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Abstract

태양광열 복합 시스템(photovoltaic/thermalhybridsolarsystem,PV/T)은 태양광 모듈 및 태양열 집열판의 단일화를

통한 전기 및 열에너지의 동시 생산이 가능하도록 구성되고 기존 태양광 모듈의 온도 상승에 따른 효율 저하의 문제점을

보완 및 발생하는 열을 회수하여 온수 생산이 가능한 장치이다.본 연구에서는 액체형 PV/T시스템의 대표적인 두 형태인

박스형과 튜브형의 성능 검증을 위하여 수학적 모델링을 통한 두 시스템의 열 및 전기적 성능을 비교․분석하였다.모델링

은 에너지 평형식을 이용하여 시간에 따른 각 부분의 온도의 변화를 예측할 수 있도록 수립되었으며 계산된 결과를 기준

으로 전기,열,및 전체효율을 도출해 내고,이를 바탕으로 두 시스템의 성능을 분석하였다.시뮬레이션 결과를 바탕으로,

박스형 PV/T시스템의 최고 온수 온도는 52°C로 예측되었고,반면에 튜브형은 48°C에 머물렀다.또한 열효율은 박스형이

최대 51%,튜브형이 41%,전기효율은 박스형이 약 14%,그리고 튜브형이 13%로 나타났으며,전체효율은 박스형이 73%,

그리고 튜브형이 64%로 나타나 박스형 PV/T시스템이 튜브형보다 더 나은 성능을 가지는 것으로 예측되었다.이는 박스

형이 튜브형보다 태양광 모듈과 온수와의 접촉면적이 넓어 더 많은 열전달이 발생하기 때문으로 사료된다.

Keywords:태양광열(Photovoltaic/thermal),시뮬레이션(Simulation),효율(Efficiency),성능분석(Performanceanalysis)

Nomenclature
h :heattransfercoefficient,W m⁻²K⁻¹

A :aperturearea,m² M :mass,kg

C :specificheatcapacity,Jkg⁻¹K⁻¹  :massflow rate,kgs⁻¹

E :electricalpoweroutput,W m⁻² Ra :Rayleighnumber

P :packingfactor T :temperature,°C

G :solarradiation,W m⁻² t :time,s
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Greek

 :Stefan-BoltzmannConstant

 :absorptance

 :emissivity

 :thickness,m

 :efficiency

 :density,kgm⁻
3

 :effectiveabsorptanceofplate

 :solarcelltemperaturecoefficient,K
-1

 :transmissivity

 :collectortiltedangle

Superscript

+ :critical

Subscripts

a :ambientair

c :collector

cd :conductive

cv :convective

e :electrical

g :glazing

i :inner;inlet;insulationmaterial

o :outlet

p :PVplate

r :radiative

t :tube;tubebonding

th :thermal

tk :tank

w :water

wind :windinduced

1 :channelortubeinlet

2 :channelortubeoutlet

1.Introduction

Aphotovoltaic/thermal(PV/T)solarsystem

is the solartechnology thatallows for

simultaneousconversionofsolarenergyinto

bothelectricityandheat.Photovoltaic(PV)

cellcannotabsorbthesolarenergywithin

thefullradiationspectrumrange.Mostpart

ofthe incidentenergy (around 85%)is

rejectedtothesurroundingenvironmentin

theform ofheatandthisheathasnegative

effectsintheelectricaloutputofcrystalline

SibasedPVcell.Theelectricalconversion

efficiencyreduces0.4to0.5% perdegree

risein temperatureforcrystalline-silicon

cells1)2)3)whichcausessignificantdropof

electricenergy.PV/T system overcomes

thisdisadvantageandimprovesboth the

electricalandthermalperformanceofthe

system.Thisalsoincreasestheaesthetic

views,reducesthespaceandmaterialcost

ascomparedtotheseparatedPVandsolar

thermalsystemsbeingplacedsidebyside
4)
.

ThePV/T system hasbeenanalysedboth

forsteady stateand dynamicconditions.

Thesteadystateanalysiswasdonethrough

the quasi-steady-state analysis using

hourlyweatherdata.Withtheuseofsteady

statemodels,performanceofPV/Tcollector

had been studied both experimentally
5)6)7)

andnumerically8)9)10).Zondagetal.11)introduced

extensive3Ddynamicmodelwhichwasnot

developedforthesimulationpurpose.Later

on,Chow12)developedthedynamicmodelfor

thesingleglazedflatplatewater-heatingPV/T

collectorandverifiedthroughexperiments.

Watertype PV/T systems have been

distinguishedonthebasisofwaterflow

pattern.Thecommonly used watertype

PV/T systemsaresheetand tubetype,

channel,freeflow,andtwoabsorbertype13).

Zondagetal.14)studiedthevariousconcepts

ofthePV/Tsystemsandfoundthatchannel

below transparentPVdesigngavethebest

efficiency.Theproblemsreportedinthesheet

andtubetypecollectorswerefinefficiency

andbondingquality12).ThePVencapsulation



Numericalapproachforcomparativeperformancestudyoftubetypeandboxtypehybridphotovoltaic/thermalsystem/Bhattarai, Sujala 외

Journal of the Korean Solar Energy Society Vol. 31, No. 5, 2011 11

usingtheTPT(tedlar-polyester-tedlar)and

the EVA (ethylene-vinylacetate)layers

causedthegoodbondingbetweenthePV

and thermalabsorber.The temperature

differencebetweenthefrontpartandtheback

sidesoftheabsorberwasfoundnotmore

than1°C
15)
.Chowetal.

16)
recommendedthe

flat-boxthermalabsorberPV/Tsystem for

the improvementoffin efficiency.The

resultsshowedthattheflatboxstructure

improvedheattransferanddurabilityofthe

PV/Tsystem.

Theaim ofthisworkistonumerically

studythethermalandelectricalperformances

ofaboxtypeandtubetypePV/Tsystems.

Thecomparativeperformance analysis of

tubetypeandboxtypePV/T system was

investigated onthebasisoftotalelectrical

andthermaloutputproducedperunitareaof

collectorwithrespecttosamepackingfactor,

massflowrateandweatherconditions.

2.Mathematicalmodel

The dynamic modeldeveloped by the

Chow
12)
and Chow

16)
were used forthe

simulation studyoftubetypeandboxtype

PV/T system respectively.Themodelwas

developedfortheapertureareaof1mwidth

and1m length.Thepackingfactorwas

0.9375,whichwastheratioofsolarmodule

areatotheabsorberarea.Thepolycrystalline

solarcellofcellconversionefficiency14.5%

was used forthe simulation.The solar

modulehavingopencircuitvoltage37.1V,

maximum powervoltage31V,shortcircuit

current8.05Aandmaximum power240W

atstandard testconditionswasselected.

Themassflow rateofeachsystem was

76kg/hr.Theflow in thebox typewas

designedforthenaturalflowsystemandfor

thetubetype,itisconsideredasaforced

flow system.

2.1System description

ThePV/T system generallyconsistsof

glazing,photovoltaicpanel,thermalabsorber

plateandinsulations.Solarcellisinsertedin

theencapsulatedmaterials.Flatboxtype

aluminum alloycollectorconsistsofsmall

channelsthroughwhichwaterispassed.

ThePV moduleiscleavedtotheupper

portion of the aluminum alloy thermal

absorber.Alltheabovecomponentsarealso

similartothesheetandtubetypePV/T

systemexceptbondingthewatertubeswith

absorber plate.There is metallic bond

betweentheabsorberplateandthewater

tubesandtheinsulationairlayerbetween

thefrontgazingandthePV encapsulation.

Thebasicdifferencebetweenthetubetype

andboxtypesystemsareshowninTable1.

Due to the greater numbers of water

channels,coveringthetotalsurfaceareaof

the thermalabsorber,on the box type

collectors,itsfinefficiencywasexpectedto

behigherthanthatoftubetypesystem.

Thetubetypesystem consistedoffewer

numbers of tubes in contact with the

absorberasshowninFig.2(b)and(c).

Theedgesandbottom ofbothtypesofthe

panelareinsertedwiththermalinsulation.

Theentirecomponentsarehousedinasteel

frame. The schematic diagram of the

componentsofflatboxtypeandsheetand

tubetypeareshowninFig.1andFig.2(a)

and(b)respectively.
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Fig.1ConstituentslayerofboxtypePV/Tsystem
16)

Fig.2SheetandtubetypePV/Tcollector(a)frontview(b)

sectionZ-Z12)(c)sideview ofboxtype(d)side

view oftubetypePV/Tsystem.

2.2 Thesystem model

Todescribeamodelforbothsystems,a

mathematicalsimulationusingenergybalance

shouldbeaddressed.Thefulldetailsofenergetic

modelsaregiveninChow
12)
forthetube

typeandChow
16)
fortheboxtype.

Table1.Majordifferencesindesignbetweentheboxand

tubetypePVTsystem

Descriptions TubeType Boxtype

Tubespacing Required
Not
required

Noofchannels 5 50

Bonding
Bondingbetween
absorberplate
andtube

Nobonding

Contacting
area between
theabsorber
plateandwater
channels

Partial Full

2.2.1BoxtypePV/Tsystem

Glazing








Collectorplate






 



  

Waterinthechannel








 
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Where, isthetotalcrosssectionalflow

areaand isthetotalsurfaceareaperunit

areaofcollector. isthemeantemperature

ofinlet()andoutlettemperature()in

thechannel.

Waterinthestoragetank




 

Heattransfercoefficients

Theconvectiveheattransferbetweenthe

coverglassand theambientwith wind

speed()isgivenby

 

The radiative heattransfer coefficient

betweenthefrontcoverandtheambient

environmentis

 




The radiative heattransfer coefficient

betweenthefrontcoverandthecollector

plateis

 














Thefollowingcorrelationequation
18)
for

theNusseltnumbercanbeappliedprovided

that0≤Ra≤10
5
and0°<θ<θ+.






 














 cos

 






 cos

sin   




Where[]
*
intheequationisdefinedby

[X]
*
=(|X|+X)/2.θ+isthecriticalangleof

thecollectorslopeandcanbetakenas60°

foramaximumerrorinNuabout5%,oras

75°forerrorupto10%.Fora waterflow

inarectangularchannelatanaspectratioof

0.5withuniform heatflux,theflow induced

bythethermosyphoneffectcanbeconsidered

asfullydevelopedandlaminarinnature
19)
in

thatNu=4.11.

2.2.2TubetypePV/Tsystem

Glass








PVmodule








Collectorplate








TubeBonding




 


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Insulation




 

 

Waterinthetube








Storagetank




 

Efficiency

Electricalefficiency:

 

  

Electricalefficiency depends upon the

packingfactor(P),solarcellefficiency()

and electricalconversionefficiency()at

referencetemperature25°Candtemperature

coefficient ofthesolarcell.

Thermalefficiency:

 



Thermalefficiency depends upon the

massflow rate,specificheatcapacityof

workingfluid,differencebetweentheinlet

andoutlettemperatureofwaterincollector,

absorberareaandsolarradiationfallingin

thesystem ataspecifiedtime.

Table2.Inputparametersforsimulation

Glazing Thickness=0.004m

Density=2,525kgm
-3

Specificheatcapacity=810Jkg-1K-1

normaltransmissivity=0.83

emissivity=0.88

extinctioncoefficient=26m
-1

Totaleffectivearea=1m²

PVmodule Packingfactor=0.9375

Solarcelltemperaturecoefficient=0.005K-1

Absorbptivity=0.8

Emissivity=0.8

Thermal

collector

Material=Aluminium

Specificheatcapacity=903Jkg-1K-1

Thickness=0.002m

Density=2702kgm-3

Tubebonding Massdensity=8960kgm-3

Thickness=0.002m

Specificheat=385Jkg
-1
K
-1

Density=2702kgm⁻³

Thermalconductivity=210Wm-1K-1

Bondwidth=0.01m

Insulation Thickness=0.03m

Thermalconductivity=0.036Wm-1K-1

Massdensity=30kgm-3

Encapsulation ThicknessofEVA=0.5

Thermalconductivity=0.23W m
-1
K
-1

ThicknessofTedlar=0.0001m

Thermalconductivity=0.36W m-1K-1

Inputparametersforthesimulationofthe

bothPV/Twaterheatingsystemsarelisted

inTable2.

3.ResultsandDiscussion

ThesimulationdevelopedinMatlab7.9.0

(R2009b)computerprogram wasusedto

investigatetheperformanceofbothPV/T

systems.In the box type system the

dimensions ofthe smallchannels were
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Fig.4Calculatedtemperaturesofvariouslayersintube

typeandboxtypecollectors(a)glasstemperature

(b)collectortemperature(c)storagetankwater

temperature.

1×0.02×0.01m
3
withtotal50numbersof

channels.Insheetandtubetypethetotal

numberoftubes were5withdiameterof

0.02m,spacingof0.2m andlengthof1m.

Alltheresultswerecarriedoutforthe

typicaldayof14thofSeptember,2010with

theuseofthemeteorologicalconditionsof

Kangwon NationalUniversity,Chuncheon

Korea.

Fig.3Meteorologicaldata(a)Solarirradiance(b)Ambient

temperature(c)Windspeed(d)Relativehumidity

Thesolarirradiance,ambienttemperature,

windspeedandrelativehumidityareshown

inFig.3.Themaximumsolarradiationwas

934 W m⁻²and the maximum ambient

temperaturewas32°C.Thesolarradiation,

windspeed,relativehumidity,andair

temperaturewererecordedintheWeather

Stations(WatchDog2000SeriesSpectrum

Technologies,Inc.Plainfield,IL,USA).Fig.

4(b)showedthatthecollectortemperature

intubetypesystem washigherthanthe

boxtypesystem.Theabsorberandwater

temperatureis shown in Fig.4 (c).The

temperaturedifferencebetweentheabsorber

andthewaterwashigherintubetype(7°C),

butitwasalmostsameinboxtypesystem

(0.06°C)(Fig.4(c)).Thisshowedthatthere

washigherheattransferfrom theabsorber

tothewaterintheboxtypeandlessheat

transferinthetubetypesystem.Thereason

maybethehighercontactingareabetween

thewaterandtheabsorberintheboxtype

comparedtothetubetypesystem.Dueto

thelesscontactingareawiththewater,tube

typeabsorbertemperaturewasmoresensitive
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tothefluctuationinsolarradiation.The

effectsoffluctuationofsolarradiationon

temperatureofthetubetypeabsorbercould

beobservedinFig.4(b).After4pm,with

reductionofsolarradiation,thetemperature

oftubetypeabsorberdroppedcrossingthe

temperatureofboxabsorber,whereasinthe

box type,absorbertemperaturecould be

regulatedbyheatenergystoredinwater

channels (Fig.4 (b)).The higher PV

temperatureoftubetypesystem (Fig.4b)

causedthereductionincellefficiency(Fig.

5c).Thefinaltemperatureofwaterinthe

storagetankreachedfrom30°Cto52°Cand

30°Cto48°C(Fig.4c)intheboxtypeand

the tube type system respectively.The

maximumheatgainandcellefficiencywere

376W and14% and319W and13% inthe

boxandtubetypesystemrespectively(Fig.

5aandc).Thehigherperformanceinthe

box type system may be due to the

improvement in fin efficiency and

eliminationofmetallicbondingbetweenthe

absorberplateandthetube¹².

3.1Thermalefficiency

ThethermalefficiencyofthePV/Tsystems

wereshowninFig.7.Theefficiencywas

calculatedunder800W/m²solarradiation,

30°Catmospherictemperatureand1m/sair

speed.

Thethermalefficiencyofthetubetype

andboxtypesystemswerefoundtobe0.41

and0.51respectively,underzeroreduced

temperaturecondition(Fig.7).Inprevious

studies³⁾¹¹⁾¹⁶⁾the thermal efficiency was

foundtobegreaterthan0.5, butinour

study fortube type the efficiency was

calculatedbelow 0.5.

Fig.5Variationof(a)heatgain(b)electricalenergy(c)

cellefficiencyintubetypeandboxtypesystems

withrespecttotime.

Fig.6Watertemperatureinthecollectorandabsorber

temperatureofthebothPV/Tsystems.
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 




Fig.7ThermalefficiencyofPV/Tsystems

Thedifferencebetween theinitialand

finaltemperatureofwaterintheboxtype

andtubetypesystemswere19°Cand23°C

respectively (Fig.6).The daily thermal

efficiency oftube and box type PV/T

systemswerecalculatedas29.5% and35.8%

respectively.

Alternatively,by considering electrical

energyasahighgradeformofenergygain,

theenergyefficiency is

where, istheelectric-powergeneration

efficiencyoftheconventionalpowerplant;

itsvaluecanbetakenas38% ⁶⁾²⁰⁾²¹⁾.The

maximumelectricalenergyfortheboxtype

is0.141andthatofthetubetypeis0.133

(Fig.5(c)).Thepredictedmaximumenergy

efficiency is0.64and0.73respectivelyfor

thetubetypeandtheboxtypepvtsystems.

The energy efficiency ofthe box type

system wasfoundhigherthanthatofthe

tubetypesystem.

4.Conclusions

PV/Tsystemswiththebox andtubetype

flow channelswerestudiedandperformance

analysiswereinvestigated.Theoverall

performanceoftheboxtypePV/T system

wasfoundgreaterthanthatoftubetype

system.The thermalefficiency atzero

reducedtemperaturewaspredicted0.41for

thetubetype,and0.51fortheboxtype

PV/T system.Thehigherperformancein

theboxtypesystem maybelikelyasa

resultoftheimprovementinfinefficiency

andeliminationofmetallicbondingbetween

the absorberplate and the tube.Thus,

performanceofthePV/T system couldbe

enhancedbytheuseofboxtype PV/T

collectorsystem.
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