andtime < 34 then285.0* ones(N)

elseif time> 34andtime < 35 then287.0* ones(N)

elseif time> 35andtime < 36 then288.0* ones(N)

elseif time> 36andtime < 37 then288.0* ones(N)

elseif time> 37andtime < 38 then288.0* ones(N)

elseif time> 38andtime < 39 then288.0* ones(N)

elseif time> 39andtime < 40 then289.0* ones(N)

elseif time> 40andtime < 41 then288.0* ones(N)

elseif time> 41andtime < 42 then288.0* ones(N)

elseif time> 42andtime < 43 then288.0* ones(N)

elseif time> 43andtime < 44 then287.0* ones(N)

elseif time> 44andtime < 45 then287.0* ones(N)

elseif time> 45andtime < 46 then285.0* ones(N)

elseif time> 46andtime < 47 then284.0* ones(N)

elseif time> 47andtime < 48 then283.0* ones(N)

elseif time> 48andtime < 49 thenTairi * ones(N)

elseif time> 49andtime < 50 then280.0* ones(N)

elseif time> 50andtime < 51 then280.0* ones(N)

elseif time> 51andtime < 52 then279.0* ones(N)

elseif time> 52andtime < 53 then278.0* ones(N)

elseif time> 53andtime < 54 then278.0* ones(N)

elseif time> 54andtime < 55 then279.0* ones(N)

elseif time> 55andtime < 56 then280.0* ones(N)

elseif time> 56andtime < 57 then283.0* ones(N)

elseif time> 57andtime < 58 then285.0* ones(N)

elseif time> 58andtime < 59 then287.0* ones(N)

elseif time> 59andtime < 60 then288.0* ones(N)
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elseif time> 60andtime < 61 then288.0* ones(N)

elseif time> 61andtime < 62 then288.0* ones(N)

elseif time> 62andtime < 63 then288.0* ones(N)

elseif time> 63andtime < 64 then289.0* ones(N)

elseif time> 64andtime < 65 then288.0* ones(N)

elseif time> 65andtime < 66 then288.0* ones(N)

elseif time> 66andtime < 67 then288.0* ones(N)

elseif time> 67andtime < 68 then287.0* ones(N)

elseif time> 68andtime < 69 then287.0* ones(N)

elseif time> 69andtime < 70 then285.0* ones(N)

elseif time> 70andtime < 71 then284.0* ones(N)

else283* ones(N);

Tamb= if time< 1 thenTambi

elseif time> 1 andtime < 2 then280.0

elseif time> 2 andtime < 3 then280.0

elseif time> 3 andtime < 4 then279.0

elseif time> 4 andtime < 5 then278.0

elseif time> 5 andtime < 6 then278.0

elseif time> 6 andtime < 7 then279.0

elseif time> 7 andtime < 8 then280.0

elseif time> 8 andtime < 9 then283.0

elseif time> 9 andtime < 10 then285.0

elseif time> 10andtime < 11 then287.0

elseif time> 11andtime < 12 then288.0

elseif time> 12andtime < 13 then288.0

elseif time> 13andtime < 14 then288.0

elseif time> 14andtime < 15 then288.0

elseif time> 15andtime < 16 then289.0

elseif time> 16andtime < 17 then288.0

elseif time> 17andtime < 18 then288.0

elseif time> 18andtime < 19 then288.0

elseif time> 19andtime < 20 then287.0

elseif time> 20andtime < 21 then287.0

elseif time> 21andtime < 22 then285.0
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elseif time> 22andtime < 23 then284.0

elseif time> 23andtime < 24 then283.0

elseif time> 24andtime < 25 thenTambi

elseif time> 25andtime < 26 then280.0

elseif time> 26andtime < 27 then280.0

elseif time> 27andtime < 28 then279.0

elseif time> 28andtime < 29 then278.0

elseif time> 29andtime < 30 then278.0

elseif time> 30andtime < 31 then279.0

elseif time> 31andtime < 32 then280.0

elseif time> 32andtime < 33 then283.0

elseif time> 33andtime < 34 then285.0

elseif time> 34andtime < 35 then287.0

elseif time> 35andtime < 36 then288.0

elseif time> 36andtime < 37 then288.0

elseif time> 37andtime < 38 then288.0

elseif time> 38andtime < 39 then288.0

elseif time> 39andtime < 40 then289.0

elseif time> 40andtime < 41 then288.0

elseif time> 41andtime < 42 then288.0

elseif time> 42andtime < 43 then288.0

elseif time> 43andtime < 44 then287.0

elseif time> 44andtime < 45 then287.0

elseif time> 45andtime < 46 then285.0

elseif time> 46andtime < 47 then284.0

elseif time> 47andtime < 48 then283.0

elseif time> 48andtime < 49 thenTambi

elseif time> 49andtime < 50 then280.0

elseif time> 50andtime < 51 then280.0

elseif time> 51andtime < 52 then279.0

elseif time> 52andtime < 53 then278.0

elseif time> 53andtime < 54 then278.0

elseif time> 54andtime < 55 then279.0

elseif time> 55andtime < 56 then280.0
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elseif time> 56andtime < 57 then283.0

elseif time> 57andtime < 58 then285.0

elseif time> 58andtime < 59 then287.0

elseif time> 59andtime < 60 then288.0

elseif time> 60andtime < 61 then288.0

elseif time> 61andtime < 62 then288.0

elseif time> 62andtime < 63 then288.0

elseif time> 63andtime < 64 then289.0

elseif time> 64andtime < 65 then288.0

elseif time> 65andtime < 66 then288.0

elseif time> 66andtime < 67 then288.0

elseif time> 67andtime < 68 then287.0

elseif time> 68andtime < 69 then287.0

elseif time> 69andtime < 70 then285.0

elseif time> 70andtime < 71 then284.0

else283;

Tcloud= if time< 1 thenTcloudi * ones(N)

elseif time> 1 andtime < 2 then270.0* ones(N)

elseif time> 2 andtime < 3 then270.0* ones(N)

elseif time> 3 andtime < 4 then269.0* ones(N)

elseif time> 4 andtime < 5 then268.0* ones(N)

elseif time> 5 andtime < 6 then268.0* ones(N)

elseif time> 6 andtime < 7 then269.0* ones(N)

elseif time> 7 andtime < 8 then270.0* ones(N)

elseif time> 8 andtime < 9 then273.0* ones(N)

elseif time> 9 andtime < 10 then275.0* ones(N)

elseif time> 10andtime < 11 then277.0* ones(N)

elseif time> 11andtime < 12 then278.0* ones(N)

elseif time> 12andtime < 13 then278.0* ones(N)

elseif time> 13andtime < 14 then278.0* ones(N)

elseif time> 14andtime < 15 then278.0* ones(N)

elseif time> 15andtime < 16 then279.0* ones(N)

elseif time> 16andtime < 17 then278.0* ones(N)

elseif time> 17andtime < 18 then278.0* ones(N)
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elseif time> 18andtime < 19 then278.0* ones(N)

elseif time> 19andtime < 20 then277.0* ones(N)

elseif time> 20andtime < 21 then277.0* ones(N)

elseif time> 21andtime < 22 then275.0* ones(N)

elseif time> 22andtime < 23 then274.0* ones(N)

elseif time> 23andtime < 24 then273.0* ones(N)

elseif time> 24andtime < 25 thenTcloudi * ones(N)

elseif time> 25andtime < 26 then270.0* ones(N)

elseif time> 26andtime < 27 then270.0* ones(N)

elseif time> 27andtime < 28 then269.0* ones(N)

elseif time> 28andtime < 29 then268.0* ones(N)

elseif time> 29andtime < 30 then268.0* ones(N)

elseif time> 30andtime < 31 then269.0* ones(N)

elseif time> 31andtime < 32 then270.0* ones(N)

elseif time> 32andtime < 33 then273.0* ones(N)

elseif time> 33andtime < 34 then275.0* ones(N)

elseif time> 34andtime < 35 then277.0* ones(N)

elseif time> 35andtime < 36 then278.0* ones(N)

elseif time> 36andtime < 37 then278.0* ones(N)

elseif time> 37andtime < 38 then278.0* ones(N)

elseif time> 38andtime < 39 then278.0* ones(N)

elseif time> 39andtime < 40 then279.0* ones(N)

elseif time> 40andtime < 41 then278.0* ones(N)

elseif time> 41andtime < 42 then278.0* ones(N)

elseif time> 42andtime < 43 then278.0* ones(N)

elseif time> 43andtime < 44 then277.0* ones(N)

elseif time> 44andtime < 45 then277.0* ones(N)

elseif time> 45andtime < 46 then275.0* ones(N)

elseif time> 46andtime < 47 then274.0* ones(N)

elseif time> 47andtime < 48 then273.0* ones(N)

elseif time> 48andtime < 49 thenTcloudi * ones(N)

elseif time> 49andtime < 50 then270.0* ones(N)

elseif time> 50andtime < 51 then270.0* ones(N)

elseif time> 51andtime < 52 then269.0* ones(N)
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elseif time> 52andtime < 53 then268.0* ones(N)

elseif time> 53andtime < 54 then268.0* ones(N)

elseif time> 54andtime < 55 then269.0* ones(N)

elseif time> 55andtime < 56 then270.0* ones(N)

elseif time> 56andtime < 57 then273.0* ones(N)

elseif time> 57andtime < 58 then275.0* ones(N)

elseif time> 58andtime < 59 then277.0* ones(N)

elseif time> 59andtime < 60 then278.0* ones(N)

elseif time> 60andtime < 61 then278.0* ones(N)

elseif time> 61andtime < 62 then278.0* ones(N)

elseif time> 62andtime < 63 then278.0* ones(N)

elseif time> 63andtime < 64 then279.0* ones(N)

elseif time> 64andtime < 65 then278.0* ones(N)

elseif time> 65andtime < 66 then278.0* ones(N)

elseif time> 66andtime < 67 then278.0* ones(N)

elseif time> 67andtime < 68 then277.0* ones(N)

elseif time> 68andtime < 69 then277.0* ones(N)

elseif time> 69andtime < 70 then275.0* ones(N)

elseif time> 70andtime < 71 then274.0* ones(N)

else273* ones(N);

Ic = if time< 6 thenIci * ones(N)

elseif time> 6 andtime < 7 then70.0* ones(N)

elseif time> 7 andtime < 8 then100.0* ones(N)

elseif time> 8 andtime < 9 then120.0* ones(N)

elseif time> 9 andtime < 10 then80.0* ones(N)

elseif time> 10andtime < 11 then80.0* ones(N)

elseif time> 11andtime < 12 then80.0* ones(N)

elseif time> 12andtime < 13 then80.0* ones(N)

elseif time> 13andtime < 14 then80.0* ones(N)

elseif time> 14andtime < 15 then200.0* ones(N)

elseif time> 15andtime < 16 then200.0* ones(N)

elseif time> 16andtime < 17 then80.0* ones(N)

elseif time> 17andtime < 18 then200.0* ones(N)

elseif time> 18andtime < 19 then170.0* ones(N)
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elseif time> 19andtime < 20 then80.0* ones(N)

elseif time> 20andtime < 21 then100.0* ones(N)

elseif time> 21andtime < 30 thenIci * ones(N)

elseif time> 30andtime < 31 then70.0* ones(N)

elseif time> 31andtime < 32 then100.0* ones(N)

elseif time> 32andtime < 33 then120.0* ones(N)

elseif time> 33andtime < 34 then80.0* ones(N)

elseif time> 34andtime < 35 then80.0* ones(N)

elseif time> 35andtime < 36 then80.0* ones(N)

elseif time> 36andtime < 37 then80.0* ones(N)

elseif time> 37andtime < 38 then80.0* ones(N)

elseif time> 38andtime < 39 then200.0* ones(N)

elseif time> 39andtime < 40 then200.0* ones(N)

elseif time> 40andtime < 41 then80.0* ones(N)

elseif time> 41andtime < 42 then200.0* ones(N)

elseif time> 42andtime < 43 then170.0* ones(N)

elseif time> 43andtime < 44 then80.0* ones(N)

elseif time> 44andtime < 45 then100.0* ones(N)

elseif time> 45andtime < 54 thenIci * ones(N)

elseif time> 54andtime < 55 then70.0* ones(N)

elseif time> 55andtime < 56 then100.0* ones(N)

elseif time> 56andtime < 57 then120.0* ones(N)

elseif time> 57andtime < 58 then80.0* ones(N)

elseif time> 58andtime < 59 then80.0* ones(N)

elseif time> 59andtime < 60 then80.0* ones(N)

elseif time> 60andtime < 61 then80.0* ones(N)

elseif time> 61andtime < 62 then80.0* ones(N)

elseif time> 62andtime < 63 then200.0* ones(N)

elseif time> 63andtime < 64 then200.0* ones(N)

elseif time> 64andtime < 65 then80.0* ones(N)

elseif time> 65andtime < 66 then200.0* ones(N)

elseif time> 66andtime < 67 then170.0* ones(N)

elseif time> 67andtime < 68 then80.0* ones(N)

elseif time> 68andtime < 69 then100.0* ones(N)
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elseIci * ones(N);

Qelec= if time< 8 then0.0

elseif time> 8 andtime < 21 then0.0

elseif time> 21andtime < 36 thenQeleci

elseif time> 36andtime < 45 then0.0

elseif time> 45andtime < 60 thenQeleci

elseif time> 60andtime < 69 then0.0

elseQeleci;

mti = if time < 6.0thenmtii

elseif time> 6.0andtime < 7.0then0.0

elseif time> 7.0andtime < 8.0then0.0

elseif time> 8.0andtime < 11.0then0.03333333

elseif time> 11.0andtime < 12.0then0.05475

elseif time> 12.0andtime < 13.0then0.05475

elseif time> 13.0andtime < 16.0then0.0715

elseif time> 16.0andtime < 17.0then0.042

elseif time> 17.0andtime < 18.0thenmtii

elseif time> 18.0andtime < 21.0then0.035

elseif time> 21.0andtime < 30.0thenmtii

elseif time> 30.0andtime < 31.0then0.0

elseif time> 31.0andtime < 32.0then0.0

elseif time> 32.0andtime < 35.0then0.033333333

elseif time> 35.0andtime < 36.0then0.05475

elseif time> 36.0andtime < 37.0then0.05475

elseif time> 37.0andtime < 40.0then0.0715

elseif time> 40.0andtime < 41.0then0.042

elseif time> 41.0andtime < 42.0thenmtii

elseif time> 42.0andtime < 45.0then0.035

elseif time> 45.0andtime < 54.0thenmtii

elseif time> 54.0andtime < 55.0then0.0

elseif time> 55.0andtime < 56.0then0.0

elseif time> 56.0andtime < 59.0then0.03333333

elseif time> 59.0andtime < 60.0then0.05475

elseif time> 60.0andtime < 61.0then0.05475
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elseif time> 61.0 andtime < 64.0then0.0715

elseif time> 64.0andtime < 65.0then0.042

elseif time> 65.0andtime < 66.0thenmtii

elseif time> 66.0andtime < 69.0then0.035

elsemtii;

mto = if time < 6.0thenmtoi

elseif time> 6.0andtime < 7.0then0.195

elseif time> 7.0andtime < 8.0thenmtoi

elseif time> 8.0andtime < 11.0 thenmtoi

elseif time> 11.0 andtime < 12.0then0.042

elseif time> 12.0andtime < 13.0then0.042

elseif time> 13.0andtime < 16.0thenmtoi

elseif time> 16.0andtime < 17.0then0.042

elseif time> 17.0andtime < 18.0thenmtoi

elseif time> 18.0andtime < 21.0 thenmtoi

elseif time> 21.0 andtime < 30.0thenmtoi

elseif time> 30.0andtime < 31.0 then0.195

elseif time> 31.0 andtime < 32.0thenmtoi

elseif time> 32.0andtime < 35.0thenmtoi

elseif time> 35.0andtime < 36.0then0.042

elseif time> 36.0andtime < 37.0then0.042

elseif time> 37.0andtime < 40.0thenmtoi

elseif time> 40.0andtime < 41.0 then0.042

elseif time> 41.0 andtime < 42.0thenmtoi

elseif time> 42.0andtime < 45.0thenmtoi

elseif time> 42.0andtime < 54.0thenmtoi

elseif time> 54.0andtime < 55.0then0.195

elseif time> 55.0andtime < 56.0thenmtoi

elseif time> 56.0andtime < 59.0thenmtoi

elseif time> 59.0andtime < 60.0then0.042

elseif time> 60.0andtime < 61.0 then0.042

elseif time> 61.0 andtime < 64.0thenmtoi

elseif time> 64.0andtime < 65.0then0.042

elseif time> 65.0andtime < 66.0thenmtoi
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elseif time> 66.0andtime < 69.0thenmtoi

elsemtoi;

endsolarcloudyfinal;

Totally cloudyday:
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modelsolartotallycloudyfinal

// Constants

constantRealPI = 3.141592654"pi, -";

constantRealsbc= 0.0000000567"StefanBoltzmann constant,W/m2/K4";

constantRealemissa= 0.01"Emissivityof theabsorberpipe,-";

constantRealemisse= 0.92"Emissivityof theglassenvelope,-";

constantRealdensw= 1000.0"Densityof water,kg/m3";

constantRealdensa= 8900.0"Densityof absorberpipe,kg/m3";

constantRealdense= 2700.0"Densityof glassenvelope,kg/m3";

constantRealdensair= 1.2"Densityof air, kg/m3";

constantRealhcair= 1033"Heatcapcityof air, J/kg/K";

constantRealhcw = 4180.0"Heatcapacityof water, J/kg/K";

constantRealhca= 389.0"Heatcapacityof absorberpipe,J/kg/K";

constantRealhce= 833"Heatcapacityof glassenvelope,J/kg/K";

// Parameters

parameterRealrc = 0.025"Radiusof thesolarcollectorandthecoil, m";

parameterRealDc = 0.05"Diameterof thecollector";

parameterRealrai = 0.025"Inner radiusof theabsorberpipe,m";

parameterRealrao= 0.03"Outerradiusof theabsorberpipe,m";

parameterRealrei = 0.045"Inner radiusof theglassenvelope,m";

parameterRealreo= 0.05"Outerradiusof theglassenvelope,m";

parameterRealrr = 0.03"Inner radiusof theunderfloorpipe,m";

parameterRealrt = 0.565"Diameterof thetank,m";

parameterRealDt = 1.13"Diameterof thetank,m";

parameterRealDr = 0.06"Diameterof theunderfloorpipe,m";

parameterRealHt = 0.9 "Total heightof thetank, m";

parameterRealhe= 1.27"Individual coefficientof naturalconvectionfrom theenvelopeto

theair, W/m2/K";

parameterRealhr = 5.0 "Naturalconvectioncoefficient from theunderfloorpipeto theair of

thehouse,W/m2/K";

parameterRealhcn= 4.0"Naturalconvectioncoefficient from thewall of thehouseto the

ambientair, W/m2/K";

parameterRealhcnt= 1.71"Individual coefficient of heattransmissionby natural

convectionbetweenthetankandiar of thehouse,W/m2/K";
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parameterRealL = 112.5"Lengthof thecollectorpipe,m";

parameterRealLcoil = 29 "Lenghtof thecoil pipe,m";

parameterRealLr = 200"Lengthof theunderfloorpipe,m";

parameterRealVair = 384"Air volumein thehouse,m3";

parameterIntegerN = 10 "Numberof controlvolumes";

parameterRealdx = L / N "Lengthof eachcontrolvolumein thecollector,m";

parameterRealdy = Lcoil / N "Lengthof eachcontrol volumein thecoil, m";

parameterRealdz = Lr / N "Lengthof eachcontrol volumein theunderfloorpipe,m";

parameterRealsigma= sbc/ (1 / emissa+ (1 - emisse)/ emisse* rao/ rei) "Radiation

coefficient";

parameterRealAc = PI / 4 * Dc ^ 2 "Crosssectional areaof thecollector,m2";

parameterRealAt = PI / 4 * Dt ^ 2 "Crosssectionalareaof thetank,m2";

parameterRealAr = PI / 4 * Dr ^ 2 "Crosssectionalareaof theradiationpipe,m2";

parameterRealAlost = 272"Areaof lost in thehouse,m2";

parameterRealPc= 2 * PI * rc "Perimeterof thecollector,m";

parameterRealAa = PI * (rao^ 2 - rai ^ 2) "Crosssectionalareaof theabsorberpipe,m2";

parameterRealPai= 2 * PI * rai "Innerperimeter of theabsorberpipe,m";

parameterRealPao= 2 * PI * rao"Outerperimeter of theabsorberpipe,m";

parameterRealPeo= 2 * PI * reo"Outerperimeter of theglassenvelope,m";

parameterRealPr = 2 * PI * rr "Innerperimeterof theunderfloorpipe,m";

parameterRealAe = PI * (reo^ 2 - rei ^ 2) "Crosssectionalareaof theglassenvelope,m2";

parameterRealmair = Vair * densair"Massof air in thehouse";

parameterRealTwall = 287"Temperatureof thewall fo thehouse";

// Initial stateparameters

parameterRealTc1i = 278"Initial temperatureof thewaterthatflows insidethecollector,

K";

parameterRealTc2i = 278"Initial temperatureof thewaterthatflow insidethecoil, K";

parameterRealTai = 278"Initial temperatureof theabsorberpipe,K";

parameterRealTei = 278"Initial temperatureof theglassenvelope,K";

parameterRealTti = 278"Initial temperatureof thetank,K";

parameterRealhwti = 0.9 "Initial valueof theheightof waterinsidethetank,m";

parameterRealTri = 278"Initial temperatureof theunderfloorpipe,K";

parameterRealThoui= 288"Initial temperatureof thehouse,K";

// Inputparameters
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parameterRealTwi = 278"Valueof theinlet temperatureof waterto thetank,K";

parameterRealTairi = 280"Valueof theambientair, K";

parameterRealTambi= 280"Valueof theambientair, K";

parameterRealTcloudi = 270"Valueof thetemperatureof theclouds,K";

parameterRealIci = 0.0 "Total energyprovidedby thesun,W";

parameterRealQeleci= 2000.0"Total heatprovidedby theelectricitysystem,W";

parameterRealvwci = 2.5"Velocity of waterinsidethecollectorandcoil pipe,m/s";

parameterRealmtii = 0.025"Inlet massflow to thetank,kg/s";

parameterRealmtoi = 0.025"Outletmassflow from thetank,kg/s";

parameterRealQri = 0.0 "Heattransferredby theunderfloorpipe,W";

parameterRealvwri = 0.005"Velocity of thewater thatflows insidetheunderfloorpipe,

m/s";

// Variables

RealQc2t"Heatprovidedby thecoil, W";

Realmwt "Massof waterinsidethetank,kg";

Realmc "Massflow insidethecollector";

Realmr "Massflow insidetheradiationpipe,kg/s";

Realhc "Forcedconvectiveheattransfercoefficientinsidethecollectorpipe";

RealQlost"lost of heatfrom thehouseto theambientair, W";

Reala "Heattransferredby theunderfloorpipe,W";

// DeclaringN statevariablesin anarray,setting initial (start)values

RealTc1[N](eachstart= Tc1i) "Temperaturein collectorconduit,K";

RealTc2[N](eachstart= Tc2i) "Tempeaturein conduit in heatexchangerthroughtank,K";

RealTa[N](eachstart= Tai) "Temperaturein absorber,K";

RealTe[N](eachstart= Tei) "Temperaturein *envelope*??,K";

RealTt(start= Tti) "Temperaturein tank,K";

Realhwt(start= hwti) "Level/heightof tank,m";

RealTr[N](eachstart= Tri) "Temperatureof theunderfloorpipe,K";

RealThou(start= Thoui) "Temperaturein thehouse,K";

// Declaringinputvariables

RealTw "Valueof theinlet temperatureof waterto thetank,K";

RealTair[N] "Valueof theambientair, K";

RealTamb"Temperatureof theambientair, K";

RealTcloud[N] "Valueof thetemperatureof theclouds,K";
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RealIc[N] "Total energyprovidedby thesun,W";

RealQelec"Total heatprovidedby theelectricity system,W";

Realvwc "Velocity of waterinsidethecollectorandcoil pipe,m/s";

Realmti "Inlet massflow to thetank,kg/s";

Realmto "Outletmassflow from thetank,kg/s";

RealQr "Heattransferredby theunderfloorpipe,W";

Realvwr "Velocity of thewaterthatflows insidetheunderfloorpipe";

equation

// Heatinput to tank

Qc2t= (hwt * 5 * hc * (sum(Tc2)- N * Tt));

//Heattransferredby underfloorpipe

a = 2 * PI * rr * Lr * hr * (sum(Tr)- N * Thou);

// Lostof heatto theambientair

Qlost= Alost * hcn* (Twall - Tamb);

// Coefficientsof heattransfer

hc = 4280* (0.00488* ((303+ 363)/ 2)- 1) * (vwc ^ 0.8)/ (Dc ^ 0.2);

// Massof waterinsidethetank

mwt = At * hwt * densw;

// Massflow insidethecollector

mc = vwc * Ac * densw;

//Massflow insidetheunderfloorpipe

mr = vwr * Ar * densw;

// Differentialequations

der(Tc1[1])= (mc / densw/ Ac / dx * (Tc2[N] - Tc1[1]) + (hc* Pc)/ densw/ Ac / hcw*

(Ta[1] - Tc1[1]))* 3600;

der(Tc1[2:end])= (mc / densw/ Ac / dx * (Tc1[1:end- 1] - Tc1[2:end])+ (hc* Pc)/ densw

/ Ac / hcw* (Ta[2:end]- Tc1[2:end]))*3600;

der(Tc2[1])= (mc / densw/ Ac / dy * (Tc1[N] - Tc2[1]) - (hc * Pc)/ densw/ Ac / hcw *

(Tc2[1] - Tt)) * 3600;

der(Tc2[2:end])= (mc / densw/ Ac / dy * (Tc2[1:end- 1] - Tc2[2:end])- (hc * Pc)/ densw/

Ac / hcw * (Tc2[2:end]- Tt * ones(N- 1))) * 3600;

der(Ta)= ((Ic * 2 * rao)/ densa/ hca/ Aa - (sigma* Pao)/ densa/ hca/ Aa * (Ta.^ 4 - Te

.^ 4) - (hc * Pai)/ densa/ hca/ Aa * (Ta - Tc1)) * 3600;

der(Te)= ((sigma* Pao)/ dense/ hce/ Ae * (Ta .^ 4 - Te .^ 4) - (sbc* emisse* Peo)/ dense

/ hce/ Ae * (Te .^ 4 - Tcloud.^ 4) - (he* Peo)/ dense/ hce/ Ae * (Te - Tair))* 3600;
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der(Tt)= (mti / mwt * (Tw - Tt) + Qc2t/ mwt / hcw + hwt / Ht * Qelec/ mwt / hcw - 2 * PI

* rt * hwt * hcnt/ mwt / hcw * (Tt - Thou))* 3600;

der(hwt)= ((mti - mto) / densw/ At) * 3600;

der(Tr[1])= (mr / densw/ Ar / dz * (Tt - Tr[1]) - (hr * Pr) / densw/ Ar / hcw * (Tr[1] -

Thou))* 3600;

der(Tr[2:end])= (mr / densw/ Ar / dz * (Tr[1:end - 1] - Tr[2:end])- (hr * Pr) / densw/ Ar /

hcw * (Tr[2:end]- Thou* ones(N - 1))) * 3600;

der(Thou)= (Qr / mair / hcair- Qlost/ mair / hcair) * 3600;

// Inlet values

vwr = if time< 6 then0.0

elsevwri;

Qr = a;

vwc = if time < 6 then0.1

elseif time > 6 andtime < 9 thenvwci

elseif time> 9 andtime < 21 thenvwci

elseif time> 21andtime < 31 then0.1

elseif time> 31andtime < 45 thenvwci

elseif time> 45andtime < 55 then0.1

elseif time> 55andtime < 69 thenvwci

else0.1;

Tw = if time< 9 thenTwi

elseif time> 9 andtime < 21 then280.0

elseif time> 21andtime < 33 thenTwi

elseif time> 33andtime < 45 then280.0

elseif time> 45andtime < 57 thenTwi

elseif time> 57andtime < 69 then280.0

elseTwi;

Tair = if time < 1 thenTairi * ones(N)

elseif time> 1 andtime < 2 then280.0* ones(N)

elseif time> 2 andtime < 3 then280.0* ones(N)

elseif time> 3 andtime < 4 then279.0* ones(N)

elseif time> 4 andtime < 5 then278.0* ones(N)

elseif time> 5 andtime < 6 then278.0* ones(N)

elseif time> 6 andtime < 7 then279.0* ones(N)
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elseif time> 7 andtime < 8 then280.0* ones(N)

elseif time> 8 andtime < 9 then283.0* ones(N)

elseif time> 9 andtime < 10 then285.0* ones(N)

elseif time> 10andtime < 11 then287.0* ones(N)

elseif time> 11andtime < 12 then288.0* ones(N)

elseif time> 12andtime < 13 then288.0* ones(N)

elseif time> 13andtime < 14 then288.0* ones(N)

elseif time> 14andtime < 15 then288.0* ones(N)

elseif time> 15andtime < 16 then289.0* ones(N)

elseif time> 16andtime < 17 then288.0* ones(N)

elseif time> 17andtime < 18 then288.0* ones(N)

elseif time> 18andtime < 19 then288.0* ones(N)

elseif time> 19andtime < 20 then287.0* ones(N)

elseif time> 20andtime < 21 then287.0* ones(N)

elseif time> 21andtime < 22 then285.0* ones(N)

elseif time> 22andtime < 23 then284.0* ones(N)

elseif time> 23andtime < 24 then283.0* ones(N)

elseif time> 24andtime < 25 thenTairi * ones(N)

elseif time> 25andtime < 26 then280.0* ones(N)

elseif time> 26andtime < 27 then280.0* ones(N)

elseif time> 27andtime < 28 then279.0* ones(N)

elseif time> 28andtime < 29 then278.0* ones(N)

elseif time> 29andtime < 30 then278.0* ones(N)

elseif time> 30andtime < 31 then279.0* ones(N)

elseif time> 31andtime < 32 then280.0* ones(N)

elseif time> 32andtime < 33 then283.0* ones(N)

elseif time> 33andtime < 34 then285.0* ones(N)

elseif time> 34andtime < 35 then287.0* ones(N)

elseif time> 35andtime < 36 then288.0* ones(N)

elseif time> 36andtime < 37 then288.0* ones(N)

elseif time> 37andtime < 38 then288.0* ones(N)

elseif time> 38andtime < 39 then288.0* ones(N)

elseif time> 39andtime < 40 then289.0* ones(N)

elseif time> 40andtime < 41 then288.0* ones(N)
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elseif time> 41andtime < 42 then288.0* ones(N)

elseif time> 42andtime < 43 then288.0* ones(N)

elseif time> 43andtime < 44 then287.0* ones(N)

elseif time> 44andtime < 45 then287.0* ones(N)

elseif time> 45andtime < 46 then285.0* ones(N)

elseif time> 46andtime < 47 then284.0* ones(N)

elseif time> 47andtime < 48 then283.0* ones(N)

elseif time> 48andtime < 49 thenTairi * ones(N)

elseif time> 49andtime < 50 then280.0* ones(N)

elseif time> 50andtime < 51 then280.0* ones(N)

elseif time> 51andtime < 52 then279.0* ones(N)

elseif time> 52andtime < 53 then278.0* ones(N)

elseif time> 53andtime < 54 then278.0* ones(N)

elseif time> 54andtime < 55 then279.0* ones(N)

elseif time> 55andtime < 56 then280.0* ones(N)

elseif time> 56andtime < 57 then283.0* ones(N)

elseif time> 57andtime < 58 then285.0* ones(N)

elseif time> 58andtime < 59 then287.0* ones(N)

elseif time> 59andtime < 60 then288.0* ones(N)

elseif time> 60andtime < 61 then288.0* ones(N)

elseif time> 61andtime < 62 then288.0* ones(N)

elseif time> 62andtime < 63 then288.0* ones(N)

elseif time> 63andtime < 64 then289.0* ones(N)

elseif time> 64andtime < 65 then288.0* ones(N)

elseif time> 65andtime < 66 then288.0* ones(N)

elseif time> 66andtime < 67 then288.0* ones(N)

elseif time> 67andtime < 68 then287.0* ones(N)

elseif time> 68andtime < 69 then287.0* ones(N)

elseif time> 69andtime < 70 then285.0* ones(N)

elseif time> 70andtime < 71 then284.0* ones(N)

else283* ones(N);

Tamb= if time< 1 thenTambi

elseif time> 1 andtime < 2 then280.0

elseif time> 2 andtime < 3 then280.0
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elseif time> 3 andtime < 4 then279.0

elseif time> 4 andtime < 5 then278.0

elseif time> 5 andtime < 6 then278.0

elseif time> 6 andtime < 7 then279.0

elseif time> 7 andtime < 8 then280.0

elseif time> 8 andtime < 9 then283.0

elseif time> 9 andtime < 10 then285.0

elseif time> 10andtime < 11 then287.0

elseif time> 11andtime < 12 then288.0

elseif time> 12andtime < 13 then288.0

elseif time> 13andtime < 14 then288.0

elseif time> 14andtime < 15 then288.0

elseif time> 15andtime < 16 then289.0

elseif time> 16andtime < 17 then288.0

elseif time> 17andtime < 18 then288.0

elseif time> 18andtime < 19 then288.0

elseif time> 19andtime < 20 then287.0

elseif time> 20andtime < 21 then287.0

elseif time> 21andtime < 22 then285.0

elseif time> 22andtime < 23 then284.0

elseif time> 23andtime < 24 then283.0

elseif time> 24andtime < 25 thenTambi

elseif time> 25andtime < 26 then280.0

elseif time> 26andtime < 27 then280.0

elseif time> 27andtime < 28 then279.0

elseif time> 28andtime < 29 then278.0

elseif time> 29andtime < 30 then278.0

elseif time> 30andtime < 31 then279.0

elseif time> 31andtime < 32 then280.0

elseif time> 32andtime < 33 then283.0

elseif time> 33andtime < 34 then285.0

elseif time> 34andtime < 35 then287.0

elseif time> 35andtime < 36 then288.0

elseif time> 36andtime < 37 then288.0
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elseif time> 37andtime < 38 then288.0

elseif time> 38andtime < 39 then288.0

elseif time> 39andtime < 40 then289.0

elseif time> 40andtime < 41 then288.0

elseif time> 41andtime < 42 then288.0

elseif time> 42andtime < 43 then288.0

elseif time> 43andtime < 44 then287.0

elseif time> 44andtime < 45 then287.0

elseif time> 45andtime < 46 then285.0

elseif time> 46andtime < 47 then284.0

elseif time> 47andtime < 48 then283.0

elseif time> 48andtime < 49 thenTambi

elseif time> 49andtime < 50 then280.0

elseif time> 50andtime < 51 then280.0

elseif time> 51andtime < 52 then279.0

elseif time> 52andtime < 53 then278.0

elseif time> 53andtime < 54 then278.0

elseif time> 54andtime < 55 then279.0

elseif time> 55andtime < 56 then280.0

elseif time> 56andtime < 57 then283.0

elseif time> 57andtime < 58 then285.0

elseif time> 58andtime < 59 then287.0

elseif time> 59andtime < 60 then288.0

elseif time> 60andtime < 61 then288.0

elseif time> 61andtime < 62 then288.0

elseif time> 62andtime < 63 then288.0

elseif time> 63andtime < 64 then289.0

elseif time> 64andtime < 65 then288.0

elseif time> 65andtime < 66 then288.0

elseif time> 66andtime < 67 then288.0

elseif time> 67andtime < 68 then287.0

elseif time> 68andtime < 69 then287.0

elseif time> 69andtime < 70 then285.0

elseif time> 70andtime < 71 then284.0
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else283;

Tcloud= if time< 1 thenTcloudi * ones(N)

elseif time> 1 andtime < 2 then270.0* ones(N)

elseif time> 2 andtime < 3 then270.0* ones(N)

elseif time> 3 andtime < 4 then269.0* ones(N)

elseif time> 4 andtime < 5 then268.0* ones(N)

elseif time> 5 andtime < 6 then268.0* ones(N)

elseif time> 6 andtime < 7 then269.0* ones(N)

elseif time> 7 andtime < 8 then270.0* ones(N)

elseif time> 8 andtime < 9 then273.0* ones(N)

elseif time> 9 andtime < 10 then275.0* ones(N)

elseif time> 10andtime < 11 then277.0* ones(N)

elseif time> 11andtime < 12 then278.0* ones(N)

elseif time> 12andtime < 13 then278.0* ones(N)

elseif time> 13andtime < 14 then278.0* ones(N)

elseif time> 14andtime < 15 then278.0* ones(N)

elseif time> 15andtime < 16 then279.0* ones(N)

elseif time> 16andtime < 17 then278.0* ones(N)

elseif time> 17andtime < 18 then278.0* ones(N)

elseif time> 18andtime < 19 then278.0* ones(N)

elseif time> 19andtime < 20 then277.0* ones(N)

elseif time> 20andtime < 21 then277.0* ones(N)

elseif time> 21andtime < 22 then275.0* ones(N)

elseif time> 22andtime < 23 then274.0* ones(N)

elseif time> 23andtime < 24 then273.0* ones(N)

elseif time> 24andtime < 25 thenTcloudi * ones(N)

elseif time> 25andtime < 26 then270.0* ones(N)

elseif time> 26andtime < 27 then270.0* ones(N)

elseif time> 27andtime < 28 then269.0* ones(N)

elseif time> 28andtime < 29 then268.0* ones(N)

elseif time> 29andtime < 30 then268.0* ones(N)

elseif time> 30andtime < 31 then269.0* ones(N)

elseif time> 31andtime < 32 then270.0* ones(N)

elseif time> 32andtime < 33 then273.0* ones(N)
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elseif time> 33andtime < 34 then275.0* ones(N)

elseif time> 34andtime < 35 then277.0* ones(N)

elseif time> 35andtime < 36 then278.0* ones(N)

elseif time> 36andtime < 37 then278.0* ones(N)

elseif time> 37andtime < 38 then278.0* ones(N)

elseif time> 38andtime < 39 then278.0* ones(N)

elseif time> 39andtime < 40 then279.0* ones(N)

elseif time> 40andtime < 41 then278.0* ones(N)

elseif time> 41andtime < 42 then278.0* ones(N)

elseif time> 42andtime < 43 then278.0* ones(N)

elseif time> 43andtime < 44 then277.0* ones(N)

elseif time> 44andtime < 45 then277.0* ones(N)

elseif time> 45andtime < 46 then275.0* ones(N)

elseif time> 46andtime < 47 then274.0* ones(N)

elseif time> 47andtime < 48 then273.0* ones(N)

elseif time> 48andtime < 49 thenTcloudi * ones(N)

elseif time> 49andtime < 50 then270.0* ones(N)

elseif time> 50andtime < 51 then270.0* ones(N)

elseif time> 51andtime < 52 then269.0* ones(N)

elseif time> 52andtime < 53 then268.0* ones(N)

elseif time> 53andtime < 54 then268.0* ones(N)

elseif time> 54andtime < 55 then269.0* ones(N)

elseif time> 55andtime < 56 then270.0* ones(N)

elseif time> 56andtime < 57 then273.0* ones(N)

elseif time> 57andtime < 58 then275.0* ones(N)

elseif time> 58andtime < 59 then277.0* ones(N)

elseif time> 59andtime < 60 then278.0* ones(N)

elseif time> 60andtime < 61 then278.0* ones(N)

elseif time> 61andtime < 62 then278.0* ones(N)

elseif time> 62andtime < 63 then278.0* ones(N)

elseif time> 63andtime < 64 then279.0* ones(N)

elseif time> 64andtime < 65 then278.0* ones(N)

elseif time> 65andtime < 66 then278.0* ones(N)

elseif time> 66andtime < 67 then278.0* ones(N)
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elseif time> 67andtime < 68 then277.0* ones(N)

elseif time> 68andtime < 69 then277.0* ones(N)

elseif time> 69andtime < 70 then275.0* ones(N)

elseif time> 70andtime < 71 then274.0* ones(N)

else273* ones(N);

Ic = if time < 6 thenIci * ones(N)

elseif time> 6 andtime < 7 then70.0* ones(N)

elseif time> 7 andtime < 8 then100.0* ones(N)

elseif time> 8 andtime < 9 then120.0* ones(N)

elseif time> 9 andtime < 10 then150.0* ones(N)

elseif time> 10andtime < 11 then170.0* ones(N)

elseif time> 11andtime < 12 then200.0* ones(N)

elseif time> 12andtime < 13 then200.0* ones(N)

elseif time> 13andtime < 14 then200.0* ones(N)

elseif time> 14andtime < 15 then200.0* ones(N)

elseif time> 15andtime < 16 then200.0* ones(N)

elseif time> 16andtime < 17 then200.0* ones(N)

elseif time> 17andtime < 18 then200.0* ones(N)

elseif time> 18andtime < 19 then170.0* ones(N)

elseif time> 19andtime < 20 then150.0* ones(N)

elseif time> 20andtime < 21 then100.0* ones(N)

elseif time> 21andtime < 31 thenIci * ones(N)

elseif time> 31andtime < 32 then50.0* ones(N)

elseif time> 32andtime < 33 then50.0* ones(N)

elseif time> 33andtime < 34 then70.0* ones(N)

elseif time> 34andtime < 35 then80.0* ones(N)

elseif time> 35andtime < 36 then80.0* ones(N)

elseif time> 36andtime < 37 then80.0* ones(N)

elseif time> 37andtime < 38 then80.0* ones(N)

elseif time> 38andtime < 39 then80.0* ones(N)

elseif time> 39andtime < 40 then80.0* ones(N)

elseif time> 40andtime < 41 then80.0* ones(N)

elseif time> 41andtime < 42 then80.0* ones(N)

elseif time> 42andtime < 43 then70.0* ones(N)
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elseif time> 43andtime < 44 then70.0* ones(N)

elseif time> 44andtime < 45 then50.0* ones(N)

elseif time> 45andtime < 55 thenIci * ones(N)

elseif time> 55andtime < 56 then50.0* ones(N)

elseif time> 56andtime < 57 then50.0* ones(N)

elseif time> 57andtime < 58 then70.0* ones(N)

elseif time> 58andtime < 59 then80.0* ones(N)

elseif time> 59andtime < 60 then80.0* ones(N)

elseif time> 60andtime < 61 then80.0* ones(N)

elseif time> 61andtime < 62 then80.0* ones(N)

elseif time> 62andtime < 63 then80.0* ones(N)

elseif time> 63andtime < 64 then80.0* ones(N)

elseif time> 64andtime < 65 then80.0* ones(N)

elseif time> 65andtime < 66 then80.0* ones(N)

elseif time> 66andtime < 67 then70.0* ones(N)

elseif time> 67andtime < 68 then70.0* ones(N)

elseif time> 68andtime < 69 then50.0* ones(N)

elseIci * ones(N);

Qelec= if time< 8 then0.0

elseif time> 8 andtime < 21 thenQeleci

elseif time> 21andtime < 36 thenQeleci

elseif time> 36andtime < 45 thenQeleci

elseif time> 45andtime < 60 thenQeleci

elseif time> 60andtime < 69 thenQeleci

elseQeleci;

mti = if time < 6.0thenmtii

elseif time> 6.0andtime < 7.0then0.0

elseif time> 7.0andtime < 8.0then0.0

elseif time> 8.0andtime < 11.0then0.03333333

elseif time> 11.0andtime < 12.0then0.05475

elseif time> 12.0andtime < 13.0then0.05475

elseif time> 13.0andtime < 16.0then0.045

elseif time> 16.0andtime < 17.0then0.045

elseif time> 17.0andtime < 18.0then0.056
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elseif time> 18.0andtime < 21.0 then0.05015

elseif time> 21.0 andtime < 30.0thenmtii

elseif time> 30.0andtime < 31.0 then0.0

elseif time> 31.0 andtime < 32.0then0.0

elseif time> 32.0andtime < 35.0then0.033333333

elseif time> 35.0andtime < 36.0then0.05475

elseif time> 36.0andtime < 37.0then0.05475

elseif time> 37.0andtime < 40.0then0.045

elseif time> 40.0andtime < 41.0 then0.045

elseif time> 41.0 andtime < 42.0then0.056

elseif time> 42.0andtime < 45.0then0.05015

elseif time> 45.0andtime < 54.0thenmtii

elseif time> 54.0andtime < 55.0then0.0

elseif time> 55.0andtime < 56.0then0.0

elseif time> 56.0andtime < 59.0then0.03333333

elseif time> 59.0andtime < 60.0then0.05475

elseif time> 60.0andtime < 61.0 then0.05475

elseif time> 61.0 andtime < 64.0then0.045

elseif time> 64.0andtime < 65.0then0.045

elseif time> 65.0andtime < 66.0then0.056

elseif time> 66.0andtime < 69.0then0.05015

elsemtii;

mto = if time < 6.0thenmtoi

elseif time> 6.0andtime < 7.0then0.195

elseif time> 7.0andtime < 8.0thenmtoi

elseif time> 8.0andtime < 11.0 thenmtoi

elseif time> 11.0 andtime < 12.0then0.042

elseif time> 12.0andtime < 13.0then0.042

elseif time> 13.0andtime < 16.0thenmtoi

elseif time> 16.0andtime < 17.0then0.042

elseif time> 17.0andtime < 18.0thenmtoi

elseif time> 18.0andtime < 21.0 thenmtoi

elseif time> 21.0 andtime < 30.0thenmtoi

elseif time> 30.0andtime < 31.0 then0.195
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elseif time> 31.0 andtime < 32.0thenmtoi

elseif time> 32.0andtime < 35.0thenmtoi

elseif time> 35.0andtime < 36.0then0.042

elseif time> 36.0andtime < 37.0then0.042

elseif time> 37.0andtime < 40.0thenmtoi

elseif time> 40.0andtime < 41.0 then0.042

elseif time> 41.0 andtime < 42.0thenmtoi

elseif time> 42.0andtime < 45.0thenmtoi

elseif time> 42.0andtime < 54.0thenmtoi

elseif time> 54.0andtime < 55.0then0.195

elseif time> 55.0andtime < 56.0thenmtoi

elseif time> 56.0andtime < 59.0thenmtoi

elseif time> 59.0andtime < 60.0then0.042

elseif time> 60.0andtime < 61.0 then0.042

elseif time> 61.0 andtime < 64.0thenmtoi

elseif time> 64.0andtime < 65.0then0.042

elseif time> 65.0andtime < 66.0thenmtoi

elseif time> 66.0andtime < 69.0thenmtoi

elsemtoi;

endsolartotallycloudyfinal;
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Appendix4: Different results

Fig 4.26:Outputsin a partlycloudyday:Tt, Thou atvwr = 2.0

Fig 4.27:Outputsin a partly cloudyday:Tt, Thou at vwr = 0.005
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Fig 4.28:Outputsin a partlycloudyday:Tr[1], Tr[10] at vwr = 2.0

Fig 4.29:Outputsin a partly cloudyday:Tr[1], Tr[10] atvwr = 0.005

..


