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According to the International Energy Agency,

consumBoabn, 2848 this significantly mmdroates

energy buildings. A BIPV/ T system makes use
col |l eotipcroduce both electrical and ther mal er
buihd energy consumpti on. Establishing Bl PV/
concept and as a functional buil dianngdood mman et

materi al s, wwiud @ s parieda diBnuBtéii & syst emssaagdedcont
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share some c«ctoenmoant icchsa,r acan c-@aetroi wmtee gtyo bac hd
are therefore inthwded Genet all s,copeBoOPV/ T sy

foll owing features:



T The sysdtysmciad ly attached with buildings

T The system rmiemieryat es el ect

1T The system generates ther mal energy rea
buil di ng, or the ther mal behaviour of th
performance of the building.

Al t hough the research andtdevmalbpmBYWt Tpftedbdlen

the 1970s (Wol f, 1976; FI orschuet z, 1979), t
started emerging in the 1990s (Clarke et al
system was i nsftaaleedstoaun aoaret rfomf ol ectricity
Carolina, USA as part of the PV Bonus initiat
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intaged BI PV/ T air system (Eiffert, 2000) .
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promising technology fosefgelnehatt ng Fe]j] esawac
compared the performance of a hybrid PV/T sy
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design achieved Hacheaf etxhea-igyt emduitepuedf BFr BYF T
Dupeyr at et al . (2014) , Fraisse et al . (200

concl usi ons.



The integration of a PV/ T system with a buil

buil ding. In terms of Dbuilding energy savings
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and |l ighting). For examplee PWemedouhe &a&aedanh
envel ope, acting as an insulation |l ayer of th
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system can be cat ewrda.JABdPVAT shgewemi ne&Eegves
using either a flat surface (Guiavarch and Pe

or a refractenmeraefhgcdeveceo(di ttel man et al

Chemi sana et al., 2011). A number of media ca
refri.geAawmwasi ety of i nnovative BIPV/ T systems
manypproaches have been used in BIPV/T system
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System Design Key Facts

1Sol ar ai widdolrigeaonti xresd channel s
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Air in Air out L — ——
1T T Airin Air out the | owest OV E
f - ===
t. J Pottant J [ potant The Model 3 PV
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(1) forghhiair ma s ¢
[ Glass cover Gl
[ Glass cover
Air in Air out — - (Hegazy, 2000)
_L —— - _L _— —_—
—T— — 1 0 - T v_-:.-n G
L e~
] J — Pottant J — Pottant
Insulation — Absorber plate  Insulation — Absorber plate
Back plate — Photovoltaic cell ~ Back plate — Photovoltaic cell
(3)
Air i's passed
upper and | owe
7
7 Glass cover — thin metal she

mi ddl e of t h

/ PV amay—  Uppet channel
%

TMS sheet _T Lower channel

%
%
0

i ncreases t he
%////////W’W/W surface and
TMS sheet: Thin Met al extraction fr

(Shahsavar and




The air chann
BI PV/ T i nstall
connected in s
Simul ation res
seri al anarnyn erce

t he hi ghest el

I e e e e gener at(iAogmsawal
O N 0y Y PP i i
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UM WU NN R L e [ | Ti war ib), 2010
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pollee At A
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2. Sol ar ai coll ectors wit
a Solar Radiation T h e e X t en d e d 1
l i i l l L i i i l J— Upper glass cover
Airinlet — ™ Upper air channel Superstrate of PV module t h e SO I ar cC e I I
Sol. 1
Alroutlet 4— Lower air channel * F:)“ar “r
. .
5 Absorber 8 2 UC tq Kémiar!
Back plate of flow channel
t————— Insulation
Rosenb 2011
b Solar Radiation
N m—
Airinlet —> Upper air channel
< Superstrate of PV module
% Sol [l
Al outlet ‘_l ] |_|Lo|;l L:hl;le' 11 I_‘ olar cells

™~ Absorber
Back plate of flow channel

Insulation




Air outlet Ther mal effic
coll ector i s i
Transparent
=7 cover )
plate
Insulation vol ume f 1l ow ma
sheet
( Moummi et al
___ Rectangular
fins
Back wooden plate
Air inlet
3 Sol ar ai coll ector wit
: Air channel s
/I_ _______________
absorber H H -
e providing met ¢
along the air
g glass cover slats

~ ir fl . .

g artiow simul ateisant s
bottom hi gher ther mal
plate

insulation obtained with
2003)




4 . Sol ar

aipro rcpoalslke cntgo rmavietrh al s

I (Solar energy)

packed material

giass cover
A

T, (absorber)

Ty (back plate)

The parall el f
I's packed with
I ts upper c hai
materi al may

t her mal ef f20€

compared t o t

i nomorous doubl
by
(Dhi man et al
single glazing The absorber i
inlet unit with wire screens outlet unit with wire screens
and flow straightener and perfarated plates air chanmes¢hedc
I S NV N screens mad e
4 \\—V \\.\\a’ g w:’trﬁ: :

H\HH B EOENZPEOEBESIDIO=GXE! OO air flow met al mat r idx
adjustable double layered matrix with i m prove d thern
exchangeable frame and black wire screens

adiustable collector bottom of t he col |l ec
1999) .




5. Sol ar air coll ector with <c
ABSORBING PLATE The solar air
crosswiwaeel i ke

FLOW IN jf

FLOW OUT

» BOTTOM PLATE

/o

CROSS-CORRUGATED CHANNEL

absorbing plat

Both experi men
resul ts show

effici drheiplslaad
cresorrugated s
arbod9% andg Gabo

al .,. 2007)

heaters with

“ S Triangular Ribs

A
o
Inflow .~

Delta Winglet x 10 pairs

Ri bs combined

wingl et type

are used to er
behaviour of t
Experi ment al r
the Nusselt nu
rib and vorte
much higher th

generadtomre ( Pr «

al ., 2011)
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p 8001 A1 Ai 3 OAOAI A1 O

Thabove Tabl e 1.hle astu ntnraarn szfease atsghieh @ ld ihteeneatt ur e

sol ar air diemdli mdyi nsgy sdleanze d P& ¢ ITa scamddl eR IthReVa/t Te r

c ol IseTchteospep opsred systems result i n amdi mahyi ease
result I n an increadedospgbeemriappl i ebfti onsenc)
| owered sol arre cfedrl RW/npeamnd uBl PV/ T sgsit gms. H

need modifications to be suitable for BIPV/T
the PV panel 6s flatoconfagedasiobmar ahe bdeas e
transferrable tbngstheal IBil Mg /ad orstges i egnefnr ont of
BI PV/ T csaypmet echal | enging due to aesthetic conc
water bl ocked by t he generator. Therefore t

perfor mance whi laee sftunleltyn vcaol nesg mdder resmetnites of t he

SinaBd PV/ T installation usually cowercomsildearge
connecting the air c¢channbedish useshrgar ebhc bl row of
maxi mi ze out | etneagigryamse mpxee @y tea reexplor ¢ 20110
f easi kciolnintexctafng a 1.5 m vertical gl azed sol ar
convemtliPovwall siystegns pdintluesdo | e r o oefn aabrleecad atnhde Vv e
section htiog hr eacnreoiuvnet s dfur & owgianttheera dwhaetn otmhse s ol
| owW.umeri cal Ssimulation results showedwaa si gn
obt afi mredt he itnmpidooweerde rsseyasr ¢ h, speci ficendrygyt ar ¢

perf or nngprdaweo g hasierd Bl PY/ Tss. ysacé&amag
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p8tAET / AEAAOEOAO
Thi s & hseasti sproposing enhanced BI PV/ T system

perfor mancepert hreaunggha es ol aarn ds i munneardiedrd Ih @ g

specific objectives of this thesis are:

T To propose improvedphassergg n8l BPVY/ Topeyst ems
conveniently adopted in future BIPV/T inst

T To carry entts exmpetrhe BIPV/ T prototypes an

under varied operating conditions includirtr
rate.
T To study the heat transfer mechani sm in

t empteur e mdas uWNruesmseel t number correlations a
convective heat transftehresien ctodrraeeBdalRddooTass v ¢
i mportant I npuptasr aimet ehet hemmad net wor k mc
evaluate smpaatem perfor

1T To dewvklUompead ameter ther mal net wor H ompd el

BIPV/ T air systems.

pB3 ATl DA

This thesis mainly deals with the performance
system Exepseirginnse.nt al prototypes of the BIPV/T s

This wor &l dbesanmtteogpmathegd per f or mancanaf tthlee |

12



buil ding. A vari ety of gofatnwa rTeR NsSuYcSh haass Boneeerng
tihs pur pose. However, the Nusselt number corr
the anemte oned computer codes to saisrmsgtsdl Itende vei

Bl PV/ Tssystem

p@ OAOOEAX

Chapter 1, the im¢hrodest ar yylesbhapperpn of t he
existing solar air heatangedevheepr wbntabinme s hat

objectivesamd tthhd ssovopek of i nvestigation.

Chapter 2 presenbsurmneaomrxBie®@W]! VEMBdsd emgst ems
di scussed based on the cahegboi saimihbegi dpwg s
i ntegration issue, the research and mndeerwtedlo p me
investigati onhseypsptebmdcsmas ahfiect on eneargeg per
thoroughly addressed in this chapter. The com
model i's also takenThhsochapbant al sotsHmogabhis

future research on BIPV/ T syst+4mm®,p aanecd utdyipneg. b

Chapter sanpmslpoeoopp aassierd Bl PV/ T system enhanced w

glazed solar air heater whose Iclhiacnnmdt riisx )p a chA

effect of applying multiple air inlets in the
performance of a typical BI PV/ T system and o
study is comscwmdteed biathoa sfival |l umped parameter t

devel opadcesfterd tBHPV/ T system and | ater used to

13



system.

Chapter 4 presents the expprrdatmemyimeaced vweistth gta
i nd @dmparative tests are carried out on Bl PV/

varoétygonditions with different wind speeds a

profile is measuempbger ot vuerxea md eneelltlohpeme he and m
process. Nussel't number correlations are dev
process with the added inlet and to assist fu

Chapter 5 summarises the maialresetearehwdtrhkdba

findings of this investigation.
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pe ~

c8 , EOQOAOAOCOOA 2AO0OEAX

C@B# EADPOADOOE A x

This chapter pmrewiodaevsy aaiB ledPXyt/ eln sSigwd e ms. 2. 2 di S
the integration of t he Bl PV/aldds gaé&eimgd tnitcmalt h
mechani cal c oinnstiedgeraltiimaispléasd he bui ISecémnwinr on
2.,3 2.4 and 2.5 revarewt &8n VYV di vyl itedsseadodi awat er
based, phase change pr oceyst ebmass.e dS eacntdi omo n2c. eébn
numeri cal and experiumewnaldibypytapgpriomchbhe t hatestar
syst®emstion 2.7 present aviae ws u nfnoalrlya vebedgmtiiphf s e c

opportunities worthy of attention for future
¢ 8)ci OACOAOQEI"OEXx EE@DPAOEDAA

A BIPV/ T system may be either fully dimtgegr at

Examples of thesehhnawgeuuerstall ati on

T Roofing el ements directly replacing trad

| osvl oped roofs (Chen et al-Wei s2s0 1®t; @Bla.k ,k ¢

Bucker et al ., 2014);

T Ventd |fagdge®ades with PV as the external cl
'The study presented in fkivs ewkapijeoeurinalsatmi tted to a
Tingting Yang, Andr eas K. At hienitis. Angr etvé @ watefd
photovoltaic/ther mal (BI'PV/ T) systems. Sustainable and

15



Peng et al ., 2013a) ;

T Window el ements (Davidsson et al ., 2010;
T Rainscreen c¢cladding and curtain walling
The best i ntegration resul ts may be achieve
consideration in the building design stage.

integrated into buildings shouzledd sbayt iRsefiyj etnhgea

i n a+wVIPBEAreport:

T Natural integration that i s architectur a
T Good composition between materials, col o
T Consistency with the building concept an:
T Welelngi neered and innovative integration.
|t is possible to achieve a visually ©pleasan
Figur¥ho2ws the skylight installed for the Bej

three types of PV gl asses nwiitehs dtiof fereatte can
mosai c inspired by Piet Mondrian Neoplastici ¢
industry is developing photovoltaic modul es

opportunities. A Bl RWasolinmtcilaamdewa s opooeiddeedv

t hickness, si zes, transparencies and colours
el ement . Swi ssI NSO and the Ecole Polytechnigqg
treated glasdiwitsh &Kromaguer gl ass) to be in

devel oper ( SwsitsasthelsE O Kr 2ma8) x gl ass shields tl
16



modul e from being seen, whaflfei cnie€@8E WM iibn yS wietdzug
recedevieyl oped white solar modules which conve
scattering thli ghtmpstpeet vum. bTeRi s may broaden

increase interests in the integrabléeph. of sol a

Fiug2e Phot o of the BIPV skylight installed for

inspired by Piet (Momyx $Sa@lnarNeodpdlaks)t i ci s

A wel l designed BIPV/ T system should blend i
integr al appearance. The John Mol son School
University, Canada holusep ai fuBlRV/ihteegcaded,i
floors. The size of the PV modul es omMast lceu sd wrmr
wal | system that covers the rest of thiegdinrme ad
2..2)The aluminum frames and the backsheets ¢
homogenous appearance of ft heV Bm@&VUuIlTesymsoemt e

bl ack transpired coll ector and also to incre
17



BIPV/ T system (Athienitis et al , 2011). Ande
onto troughed baAteerrpobsi winhp sheuctural str
for the ther mal coalnitregr ameddumB.l PYhTs wabef S

significant visual obstruction to the origina

roofmangri al

BIPV/T SYSTEM OF THE JMSB BUILDING

PV FRAME IS BLACK

oy

SAME WIDTH AS C
WALL SECTION BELOW

Figurlehe BRI PV/ T system of the JMSB bu

A BIPV/ T system can reflect the design concep

novel effects. For example, solar cells have
the 1950s and t heweerfeorienwieRghh ammddu | feasc ad e s, sky
canopies of a new facility of the National Ai

to exhibit technol ogies deri vedO0for)am Xsumpanc ea nedx
(20009) poi nt out t hat PV panels may +d#efclhect

construction such as a modern research instit

18



(Rut her and Braun,et20a09),, 2s0cOh9o)o |asn d( Joafnfeisce bu
public awareness of the BIPV/ T technology. It
mul tiple facades of the building or when a mzg
mul ti ptter 9 nmaey be used to account for the dif

clusters (Hao et al ., 2009; Ei ffert and Kiss,

Jell e and Bt atiheatk WwHReOM29gsed in the building e
account f orngvaphyysiscabluiilsdsues such as heat a
further elaborated on the influence of cl i ma
modul es. These factors include solar radiatio
(@and associated freezing/thawi dggepmnmmwe $ Dagl)s an
wind Poesented examples show how Bl BVWU/ITd dti eghn
envel ope pdrafldEmBeGermeaarzensed!| ar tdeamamyn house
constructed in Quebec,| cCamaRlaP\/nTd ainrc | suydsetde m n(
A schematic of the BIPV/T coflé3elTbe ammppbouusts
modewergd ued onto the metal roofing wusing a

affixed tondéde tlowsfitnrnggfa caprew on the top sid

stability. No other screws wer e hues eRIV smondcel ec oc
result in delamination between PV and roofing
shrinkage rates. Thi s I ssue is especially i

—+

emperature range t hr ougpheoruatt utrhees yeeaarc,hi wigt h3 5:

—+

emperatur es30drAdCppi Sigmitloar considerations wer

(7))

ystem design (At hi emanufsac8turd#@M. mo2@1Es. WEU 't

19



onto the transpirey] dcosdilgredr cluammg. sPpacal W
modul es and clamps to adequately release the
system was designed to be installed on the r
among the wnndhesUSAIi tTeswithstand the wind f
selectedefbdbecttvgeness taking into account tha
Al oewngr g ol ar hous el mtiegr aat efdu IBIyP W/ ofTo fafi rEcsoyst e
Terwaas presented (Atshtietned itshat20t0lvg . mdttalwarsoof
modud el dnoasgsein windy weather. These exampl

structural engineering 1 runtchhd odeadi druidfdi BlgP \&e/n

Top screw —,
.\

Thermally conductive

adhesive layer Amorphous PV module

Metal roofing

Air passage —
Insulation

Fi guxcRematic of the composition -0értael 8WPYV

energy solar dEemmtnsto asad alne)house

|t is therefore essenti al to devel opy sthhatdar
i mpose safety and performance requirements on

buil ding constr u2dt ilamstmatseormealkeyTalndcer wri tte
20



l nternati onal El ectrotechni calaan @Gonnemi B\ i1 mod u Il e
associated componégaatshows saadmde ti eneviamti est and

be used -intbgrbatdedgapplications (UL, 2007).

Tabl &€Ked. UL and | EC standards fofUPOOT7TpPpvoOoltla

Sol ar Modul es & Panel

UL 17CFl-Bkate Photovoltaic Modul ¢

i ne Silicon T eir D eessi

Crystall
'EC 61 alification and Type App!

Qu

Thifnl m TerrestriMoldulPehdDé¢ o
Qualification and Type Appt

| EC 61

|l EC 61Photovoltaic Module Safety

Ot her Major Parts and Compon

Il nverters, Converters, Con

UL 174Equipment for Use with Dis

UL 47COutline for Photovoltaic W

21



Tab22&addi ti onal

assessments/ standards

f

Replacing rooUL 790

Used as faca'ANSIZ-QQBm

gl ass

Used in | ocat Mounting and Wi rin

empl oyed gl azevaluated with the

such as builr esi saatnan cneu st compl

skylights andArticle 690 in the

| EC 61730 Photovoltaic Modul e
BI'PV systems are subject teltaltee gafodtow od ttaan cca
panel s, which contains a specific subset of
determining the fire rating f0olrO)eacShomRV tmaone
concerns were raised whether and how PV modu
performance of hi gher rated roofing systems.
combinations of PV designcoanddctedf bgoWeéer iamgl

AmerBaoar d f or Cod.esThaendt eSstta nrdeasrudilst s demonstr at
rating of the PV module alone, determined by
performance of tihreg Py snoam, eandnomumaf assembly
resul t, an updated UL 1703 standard was publi
and the roofing materials as an integrated bu
is expbetaedcioaoded in newer versions of t he |
2012) . The adaptation of PV and building stan

22



the effort being made to update bespdead BitRY

technol ogy. However, as Scott and Zi el nik (

separately to both PV and building standards

specifically for BI PV produwyctasddr ARlsso,spewn iferc
el ectrical il ssues but do not address | ong ter
buil ding materi al. Bl oem (2008) suggested tha

the | ack of cknwvécthenP¥tfohesbme thermally i

resul t in significant Bl PV performance i mpair

andard test conditions. Bl oem et al. (2012)

tesiueidng a comprehensive assessment procedur e

performance @&m@adi,atwermsteialsaotniadn ep drefada imatnereag n ovd

her pecforenkEnaéher mor e, buil di eg foodesy iamp

construction materi al dsuolkenags:aiwi mchdr eaxcicsetl &2r @

exampl e, i nh e aepgyi eocni sp i wsatttrhaonng da ndt hi s  wseeau ehree p
chall enges to the mechavihi ¢ &l it acoialsittay afe gk Vb
may inflict harsh st-lrels,s2®IN2)t.heT hPeVr enfioodruel etsh e( F
of the BI PV technology should also involve th

Ai

Wi

¢@" ) 06/E®BIOOAI

rghs wei ght tamehsge@vyy ngoa BIPV/T air system t

th various building el ements such as: roof :

systems can be catleogoppuiazsesd vas blaotyidina poldgsdoe
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smal | |l eaks | mdaiemstegttepeerdormatnce and air s

An active BIPV/T system i{ioopommanrliyguirmgt alnl e a
air is driven by achamnehdbphsadstherlCavgpp anle ¢
air system normally runs altoap |aiwers y etmgpr,r ah i
efficiency and better PV performance -laonodb dur

systems lave atlhd op-b saitpepd yfimegstpreaei r to a build

Il n a passive system, extra ducting or moving
either fed into the i ndoorThsipsactey poer oefx hianussttaeld
call ed a BI PV or a BAPV (building added p
consideration is made of the ther mal aspects

nteracts with the building envitrnoamgmelnaadisn |

electricity production.

¢@p! AOEOA "E)BOBGUTAI

The schematic -lodopa BtlyPpVi/cTalaiopeswrsad € mt hise rsihtoiws
2008) . Depending on t#hé%sofartheelilncoympeg ab
converted into electricity, with the rest eit
means t hat approxi mately 70%doésitmat e nicm de he
t her mal energy. The heat accumul ated in the
radi ative exchange with the sky, convection \
solid surrounding swelf aceasdi aonhentBiudrg dwWwiatc tn a th
in the channel . With much heat recovered fro
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enhanced and wuseful heat i s obtained. The f ul
shingles bpnexpensobpwoé, materials such as natur a

the fa-ade (Zogou & Stapountzis, 2011la).

PV Module

Convective
Heat Losses

Inverter
Radiative
Heat Losses -
L
Convective and
radiative heat Insulated duct
exchanges in v| for hot air from
the channel the roof
1 1 Insulation
Air inlet at
the soffit

FigukSchRematic of datepi BalPVAdthiswat &ims, 200

I n Canadd,oopn BdpP&n T warizh) swasst eirn s(tFailg ed as t he
EcoTerra | ow energy solar demonstration house
during a warm summer day s h-6we dA CPtVewihpealreeetr uart eu:
were higher ottthemame’t0o AfCi ng wi t h@autr RW¥.ncOWiag a g
temperature difference illustrates the effect
that the BIPV/ T system together wit hf accti negr p

wi ndawd distributed ther mal mas s in the direc

25



heating energy consumption t & adbbaowtatd %nofoft hée
roof ensquuraeld thyi gchonstruction inutatmenofndipr
drop bal anfcehr iAd sstoi,omqprenabl ed work to take pl

possible to perform outdoor site work in the

Fi guadskEec 2Teowaenedgmoset aaitn oQw ehboeucsCen €a natd aa |

2010)

The advantages of modul arization were al so ex
a BIPV/ T system integrated with vertical exte
in the cold cli mat e.| bTohaer da uitnhtoergsr af reddpg aBslePdy ¥ al 8
instead of 90A as a compromise between reduc:
and annual el ectrical gemwenr &t iters.sfe@i wiuvmd @ioa nt
mont hs. | tt hwas ttheunPdY protective materi al be
considerably affect the electricity generati c

whol e wall board increased the ther mal efficie
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which echoed the work of Tr i panagThes teol peocutlroisc

efficiency was reduced by the cover glass due

It i s advantageous to integbatédthg BhPWHy sy
as the unglazed transpired colcloelcotroerd (alhTdC)c.o rA
met al panel t hat I s dfsaucai lnlgy ffai-xaedde oonft oa thhuei | e
t her mal ef f-Vv 6 v%e ( BIROESDSf) ,65t% 1 s system is able t
fresh-haian imge ( Fl eck et al ., 2002) or crop dr
(206Bpwed RWamomohleet ed on abyBDB AICs omoa@l @d/pi ca

Februaampyead to a PV module attached to the wall

At hienitis et al . (2011) investigated the pe
UTC(EBiug2®6a). The authors selected black PV modul
frame to maxiymiabkes osroplitaitooneneegte a wuniform ap
S y s .t Feingsu2rle 2.6c and 2.a¢cr sBowY/tThkes ynsatneenh y t h
transpired coll ectoirntaemglr dathed Pa/s molleal | fe sl-ta dvee r @1
can be seen that thepBliRW/ T os yasnt eenx iveasi nrgo tb u i
constitute itself al omwer tatseramdruen,c tti lber ad o rbruu d at
horizontally instead ofaivrergagsal Wiyt hnt lne dY
flow in the air gaps. Comparative experiments

70% PV coverage indicatedl7t% ahti gthreer B InP Ve/fTf iscy

UTC, with the a@atrmiuanptty oinsthadar et iemes more val
concept was further appliedibhealJobwl|l Miloksast 5
Business (JMSB) at Concordia University i n
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provipdeeadk apower generation of 24.5 kW electric
aut hors pointed out that this BIPV/ T demonst:

applications where a new BIPV/ T fa-ade coul d

Transpired solar Fan
collector cladding : Fre-Heated Mechanical room

\M% S L

Q f e '
N4 N i
—«——— Insulaticn
\ !
ﬂ Inverters
N + r;
Cold — nc
outdoor air ‘,‘I < AC
Specially designed |
photovaltaic modules I! = Alr cavity

(b)

Installation of PV
modules on top of
transpired collector

(c) (d)
Figubéa&S)k hematic iBlRSyBatwimemriafthea TC ( At hi eni t

20L1 Mt hani cal room of the JMSB bui(lcdi ng bet
Transpired coll edt dadrmei metcthlatna d(edd)s rAjvdomMmiodul es m
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top of the transpired collector as the out e

Usi mgxperi mentally @&aht brc apgereedda hcotdeg¢d2 Ot1hO0a)t a s i ¢
air t e mpnecrractausree woul d be achieved by connect.i
coll ector in sericeosnvvweinBhPoWheE oDwydstl em. oThda hai r
enables coupling with a rockbed hea¢expamdsuage
usable roof area and receives high amounts of
was Fwomwther simulmoéinentlsdoweasd|d¢teegttggyddi ng a gl
above ,whedlPe/ctrici wapgnmgeattbhgmedodue to di minish

through the glazing and higher PV temperature

Assoa et dalVelag pBAOPN) T s yogdareenr antiitohn coof, hwhi cahi r
applaidgdacent-f lhwibd i tdh ébrimal paaolkl s c tadbsotyrewnattdiliehPevsi b
combined ther mal efficiency reached approxi ma
Assoa et al. (2014) ext enidretde gtrhaitse dd elssiiPgvig Tvai st yl
ri bbed sheet staat uahts oamibre ta sh atdh eu swazgk7 nghel ui
system was integrated into the roof of a manu
year s. A numeri cal mod el showed that al thoug
productionemthahnamnatonr, alt he di fference between

t wo operating modes was margi nal
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e Thermocouples

X Anemometers // /// P
/ / ] PV panel stuckon /
Al Perforated fin / Mem% the metal plate
ir gap
Y ___-\;J:/ N e HATRY N

/N .

\ .
PANAS VP ATACASAT, ACASACACAS ) AUA AOLON

/ N\ i\ “‘“—"’i’ﬂw’ \Wf ) MMNW;V N o i
Natural Waterproofing Insulation
ventilation cladding

FigurBchRemati € ntfega at @edf Bl (PAIdoai Me2elddd),ect or

Lin et & lo.mb (pehéalsde) change mate+#inalegr @6PEW) BI RV
systTehmsgy st em alnlodwendnéfyor i city generati on, sol
dayti me and sky radiati vebuooboibnl carge adsuerdi nign ssud nar
t heremadr gy s ttohrReCge cwintplonent . T R YsNhSoYwSe dts ntehual ta t
BI PV/ T amai syismeéedr air temperatures consi st e

wintersdydygsy

Usiagbuilding sSGumuwlvatricchhn atnadolReupdr ttihan (22®@O0 €
effi omifenchy BIPV/ T system depended on which z
The si mul aali oong greesstueldt st he advtarnatnasgpear @it u $iVn gn
instead of opaque PV moldad te s-@dbcekaianngs e a rl eeasss  whi-
emi ssivity and because the transmitted sol ar
Vats et aanlal yshhmk)dyebatecaathiransPdrmaoadul e pack
factor (per cenvt angoed ud fe talree at ctoavlesikid d d g rdesans ea r

modul e temperatsyestteained malnBloeeampme ( 2008) dr ew
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nclusion through experiments performed usin
nvective and radiative heat exchanges on t
tegrated application were differ elrhtiwafsr om t
dr essetdeshywyi t beament box that faci Imettatted bah
od) at the surfackstiaacetngalt.le e 2BHGB\)/ old ectodnhgogin
isnegmir ansparentanBVi mptweidsest gd toncept for th
nter at Orbassano, bt plower Tohddi2Dh&aMhloe d as y s

r preheating air in winter and desiccant <co

arron and Athienitis (2006) <carried out an
ubbeades integrated widthhlPWdgandinstahdi mgt
iddl e of t hwasgphidae ¢€d eawvatheat recovery at th

ectri ci tlnyt eggernaetriantgi ofni.ns to the back of t he

er mal effi ompeooyswnghetectoi cal out put . It
rategies depended on the intended use of tF
torized blinds.

i ser etdeavie.l op2@p d4syeiovalel ati ons fotuP&y awodul
sulting el @amtrriecladt Hedinéd ntgd e pmtamn e | aspect
| oxmliiyent temperature .dmgdysnemsewitbofarcea

wer aspercdugmatot @dn han gk ®nvatcuoroallil'y vental at e

critical channel aspdot rrealtuice dfhe0 . overweats ng

Zogou and Stapesetsyeidc d120t1ndédn sai eBn tRA VOrerhsaymsi toeum

outdoor iconGrTeeomaftuhroprlese f oirnndeodo t st @ slty sftlhoew ai r
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field in thesiBidgVi/ITow eviupual i zati on i nstrument
syst{t&mgou and St &Apcecummnzifscakr0l2)ow entrance
cases studied tofwatsh efioru nwo rtkhnat the fl ow rate
bet ween the back of PV module an@aandanede et i
(20 P2y f or med an experiment al st amdgyf etro cdevdli
correl ati o+ ® o pboassieadn BolpPeMW T system for Reynol d
250 andT h7e5veOh.angi ng ambi ent temperatur e, Wi n
condiitni oonust dcoagnrelstue s h s | ar g ec enretaastiuvmaerinasfsiotr eune x per

need to be done under controlled conditions,

Sohel et al. (2014) developed a dynamic model
air systems under reahumeriraal omodehdshowad.t
increases with increasing ambient temperature
and exergy efficiencies decr eade gwmietrh f&mo wi mart
werfeundcntdib electrical and exergy efficienc

which point the efficiencies were not sensiti

Agr awal and TiwaBli PY/2D 148 ibt)hachlenacnbgeaneesic t ed i n se
paredlolr use i n .t hNeunceolidc acll ismantuel ati ons suggest ¢
was more suitable for a constant air mass f|1
whereas the parallel configutratdi onvwehecibtey.t e
series configuration with constant mass fl ow

and exergy including thermal and el ectrical g

Anungl azed BIPV/ T system with PV dilrtecitrl ya exea
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PV temperature of about 60 AC on a warm sunn

(2014) proposed using multiple air inlets ins
invol vesalargestall ati omar rBiaesce do wtn cemxipelr € tme v ¢
BI PV/ T system in an indoor solar simulator, i
devel oped and verified with experimental dat a

inl ets showedf ftihaitendy waserimadr eased by 5% an
reduced by about 1-i:ml A€C sgmpamedssoamangnequal
used for each system. The authors pointed out
ner the added inlet because the boundary | aye
second inlet hlhaesatadd elaydyt beeRV prep surface. I
roof s6 afet®rs | ong, the reduetwonl df bb@ adA Gl ma

depending on flow rate and wind conditions.

Karava etpoaln.t e(d2 Oolult) ntuhnabte rt hceo rNuesl saetlitons pr evi
pl ates subjected to uniform approach fl ow sho
of the complex wind flowtheelcodntewunaodébdBil Pi
correlatiommbher Wasseévehopedot hateenstudao t
intensity and averMage | RMpyndlachhc enwmbeus.i ng ac
velocities as opposed to an assumed naireighat md
sar systems was further discussed by Vasan a
measured the wind velocity distribution on t|
JMSB buil ding of Concordia Univeuisti twi fdtthu rem

was observed that the velocity near building
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of . The surrounding structures wer e30f%und
mpared with the case lWwhewni d¢ihriyt weo feFuttideno ¥ 8
al e me aodwirrednémt sd convecti vesfhoerata tfrlaants f elra

| | ect orapmotucnhteedds rocno h dSuncatrepd elbsy and Charl eswor

(B¢ O0AOCOCEOERQUOMAGT 4

Il ard et al . (2014) conducted ante®per ement
PV system wunder rMahi opeeadt dagacendmmaeys O e d.
ntribute to the heating andtivoemttid aeli @eat miea
nerati on, especially during the spring and
hind the PV modules was found to be domin
rrelation was observdedanmelt waen tame madmiotoud
rametric analysis of the measured dat a, t he
w independent variables to characterise t he
-ade, sugglisti@ag phwsi ccalmpmodel s shoul d be

rformance despite the complexity of real op

alytical modet sdiacte tuhseef uh e pt ana 5B | We¥ h asvyisa verm
i nkedbr ah .dev20 @@eal yat i c plr emdoatce| tthe t her mal
PV system with buoyancy driven luasme neairt hierow
Excel spreadsheet or couplrelds ot oudayn g wialhadi
pressins of a Spaansdsbiewreg BalnRIV Msoysshtfeeng,h (200 2)

ow rate was obtained by increasing the heig
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and buoyancy was achieved for a given heat 1in

Wongalet @(f2u0&9 etsthraga n sPVdmroednutd *esd idd ed residenti s

reduce the annual buil ding heating | oad but
season Japamwaspowuesd r ansparent Il nsul ation for
movable insul arteginonfsopt imoidze at lre buiMadriynign ge ne

t he mpdoakengwafsacatlosro f dwn dacehs seevret inad x i munm ene
di fferent tadaloinmat eXucoendial . (2014) conscedmided t
transparenpgadk/i nmmg dfudet or achieved an average
the | east favour avulne eRV aflias ud€g®@patcitnrourm t r ans
wi nnd ot o opaque diMfedaem@ati@duirl di ng characteri:c
configumataidadns ugopestodedyt hat | ocatingi ndweceadr

negative pressure was essential Bt BVeshanemng

The ppeéent ventilated fa-ade employs discontin
resulting in |l ocalized discOoRrRtgouetS@degdah €h:
(2011) s h owedi ntth au e notspi elmeatye da ctha ceavcee si gni fi can:
climates with hot sUmenree si and mobdi wakmittay s of

buildingnmat ehial type of ventilated fa-ade.
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Figur&&chRematic-jofnanvepen|l aeedafFa;adell{San

I n a BIPV/ T Trombe wall system, the outer gl

with theameparent pho-$Sbvafrit ad gpenodWhiel e amai n

advantages of Trombe wal | smoswicnhg apsa rstismpa ned czoe
cost , the BIPV/ T Trombe wall system generates
i n summer. Furthermore, the front PV panel ad

compared to thetthl adk wdlelarumdarsrse

A Trombe wall consiisat sgl@afzi ngo paaoli dnl &yer se xt
t her mal wal | on the interior with an air cavi

the top and the botttwrmalofaitrheciwaclull attoi oanl |boew w

t he wall cavity. Driven by buoyancy force, he
and cool air returns to the Trombe wall throu
appearedld9mn0g h(Bal comb et al ., 1977), and it
model ing of the energy system (Warrington anc
Thomas, 1991, Ut zinger et al ., 1980) .
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Ji et aplr.o p(a@azstBodPaVv)/! T aTr o rebyneds veends st hmep er at ur es of
and indoorténougbnmemteri cal model i ng. Thi s B
showni ntco ease room temperature by a maxi mum
conventional wal éi i nChihrea aMi .ot le2@ @dim Hetf hat I NS
BIPV/ T Trombei nwad | f sryesdtermat ed T ponomeasdd thleat
temperature by aSummaxeitmusnh oonm¢é @70.17h 3AC a sout h f a-
BIPV/ T wabmhbaend (&urgg)fBcchw eved higher indoor t
fa-ade with a conventi ondilanlg oentcemanv.d luldie@nG 8t)th lae
indoor airwatsempermstudr &y 6.8 AC when themPV p

0.873 to 0.20°7.

Koyunbaba and Yilmaz (2012) fountay hhewadhe E
significant room temperature increase. They s

and closing the vents t o nmaihret ariono nc.o mfnord radd re

ndoor tempPer ae&ttural . B(PVYOTc)Trpmbpawad tea st a m

—+

®@ Xxhaust the heatoasd doavi teymrwaisommemtd dhietti owa s
suggested to aodd taldevramala giemaus!l d&toir bot h summe:
append a shading curtain in the summer to i mj

studied a BIPV/ T Trombe wall system with the

ncor por arthieCtd RGMEMor bed excessive heat during

abundant, thereby reducing the overheating of
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PV Trombe wall (cross-section)

PV glazing ", top vent
. . 4w [ z
front view | S _L_’)_ _
~ i -
- PN M2

~
L T L] T0.3m
air

duct ]

room

[+
2
8

i1‘llsltlrrhc‘l; - 1.48m
A

==
083, I

¥
« --PV cells bottom vent

wgy

o »Thermocouple

]
we0'0
s o

<— air flow

Fi gur®Il RPVI/rTo mb e ywallelml|si ezimim@n se@Sal Vo d s(l Lunl .e,t a

2011)

Senmir ans pamodrutl eBRVY may r eplawienphieghadbw ¢grambBmgss

electricity generation capability. The intere
i nvoRWeel ectricity generation, tihseuramha |lc ol nofaodrst,
buil ding. There are generally three forms of

doupbee with enclosed ai-pacevwtyh apenvanti ka

Li et &a&lh.o weal Gs%)a di seamf grati,n,sdligrhth ng ener
HVAC equi pcnaenntb es irzeedpulceeadi nbegy asca intgh wa sntt ed gl ass
sedfir ans plir eV gaadhedppl ying iln gatiyppgi calntobfisc
Hong Kang@gnd Lawpéoi20ottihiatoswshirmgns pSair eBnltPVc wi nd o\
may enbhainicei ng ener gy supgegrefsotrenda h o p b iwhely of f i
orientations for annual el ect reacsitt,y ssoawtihn,g se ai ¢
westwasddl.i vi eri ceoncalud e 0tlhdae di abpeandgsésacgeer
more than 33% 81 PVhwiahceceomenes Safthoerear, J& s avi ngs cC i

t o gvlhaesns appl i ed tso zae toyfpfiiccael bruiiddllieng i n Spairtr
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Fgurea2shO6ws a tpyamiec aBl PWowbilnedow -toassparegt o
panel at the outside and a glass pane at t h
Mi yazaki eghoane.d (t2h0a0t5 )bui |l ding pri madycedebgy
installing this type of Bl PV Twyenwgpgve satnedd aodpot pi
transmittances of the PV modul e i n adtchoer danc
buil Mliowg.emi ssi vifuy sbeani npadeatuiceeahdat her bns
valouenBIsPV wi ndow conf i gurCdtaieo ret (dddmnw efd2pltdkida)t, 2
30% of the annual H\Aa(h ebnee r yayv ecdo nispuanmpee snoal | i r
transparent BI PV wd umpbvese acs| eoaprp o léaisest dbvoiwn daonw
medi um [U&tcii tt uSdeeshir anspar ent PVs of di fferent

recommended for maxsfrnoum tuhteislei tcyy tdoesst saving

T | outlet louver |
Qutdoor Indoor {:} :_ \ 4 insulation board
Temperature Temperature y
heat radiation V:L
To Tin o H‘ﬁ | -
Glass !

incident solar 1 : y
[~/ heat convection

radiation % -\ heat conduction
PV Cells — '
) T solar absorption

solar rcﬂcction/ ﬁ | \
Glass

W} air solar heat gain

Low-¢

) tempered glasses” }f| flow i
coating solar cell _-j clear glass
L -— inlet louver % 7 .
(a) (b)

Figur.®o2platme Bl PV/(TDwu ipldeawstseamisparent photo
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window with enfdlams ed) @il (Vecnd2\iiltayh @ & -t reambsipear e nt

photovoltaic winddwenwi teidapen &i0rl 3cavi

FigRri#Oshows a schematic ogame tBIpR\W awi nvdeow i wiat

bottom vents on the exterior quartfuaad | alilvewitnd

Experi ment s Heorduatled (20 11) i ndi cfattehde tvheantt itlfl
dou-pbhee BIPV window was reduced to I ess thar
wi ndithwe. t her mal comf ort laelvseoip roofv etdh ed uveo rt ko st phaec

surface temperat ur epamnfe tBH V@ lewi wnidéorn t esth.odwe@b D & ¢
t hat a PV tmadSmbi5t tameeventi |l ated BhRV mwisndo
electricity saving -owvbeadi tiadninggi hnoadacaouinti al
PV electri.caAnmhedlelPYtiwoadwow downohtiet iaomi ng p
consumpti omnrbya 28%i cal , Hoongp&oed todftbe con\
absorptive (fClhaosws2ew0 Jadh)yew aut hor s alesfof isctiatnecdy tth
film sollad fcedillsi tcaotue t-p@anepwidkdonwd. MInaeodable |
vieNg and MizaG)y4das ladwedt(h hgover nment as mb fivd imeod
with high efficiencieseat e on adlaglzeaudd t veitviai dnoswsa.| |
al sodi thaedthe energy payback offsetting the

transport tchoeul RI¥ o d hla@s t wo year s.

(8" ) 0 67TTAMOBLDOOAI

¢ce8p OBAGAIO 1 AAOT O

A typical PV/ T water collector i's constructe
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t her mal paste with high conductivity (Ji et i

wel ding (Kalogirou and Tr i panracgen o(sTroippoaun aogsn o s2t

et al ., 200 2; Fraisse et al ., 2007) . Dependin
optional glazing can be added on top of the
t her mal gai ns. Tdhheoft har M¥! Tpewater maontl ect or i

factor s:

M

Transmi ssion | osses through the wupper gl az
appl yirnegf laencttii ve coat itrhigessiwroonn tdleagssvo si des
Absorptivit@obar sphdratebhsabsorption i s of
of -BDOO nm for silicon solar cells (Zeng et
i's enhanced wusing a selective <coating tha
mai nt ai nsssilvaovw yemin the infrareshowdeddedn.anban
reflective coatings on the cover glass and
and electrical efmiisciiendiye sx,0awhinlge olnow he F
ther mal output at a cost of reduced el ectri
Absorptivity of the PV module a%ieaPViomodwlve

is partially covered by phlobtwvalddai exged ¢ d

sandwi ched «ocfomgdaissii &VA/ PVF ( p ow hyi vB ghFy | fl
backsheet i's h8@B)y i nefolraetri vteo (r7eDduce PV
However, this |l eads to a reduction of ava

| mprovements camgba sohimnevatsbybusig or trar

Ther mahducheatvwe eyn t he PV and t her mal absol
41



encour ages mor e heat transfer from the S
conductivity can bei nanpead edft bryd Bed hd) amgy ar
2018y, |l aminating the PV with absorber wusin

201lalr) by replacing TPT (Tedl ar/ PET/ Tedl ar)

all oy (Shan ®Brni mdmnud predstBg pad . (2002) pointe
promoting better ther mal contact wusing a p
scal e.

T Withdrawal of electrical energy. Santbergen

| oo&v coatplniged sompt hePVWNestgrina@crmatiinlme accoun:

for the annual thermal energy reduction for

Thannual per frommbame e nglf eaed PV/ Twwat ei malyat et
mat ch tthieciettyycand hot water consuhbngrtramdaqretfi:
2014) . Simulation results identified that PV
out put , and that water fl| otwo rat eerteednfiNeckiedg ho
fact orl ocafnd0.a8 | ow f | ow -80atbkeh bi ns utghgee srt aendg et oo fi nX

performanc€Qamidssiedns e

Bakar etdeadsiagmedrngll)azed wkRVY/hgleaxxorl dteicamrafi rhot w
Thi st esry sc anhioht awant er oswhelteteemgecanhgr @enal t
perfor maowewat er fplrowemratfdweamear antaciWi tt &hi nae dt ot a
t her mal e fafbio@i® &n cuyn de t favour ab| &itsoypsetreamt | m@y

pot éiywtbhe uasgerd cfudrt ure dhganigngfamredhdamespire ho
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Al t hough polymer materials have a | ower therr
alumi num, the | ight wsmpngyoautn toifn gp oalty mee rd wawiel rewpsr ¢
2014) . Sandnes and Rekstad (2002) construct e
onto the polymer absorBxeprerpmemdaladt s ahcswédrt oe
water tempenmatt ueecesdbus@d AC for ungl-glzeade & y st
system so that the solar <cell temperature cart
al emamiurselthg/ T syasathentleanper at ur e dapfelcdecrat heat ion
Te | ow operating temperature of the PV/T syst
of the room, but al sduebhledteed cP¥YWbObwWe,ygéReM hamd
modul e tempboatA@G@&@de obider ehddy gl amendr when

there were no heating needs, |l eading to a ris
included using amorphous modul es whiaczhe dc oPnVt/ aTi

coll.ector

¢3¢ )1 OAOOECAQEOBWIGAI" ) 0674

Fiug2eld hows extamef emal sudshesdoribnerBl PV/ TTh evasaileaetsy st
tube PV/T ¢&nfugenddhlitea)ye sati sfactory effici
manufacture by integrating a PV panel wi th
modi fi Zandags e(Zoald.a,g 200 &g .r, e c2t0a0m3d) UFli gru r h &n M el

and -bfolxdts o(r biegur ar @ . dedrehlflantcoe heat transfer in t

4 3



glass —= ]

alr  esee .

PV laminate

(a; adhesive
thermal absorber

msulation

Air gap

="

G

_— PVeells—

Absorber

plate

/ |
Insulation Channel

Figurlé&xamplheesr noafl salbbsar BéPV/ T wat-amndstiysbem:
configuratitom!|l(ZorRdaO) ; (b) rectangul ar wat ¢

(c) Al-aml ookl aobnfiguration(Chow et al

Bakker etdeale.l o(pzd®05) manwhfearcetd usd Ingr pe esittlelssesa n d
copper absotkdriate hamimgle PV/ P5F5@moelze The
PV/iTnst al | atwiotnh cgoruapul medd hvwead gruanpylsReNdS Yidse n ¢

systwam found tohmeewatbde &aodddsmparcd ngndhenean

el ectrimnd tfyordeanat ypifaml | Duidwpkehrag! edsdal . (2
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vacuum |taomd meatmPrV panel and a roll bond®VATumi n
compohentaddnt ebhect iwaes caommliibegder dnowg!|l asd covVve
monoor ystalline silicon ceéete wsé¢etngdlTadRivgTer al
system was s htolwenr maol aecfhfiiecieency comparable t
without sel.dMoteped®upayrag et ad d tdh2athi4r) a tdeedmc
BIPV/ T coll ector achieved bBbphghesghel eptrmarvyy
savings-btshiadhe sHMeand t her malovaeali Ingc tt.ohreA lissesntdadal
i mpr ovtehetrima | b ectomd earc t P \Varlaabnsdo, Zla&h ar chenko et a
proposeaddadleBM gn using aAPhWe/lplabl osyp@gbshrat eype

modslheowed 0% i ncrease of power generati on.

Ghani et addr e(s2s0eld2 at)he undweiuwehdanwuhe sBf PWO T
water sokhecctlaurdhe inamhdtol d to riser pipe ratio
greater rteleadint Ometrde uni form Thewsdiustrmdescdo imonme $
flow rate 03 ©Oobdasipgs (b e mswhirhalngfelsat8r t han
hi gher maswasf | fooiummdatetmes n e tgealee Gt @ ioa (2e0t1)2abl
furdleeelanpear ti fi ci atlo ngeuuircakl it yneeet ywaolr dkaBtl @dAd/h de 0 |
sysdaemor di img ¢$pecicbindiatnodo hestnegr gy r equi r.entetnt s
was demotnhsattr adleaedct ri cal out put was not al ways

risers, since inferior flow distribution unif

Bukeal et cdhks4)d=eirregl pol yet hyl ene pibpye sa dahse rti hneg
t hem hteo r ear sur fsa(Eieg ef) ARY2rmpdul mental ly val.i

modehowed htehatver al | energy andBl e ITg yseysd refmo r
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better compared to thced ablrde PNe spoet gmt hyltenw
economieadayi nt afilne xaioabdlle ng sol uti on &ovdmneki stid!H
di sturb PWesypsigmneatrreugcdrud eaeimmainfud mcalmired and
instBI PEAdT desimgnsan et al . (-(a2ngud X)y dri qqpud de dB |
pamelthhes otlcad | s gl ued ont o aT hmlua htoircs cshugmgreaslt eab
l abel s, mul tiple connection pointsoaeféiadtéeéfer

and flexible connection of the BIPV/T panel s.

PV cover
PV cell layer
EVA plastic back

Polyehtylene heat
exchanger

Steel corrugated roof
support

Roof trusses

Figurl@ck2emati cant| mHottdeétei omof 1 ntegrated Bl P\

pol yeehet pstped i n NoBuk enrgheatm,alUK, 2004)

Yin et dbsi g@2BABY/ T wtaha&tr isrycsdrepnor atfaé d manbaye
anidnsul ating highwidtemsemlyegpod Fewaty&Er @ediBeent al
ressbwed at esmmdrlat ur e edcinf ftehree nReMe abneds wighgee sa u tnlge
t hataltuhme num enabl ed effective heat Thiansdest e
cani bstalled as the roofing, pwhnet hbotshttoonctt ua dil

subsabla¢ etnd elye at ed into the buil dingrasilgi retanc
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al0)12 i mpl ehmee nt erde rti c al heaaoft hirean®&1 eMUSEiinsgy b & €

ABAQUS.

- Microstructure

Water tubes Sun light

Protective layer
PV layer

FGM layer
Structural substrate

Figurl@&chemati c onfatterpe Bt &9 MIinng 26ptia3nael | .

Evola and Marbets®d P¥0T4)water <collector usi ng
ductenhance hbodat weeandther ther mal absouber an
2.Md)1. Thermal omopdredtit edd WlReant t here existed an
that maxi mized the overall exergy efficiency
temperatur e, which is a function of water m:
temperad could be regohared BystwnemomAhsd from
gai n, Chow etwvabitaitedd®0Im)y mance -toyfp ea PtVH éelr nmoast
Ssystusimmnhyg parameter s: PV packing factaqgr ,hsodalrl
radiation, ambient air temperature and wind v

affected the electric and thermal exergy effi

Fudhol i et al . (2014) proposedoft hwikeiecsPVia&ilnd e

rectangul ar stainless d¢e¢wvell ogfnuebmetsB | wavs Ta dwap tee
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(I'brahim et al ., 2014) . The coll ector was te:¢
and humid equatori al bl nwmat ¢ hetf mdMbh| ansdi &1 eThe

found H6Q@%ewhdbl e the exergy efficiency was fo

Chow et al . (2006) proposed alPVYWhTo xwatbesror b e |
under neat hurteh e .PIMMWA(ttRAr ga | circulation of water
adapt well to 6hot summer and hedladix ywientvea tde rc
c handeeswgs | ater I anp f eimeatdeegrdatiend BICRYWMWT ed y satle
20070Oper at ead mvadt hwat er consumeptriman pdtftieimenci e
systuemreat amal for ced cwhdaded osnwere similar, and
efficiTémrat es al circbbamardeavmaodablwas somackeong K
forced <circulation mode i1 ncurAremduadxtgsiamuflarn i
thermosyphoni c hB MR/ rTmasly satnedn el ect r i c al effici

respectively (Chow et al., 2009c) .

ABI PV/ T wa twa rtPWs ypsasneesi gseln.dl m above an -armay o
absowhsersevel oped by the Universfiary tlie CODO®T a
Sol ar Decat h(Oor wiompand hdmaimodZ®Lh)d. tAat t he
efficienctyhavmast Hoeweesul ts from thenekefecenced
of heat transfer from the PV to thes alpporskdr t
condudmebactri cadorefeflviadii ednecvgges|l oppetilunteceiron no et
temperatur e, ambient air akempmgear atturad .and 0slddl)a
Bl PV/ T roof panel for i ntegration with the S

Uni versity of Denmarwas TfafuwmBd PVA T tihres ted lelcdatrii @
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bui lidn nagddcdantorni twti ng to a significant portio

BI PV/ T water systems have the potenti al of

temperature applli chetaitdamsyg, asndchdiascgod | oor he:
al ., 2002) , Fraisse et al ., 2007; Sandnes and
systems (above 50 AC), it IS necessary to cor

PV fab/log operating temperature (low temperatur

thermal gain targets before PV performance 1is

¢8/ OEU®OAIT O

CBpP6TWOOAIT O | OEAGRAT ghi AAOO

Mat e thiaasles a | arge ther mal capacity whefdheyxper
possesst gmteiadl pfoor c otbulainngg ePtV dasimmduk2G@®@4)ed t h
modul e temperatures 36ad\nChtey priad anlt al mree abay © wi n
by incorpotagund @ahaskti dhanyget maneri al TheeCM) c
temperature regulation of iPnvt emanya IPFIQM & ki entniede
(Huang ettvwd .RCNMD 1)t h di f f eHunatn gme [2t0i 1ntg) ,t eomp
embedded Maattrii xHoalk203a2@hdwed that for a Bl P\
ami croencapsul,attdhdcP€CMclhayamd t her malo np dtohpee r t

mel ting tempetrtand iuagrdep eacntd rwaitditon of t he PCM | ayer

To date,s habnedat pppep refrsigerahvapbvapgehater ch

pr ocaerses ,i ncorporated in the BIPV/T system.
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@ p'8p0 6(7AA4LAME DI OOAI

Heat spaype thieg ma | Cconoeegyyt emhagpce t heammalacmhme refve
mormeni form PV modauBlePY/empEnat daanedsrede h p mpms

al so avporiodb| teime o f uneven flow di shat burtaiyonbe
encountirR\dat er .sBystwsarlpercotjmenrgki ng f 1l ui ds, h e a
mai nt lacepner at i n g otipehnopt eorvaotl uiraenc amaediu.lt eBd re e xaanngpel
Mor adghol i et al . (2014) wused methanol and ac

summer wodktmganmpectively

Fiug e s2holWwe ®B8chemapgiicalofPV/ Tt f et pitpeaheypst2drm 1
pi peapoadaterred t o t he babcskorobfs tahnedt RV taimasdf uelaes k ih
medi um. The vaporized medium then travels to
and goesaphaAdseughange The &hi jupgdiedveasptorbastootrgh t & e

wi ck sof tuestimge capbhdmhibrngof beceheat transfer cy
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A heat exchanger A—a

water water :'?
inlet : outlet
- R |
} i e &
heat pipe
PV cell
PV cell —
black TPT|
glass cover
aluminum
plate ——
insulating
material
S

Fi gurl®chemaat itcytpaifcea | lpeagpe PV/ T 2yWWHtem (Pei

Pei et aévelld®ead ) i pe WiVL/hT exypsereimment al t hern
efficiehi®®% ard 9. %A, dymasnp e€c t mosced | indicate
temperature difference of 3AC betfwetehne thheeate vpa
showi ng tthhee rineavlie | coobnfdtulce alhe@a®t hgpirpe@es.mer i c al St
pi pe PV/T sy¢dgthevn tceoupgpgeerst e e at pipes were reld.@
conditions in Hon@lKomngumwihicla¢ @mmpesi aver e s ui
freezing problem in the c(oRedi ,wientt Aalg.a,oif 2 0Lih2aas
parametecluding water flow rate, PV packing f
coefficient were discussedysdstnem epgansf corfmatnicesi r(
2012bPei et al . (2010) al so noted that t he

optimizing the refrigerant and enhancing the
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Wu et al . (i2®ddn prpardoitpaolis ¢fdi ns on t hédhe@aampdenser
i mprove heat transfer from the heat pipe to
t her mal and electrical efficiencies of 63. 65

found within a deviatiomlofpprdap®2ACy ofdiheati mpdg

Ot her typedstloée hlat pl pee heat pipe and the |
BI PV/ T Quvanems$ . aaddr ¢(3R0eldls) t her mal waosn ti ancttr ordeusci
with f1l at pcloantped r t eca tr opuin@e shee atMyampic peld aBei j i ng,
Bl PW/ylstueimng a f | atte npl90 eW pH¥ssembadnudh dsS’oo o mi s e
t@6.3 AC through a fldbaoratllasi aped ¢dliPa thats &y
waetr heaticragdl ssnshame the need to transport wat
recesur hgceovered by heat pZlpasgreat hal. th2013
and fabricated -lai duHPd ws & phatraa tviageo dgsdioneit cdt higses u e
conventional gOavdoat i oeal sLBRs such a combi n
system smhgwendmadai ly temperatur e iinn tNwoev ewrabteerr,
Shan Ehkgier i me ndlad b orvieeada hRtVeno d uwviaes cool A@sbypgb5 a2
coated adlunmiynisuhneet versus a conventi omhad TPT

PWas f ogeemdemtacctde e ctt hinmietdyed t o driivre ttthies coymptr el
¢cBBp8¢ "NOABT OMDIOA |

Usiamgroof as the heat source (winter) and hea
in the 1980s (LazzdrhicrenxregpeSdimsédmyplt  acedhl B8@V/ T

evaporator system, C d Ir set@ripuacntsei do nb ye vatptoa ahii ogn t
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pump to the rearntsegfatcted oPV bmoduliengyg. The eva

refrigerant all ows the PV operating temperatt
30 AC). | nTicwoampiaransdonSodha (2006) pointed out
reach over 55 AC in a PV/T water system.

Figureshd»ws5 a typical BI PV/ T evaporator roof
functions of roof el ememat, pealme@c terviaiotryat @& n g rZe
Numer i cal Si mulda tciadneedvradpdow ltattsa on t emper ature o
condensation temperature oft h§@stempDedACwath a
pumpn UK. Thel dcyasdlime vceou55% of t her mal effic

efficiency under a typical Nottingham operat.i

Vapour (return) refrigenant
) PPe

o

- Flexible hose/Comector
iquid (supply) refrigerant pipe

Figurl&chematic drawing of the BIPV/T evapo

Xu et adsedkptoio @) fl at adad mad maippor\&étXarhedt pump s
to reduce heat transfer resi stance between th

t htahsysst em can heat 150 L water to 50 AC all
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On a yearlvyersacddl ep,ertfhoer nrmmnce of the PV/ T heat
with varying compressor speed in different se
of a case study investigateatg pbmppsyGhiemmahnne
(Liu 200%heefrimesantfdtwamatecdh ttheevehangi ng sol
radiation and outdoorf rnreqmpenray Tdhemprsasmgonra.dyv ay
was found to generate more electrical power t
average COP of 6. 01 oXuaet2ypHtaddday iext dad:!
al umi nisum Baudmecwe nt rati ng aRMW/rT hheeaatti npgu nspy sw em f
investigation Dur iNmgjtimhg,t €hti-omelt eddPWVheelbkfte
varied between 20 AC arnaf r3-6oedAl@ndt whhereak!| t he
increased etloec8esf fAGlI emty was found to be 1. 36
cooldinget dlurth200 S)ydwec dt P&/t Ta heatul gdumEg hs ¢ §
hi gher COPstothrmromed hleeatt rpump. An average PV el ¢

aneawge heat pump COP of 5.4 of UheePVaT.he&atl

By attaching the evaporator coil of a heat pu
6di rrecsilyt edd by a BIPV/T systmmarCodiamdipmddtir
a heat pump by providi ngKdreagiedr gnesdi eitm als. a( 2
the energy potenti al of sdfppdadegi nthegroaittd ets
to the evapsoet dire aoB xppgenmpiamernt a l results showe
heat pump was increased from 3.33 to 4.94 wi i
about. 1WadiC and Hazi (2014)-asempheddhewgta PVMp

steamoej dheat pump and a mechami dalt wamere P3s iod
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paperNumdrli.c al simulation results showed that
heat pump I s more energy efficiens$si Ftreodn 4 the:

ejector heat pump is more efficient for gener
c" PeT#H 1l AAT OGUADEA IC

For a BIPV/ T concentrating system, a high den
PV surface with the use of reflective/refract
t emperAdthercend Il ect or magyweétlel atdamaleirtlacd upreo-duci ng
temperature fluid that may effectively be wus
concentration systems are considered promisin

concentrating device.

Chmei sana etdeasli gfindec@®dbE8e gr at ed concenutsrifimtge aAage IBI P
refl ehtadrasatt sdd as vertical | atotfi cdcehse Pas d idad ingm
cooling system consi sBtliPrvg To fc @dvdea e thag r caonn caepnetrrt at
540°amd a -edfdfuebclte absorption 8B% bér twas cosbowngt
a t-bt ekeeiyldrmngypical i suBmeklAdappa et al .a (2011
solar coolingaeditcandnswebeby oOheathemaeonant roaltt |
PV/ T samsdem conventional vapor compression ¢
TRNSYS simebabhbwerd that the proposed system ¢
was hi gthrea¢ itthfiaesrol ar abo®mspanhndal ohel vapor comp
Mi ttel man eaeddrad haetddBO& pfcaeantrating PV/ T cool i

comparable to a conventional <cooling system
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Davidsson et ad .a (c20nlc0en tdreavteilnogpeBl PV/ T wi ndow
functions including glazing,orla&arcdrskkadiyng.enfei
showsthéatefl ector eoheelaltamgpassiaehori zont al

concentratf mmga tagypmma avt airst Di cf & lu speo sridtaiivcend.i ¢ @ wa& € 0
foarbout 40% of the el Arnuwalcasi munleatgiyomprohdawe d
energy need of the building wistsh tédhaBIl RWaT wi

Bl PV/ T component (Davidsson et al., 2012).

Insulating
glass unit |

O]

wmppe.
Insulation ——

©

P hybrid
absorber

Fi gurl&ch e maawii o dioiwt egr at ed concentrating Bl PV/

2010)
Wennerberg et al. -6R0®Y¥) mpdmdrsedc svielh & n-feihlainn c
modutl @ st huenidf@omr m il |l uminati on resulted from t

Brogren ethasef i(lBM0OMo)dul es andt opaasasheonmioider Ir erf |

reatdoyse wal | Mealsaumeemie.nt s s howedectthraitc tphoewema xii
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concentrating system wasncénd®ratmag shatemf Gt
furoper mihkeddeometry of the concent rgetoimedg rBIicP

variables allowing fanl2a® Apust / cadlelc taried tiyn ySted c

Il n addition, research has been BcPoWw dTu cstyesdt eoms rt
involve tracking meBRWA/NT spr. o tPatrasbieod itwri dtdrkoamygh s
were experisme gtadleldy i innvSeveden (Bernardo et al
and China (Li BtPVA IT. sy3Q imk aiskhtneggad &viong system

concentration ratio was also developed in Spa
¢ @2 A OA A BAEA

The foll owing two sections will f occuosmnoonn |ltyh e

uséeéd evaluate the energy performance of Bl PV/
cgsp O AOEAAT ! BPOT AAE

(1) The BIPV/ T collector madyi ntenmmoomlayy eher anma
model s t hat are -dlifsfcerednaczeds dlyeme .f iThhe emode

energy balance equations for each ssyysstteems el

(Wang et al ., 2006 ; Charron and Athienitis,
2014;), water systems (Chow et al., 2006; H
al ., 2007 a; Chow et al ., 2008 Nomwehh-al e s2s0,0
di mensional heat conduction modeling of sol
absorber in the BIPV/ T system may be estab
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treated as multiple | ayers whererwriduiendg oen d
thickness and moderately high ther mal condu

node to represent the PV may be sufficient

el ectrical madalmener mhdbdloembyaibe utilised
el ectrical performance (Sar haddi et al ., 20
On the other hand, the governing ther mal
di fferenti al equations whichunlksaoawh par amatl
Such work may be found in Sandnes and Redks
(2009) , Shahsavar and Amer i (2010) , Ti war i
(2011) .

(2) The performance of t hde tBhrPovu gfh stylsd euns emnaqy

Hot-Wki I | i er mod el (Bergene and Lovvi k, 1909+¢
2009) .
( 3) The integrated energy performance of BI P

evaluated by wusing ¢$&atwgreosuahdadr TRASE SN
Frai sse et al ., 2007; Zogou and Stapount zi ¢
2014; Kamel and Fung, 2014; Dupeyrat et al
Ol'ivieri et-r a(wWoheot2 Gall4),, 2P a; DeBLO6i § Kehgal
et al., 2004; Radhi, 2010). Typical buil di

available for use in simulations.

(4) Computational FIl uid Dynamics bCRDB)e ftud c hwhi
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assessing the BIPV/ T system performance.

For all|l of the above methods of numerically
heat transfer coefficients (CHTC) needs t
correlatiohge. dégeeef ofeactcuracy of the nume
t he adaptation of t he correlations. I n t h
temperature field of the working fluid of a
a set wvaticomsequations without using readi/]
ot her hand, the CHTC can be calcul ated bas:

CFD simul ati on.

The CFD model can be developed andesolaved e
2010; Li et al ., 2014a &2014b) or by comme
(Gan, 2009b; Karava et al ., 2011, He et al
et al ., 20009; Koyunbaba et al.,nd®04R3gi ,Kua2nak
and ALYA (Cipriano et al ., 2013) .
c@BwdbAOEI AT OAT | PPOT AAE
We | | conducted experi ment ailnvienu ésgtaipgeartfioornnsa na
BI PV/ T systems, and also be used to verify t
Three main experimental approaches are repor:
tests in specially designed test cells, and b
C@BcBPAIAAROO OEWM DEOT T1 AT O
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| ndoor testimgnmenta ibsuiddpeecnival 'y usef ul for
model s and the assessment of BIPV/ T modul es a
tests, a solar simulator is required. Wi th t
sal simul ator and the indoor environment, e X

repeatabl e manner.

Yang and Athienitis (2014) reported an indool
Concordia Univerwsrnd y2h dGwbsnagardsao. a dAisatkiogh i s si mu
speci al met al halid | amps that produce a sp
considerably high temperature solar simulatin

temperature ofttheBbobRPWVHHdosyskgmthbhaeesd in the

To addr euses, atalni § i csal sky was constructiednby p
antefl ection glass panes to block the infrar.
sgytem is mounted onto the collector s@@port t
simulating corresponding building envel ope sl

PV modules with air conwedtnigopotlharts giemguwll att eerd,
prototype was studied through a comprehensiwv

numerical ther mal net work model was developed
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" Artificial
ASKY

Figurl& . photo of the solar simulator at Conc

At hienitis, 2014)

Me i et al . (2009) exami neidn ttehger aotveedr hBelaR M ngy sptr
simulator at Loughborough Univerwad yde W&L o@Red
compensate for the excessive temperature el ev
sky. Chen et al . (2012) -fiinlve-ss @amiapaderx pBFl P e

with a | ow solar helay ghéeée nuseedfianenbhdd¢S&EHGEa

climate was simulated with a solar simulator
experimentally studied the ther mal and el ectr
in seriaessodsairngsi mul at or . Dupeyr at et al . (20

glazed and unglazed PV/ T water prototypes usi

Krauter et al . (1999) studied the el ebér mahl
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insul ating pr-opeegryatodd aBIf FavV/dThess yisstee mo ft ha os g |

Yin et al. (2013) al so usesed BIoRV/IrT sriamufliant g rp

CBcBOOABADOOHAR E AT AAO

An indoortyebtsfamaenly advantages and high acc
However, construction of such a testing envi
simulator requirement . Anot her option 1s con

Bl PIV/system and at the same time simulate a bu

Figureshadws8BI PV/ T water system integrated w
environmentUsli ngh a nhmbi esr Ctheoswt ecth aadbheorwfebdda @ 7 m)at ur a
convectionadéeqgwaterfwasthe Hong Kong cli mat e,

chamber was rBd o0&t @ mriorutgehgr at i on.

= =

Figurl®8 .BI PV/ T water system demtva groaatmed twailt It hta

( Chow 2e0t0 7abl). ,

6 2



An outdoor Test Refewascerbpwoiese@ememten( aREYy
performance of BI PV/ T systems integrated as
2008; eBl oaelm , 2012) . The TRE made it possible

for PV modules and construction design of b u

energy anal ysi s. The experi ment al tdhaet amoadned i TR
work of several research groups (Friling et a
Bi got et al . (2009) bui lt four outdoor test
venti |l at eafn8tPR¥ buil ding under easapiedal empi ma
of the roof, indoor &ihtree satn dc @ Inlss dvee rwea | d o spua rf eac
find the insukatiomg pgoopegtuiras i on . Experi ment

vali date a t hergnyalp emddoerlmaonfc et hoef etnheer whol e bui

Corbin and Zhai (2010) mownd dalog emr dthet ypea fofr ma
collector installed on theaesuroeod o@deraadnaigi dceorn
per f orsmearnvceed ast ot hdeevied ®ips and <cali brate a CFI
correlation was developed relating electrical

all owed for direct calculation of the system

Ax

(@ ¢80 " CEHPEAGE! ATs@OT DIOAOET T O

Chen et al. (2010) conducted modeling, design
data of a BI PV/ T snyesatremiesoire r g kreosubstea M esrcrhal ke |

monitored data were used to déet erymitneen tamed p eu
applicability for Thee miemas war ecdol dlatcal i wias eal so

6 3



mat hemat i cal mo d e | for simulating f(Theesbbkt mal
were useful i n prelimimerygi rdefsli gwm iamdt HerBilcPW

be applied to other BIPV/T systems with simil

An olpewmp active BIPV/T air system was install
facing fa-afdeowbfstthlee JOOp! Mof sBnsScéess (JMSB)
Concordia University in Montreal (At hienitis
power output of 24.5 kW and a thermal output
BI PV/ T systemai st glrloastiideen amamno d e | for retrofi

fa-ade can be constructed over the existing b

Gaill ard et al. (2014) conducteceénan| aredrit wen
PV dofuab-laede prototype -NorsMehslt| ewdal 6 n off h ea n Weaosctc
buil ding I n souexhpeearrni memaiate. shbwed t hat sin

techniqguensgy, dahabade approach t o ifoinl toefr idagt at yy

carpet pl ot s, estimation of gl obal t her mal p
using correlation pl ot s and empirical model
performance of PV systemss.dnstalled in comple

¢®) 1 £ OCATOR AEROQOCAD AN Of AT AA
Whet her fully integrated with or superi mpose

(Bl BYystem can influence building energy perfo

T Part of the 1t ggidaentdi selcat yeme®nverted i

modul e before transmitting through the en
6 4



T Part of the absorbed sol ar energy is rer
medium is used.

T A BI PV/ T componevnal uceh aonfg etstedt tiipe iU d ihrug d m
fl ow bet ween the ambient and the indoor e

T A PV module obstructs the solar radiation

T The sol ar absorptivity of a building eny
coventional building structures, the refl

T The usetoédnsparient PV modul es changes th

and subsequently the artificial ITighting
't i s diifvfei cautl tgetnoeraarlr concl usi ons about the
performance of buil dings, because a broad r a
perf or matnacpeisc dhssussed in thetyprtOpatqemi atnwo s

transparent .

@

65



(b)

Figur KRodf 18y PtVeipglustrati on of the installed

Fi

Il m PV; (2) white PVC membrane; (3) roof bo

conduit; @6)y(bdvwei sgxiet(h). Phaoa3pf a BI PV ins

App
red
el e

Sec

film PV modules | aminated with polyol efin

l ying an aé&dPsiWi sotheath tleayaen eXi sting buil din
uce <coorl imnfyr eleo arde afsoon s . Firstly, sol ar en

ctricity conversion and the obstructed sol

ondl y, Blt hcéo mpdded t increases the ther mal i
el ope. Thirdly, a portion of the heat is
l d monitoring and modeling of r-Wailssuet daln

13) reported that heat f 1l ulxl itthigRsygh eimhe Foo0
h thermally insulated BIPV system$i omV fl a
ul es are moSie PBWinmoadou lee st hdaune ct o t he | ower t

eal ing mechani smr bifaltlhyeyseomwaelud ®&tse cfamr ptahe
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high reflthhei bor idunent @I integration (Figure 2.

Il n addition, |l eaving an air gap behind the PV
whil e boosting PV( Walnegc tzZQi0®adlo.w,p e o d;Bd tgipadn28 03 al
20D9 Modeling of a whialee)2redsh wentcadl hogsleodd
4P2% due to the free cooling and natur al ven
for founeWdS (OleBmai s et aBlPV2OhB3mneywhwavehou
energy efficient opti &m mi hamloyderRBVYeskadimaged
efficient energy wuse in buildings. Madmdva | a Kk i
shading desiagds pirmpGseecebfecteidue i dgsihgegmsg i ng
l'ighting ABePYYy T| dadsmbgewat adrld ddu de utnlde two ol i n
i ncrease t hoef htehaet {(hagi lladiandg 2007 a; Sun et al ,
heating effect incurred by the PV modul es may

on the massive wall (Ji et al ., 2007c) .
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Peak
'Plenum

Air Gap

Window for
Ventilation Inflow

Figur2®e?2ti onf pd ammeesi denti al plaguee Bil ¥t albbloéd s

chi mney (DeBlois et al., 2013)

The introddatainerpaocfengem®V modules in BIPV/T de

buil ding energy perfor mance, whi ch affects I
consumpt ihcard,e &amdt sol . The optimisation of b
usually take a holistic view, considierPYg p
transpaSienkW placcki ng factor), room depth, veni
is generally demonstrated through nume+i cal

transparent Bl PV windows as opposed to gl a:
opportunities in warm climates (Chow &u ahd,
Law, 201 3; Ol i vieri et al ., 2014; Xu et al

transmittavnacleue anddir absepnar ent BI' PV windows re

6 8



significanddmi nat ecdbollo gt i ons. | mwesd teimg amaiso na |
conducted for the cold climate such as Japan
recommended using transparent insulation mate
while | imi-ttiimg héat nlieghedr. gy heawinmg apot edit i al C
PV modul es into the wsiinzdeodw osfyfsitceem boufi |ad inmegd iiunm
from dry tropical to humid continental was e

building peadtmagpdemwarsg found to depend highly

optical properties of t he PV. The wuse of BI P
|l atitude sites including Miami, Phoeni x and L
ad6A4706N. 1t was concluded that BIPV windows
HVAC energy consumption for | ow and medium | ai

CBSEOAOCOOEITNTAIADAET T O
¢@p 301 AOU 3UEOA) 06T 4

The omnipresence ranmakKeasghBl PWe/iTghai rofs yasit e ms ¢
with multiple building elements indloogp rEti oe
systems are often found equipping the opaque
t he aa@ti vieeclovery system may be wused to prov
connection with other endropy sayxdsti eenes Bd fP Vt/ iTe ah
contribute t-neraocheeen gqy meit!l di ngs enor mousl vy
domi nates the annual energy consumption of th
components such as ribbed met al roofing sheet
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transpired collector may beeeBpPYi Tedydsobemase
t he -jopiemt ventil ated fa-ade may help to achi
summers and mild winters. It I's promising to

type of fa-ade. Omspheeont hsur haoneds ohetheabu

window and skylight provide integration | oca
sefiransparent PV modul es. The BIPV/T window I
visual diacomfoctabndi ghting consumption in t
wi ndows . However, the convective heat transfe
l ow density and heat capacity, resiud tti megr @fnor

i mportant to enhance the heat transfer betwee

|l ncreasing the ther mal contact bet ween the P
research topic for BIPV/ T water heating syste
replaced by rectangul ar-adtl @aiynleecdi exusieemedrlhact s

t he cont act sur face bet ween PV and tubes ar e

resistance. The substrate matuesriinagl aofmetthad | P\
increase the heat di ssipation rate. Al t hough
metal, polymer is also utilised in BIPV/T wat
mounting and | owesry sptreint ec orsetd.u cTehse sien iptricapler t i e s
application because | ess weight reduces the
significant amount of investment may be saved
t aki nagd viamd ages of both materi al options 1into
mi x of polymer materi al and metallic particle
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water systems have been extensi vdlayziinmgy e sgtliagze
mat er i-rad f,| eacnétmvesi owty coating, as wel |l as op

forced convection.

The const-basatisabhdsevdatBrPV/ T systems are: (1)
(2) reduced heat absorbing ability with incre
temperature variations of nihreg PfVav WBr)a bcloen flla\
temperature of thgrBdeanhtteombahi eneggkhi gBIl PV/ T

of the phase change process which has consic

temperature to-maddr emedst i sShowe extent . So
integrated with PCMs, heat pipes, and the eva
studi ed.

A heat pipe BIPV/ T system often works with a
energy atwlmey damdenser section of the heat pip
ri sk of | eakage and avoid uneven fluid distri
water and heat pump BIPV/ T systems.i dheawer ke
to be explored to optimise system perfor manc
pur poses. The heat exchanger that removes t hi

should be carefully desiogneaditooa.all ow efficie

For the BIPV/T system integrated with the ev
temperature be maintained at favorable | evel s
owing to the sol ar energy 1nmipuitng Stthecevagot

condensation temperatures, and regulating th
71



crucial to enhancing system performance.

The PCM in the BIPV/T cavity may <cool down t
phasegechhmamcess from solid to |iquid, and rele
type and quantity of PCM according to the t

i mportant to ensure sufficient cooling of the

The additiomalctn efel edcetviivcee/sr ed f concentrating
make it necessary to develop innovative 1intec
concentrated sol ar -teemmp@ryatcwrud dl ipquwiddis et i ghs
the system complexity. The potenti al of i nt ec

innovative way into buildings may be further

To further assi st the wunderstanding of t he

actiontBeBV/ T systems8.are |isted in Tabl e
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Tab2.e3 Main international research activiti
Couni Referg I ntegr PV Approa Findings Hi ghs$ i ght
Opelnoop activey8t eMe T air
CanadAt hien|Fa-ade|cSi |[ExperingY Combined electrical M The BIPV/ T concept i
generation of the BI of fice building demo
al (2 with UICT% smo7ve val udg m2, providing a peak
UTC. kW electrical and 75
T The ratio of the PV | Custnoammuf act urleeds PuVs en
may bebasededn the f frames and backsheet
needs and electricit performance.
f UTC corrugations are
facilitate air flow
AustrSohel Roof Thi|NumeriqyY Electrical and exerdf Dynamic performance
senvsel ttio air flow ra operabhdgtions is pe
(2014) fil L/'s for the system i|T BIPV/T system is ins
T Ther mal and overall one being a Solar De
while electrical ang and the other being
increase with increg Research Centre buil
CanadChen € Roof aSi [Numeri gq SignificantofcadleinPg/|T The BIPV/T systermnieyg
achieved wi.th the ai solar demonstration
(20;10) experirﬂ A typical thermal eflf Outdoor experiments
achieved by the BIP\NY Indoor expgerei BdrPtvd To
Candan T Heat transfer coef fi carried -eseuatl ensal &ul
PWanel are develope
et al 9 The thermal efficienr
may be increased by
Yang inlets.
At hi en
(2014)
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Coun{ Refereg I ntegr PV Appro Findings Hi ghd$ i ght
UK, Infiel|Fa-ade|cSi |Numer. Outl et air temperat \ Uval uessadrucesg ( SHGCs)
50 AC in suCmmenr .vwa nnc characteriper ftohremame
Ger ma (20;06) (sT Uvalue of ibefhartay se/miransparentaBtdPVad
the heating season. the energy modeling
Me i e Twel ve percent of he Heat gains to the ve
using the ventil ati g potential for solar
(2003) system for the Mat ar The BIPV/T system eq
Spain. building in Spain.
It &, Bl oem |Fa-ade|cSi |Experi Modi fication to 4dihre The Test Referenctheé&
flow to enter the BI testBhBVOT ssyust em di
Spain(2008) homogeneously withol mat eosnnhndés outdoor <co
El ectrical andsdamer n The experimental res
Bl oem studied for BIPV/T s i mproved Kndowlaegdde am
modul e configuration used to validate num
(2012) research groups in E
I ndi g Agr awa|Roof c-Si |Numer i For a constantofailr, 21 A 63BIMPV/ T system i s
the series connedtsi g of a building at the
Ti war i suitable for the BIH Techagylion I ndia.
I ndi a. Parall el and serial
(2010) The annual electricég channels are evaluat
16,209 kWh and 1532 system for the | ocal
efficiency is 53.7%.
JapanNagano|Fa-ade|cSi |Experi Using glass or Tefl g The BIPV/ T system su
the PV mooul efdeed snowy regions is dev
al . (2 performance signifig The design faséembliwnt
Thermal efficiencies;g
Bl PV/ T s Y0t2e2ms3 %2 faen2d
36. 9 %.
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Coun{ Refereg I ntegr PV Approa Findings Hi ghd$ i ght
GreecZogou Fa-ade|cSi [Numeridqq Significant flow ent{Y The transient perfor
for the BIPV/T systse system is studied by
Stapou e x erirﬂ The selection of ainr operating conditions
P transfer coefficientq Flow visualization t
(2011b and the air are crit the airt urlbowil edntdei it
characterise system caviurder sitrecadagrt e con
(2012)
Passive BIPV/T air systems
FrancAssoa Roof ¢c-Si [Numeri dqq Natur al air ventilatqT The BIPV/ T systemibb
cooling of PV modul g steel sheet absorber
Menezo experin configuration.
(2014)
USA Mittel|Roof ¢cSi [Numeriqf Inclusion of naturallY A corriesl adeivoenl oped f g
behind the PV modul ¢ convercadiomti on heat
al . (2 temperat-apbe& by 10
FrandGaill alFa-ade|cSi |[Experinq Simplified physical 1T Fusctalweot odeewbl e skin
to be able to predigdg system is installed
al . (2 function ofcaemdiitrioom conditions.
T A vardaebwrockssing tg
suitable to study th
performance in compl
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Coun{ Refereg I ntegr PV Approa Findings Hi ghd$ i ght

ChinglJdi al|Fa-ade|cSi [Numeri gy Installing the BIPV|Y The potenti al of int
fenestrated room wit wal | system is explo
(20028 experin provide an energy sd
high heating demand§g
7bYi an resources.
1T PV pat&cnhgr may be
al . ( different electrical
Sun e ]
(2011)
UK Yun etFa-ade|cSi [Numeri qf Optiamada ratios of Pl The ventilated PV-fa
fenesarat gdwerd ofngr M heated air in winter
(2007) Stockhol m. using r oom seuxnhmeeus.t a

1 The air outlet shoul
wi-innduced negative p

natural wventilation.
USA, [Chae gwi ndow|aSi [Numeri qf Sermiransparent PV wi | Three tgfmeaansipSar ecnetl |

annual cooling | oad. fabricated and their
South(2014) (ST f Semiransparent PV wi evaluated.

annual HVAC energy || Energy performance o
Kor e 4 |l atitude | ocations. installed with the P

climate conditions i

BI PV/ T water systems

USA Yin elRoof ¢Si |[Expering Double than single 9 A wabtaesred Bl PV/ Ti sroof
connection may achi e constructed and test

(20;yan di stribution uniforn system provides ener

T Thermal efficiency n strength and waterpr

et al . 11002%hcth 66 ml/min. |1 Water tube is embedd

umi num c

with high al
t fer to wat

heat rans
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Coun{ Refereg I ntegr PV Approa Findings Hi ghd$ i ght
ChingChow &eFa-ade|cSi |Numer i g Nat wv@&lbrced water The BIPV/T water co
suitable for the s fa-ade of a test cha
(2007h experinrn Bl PV/ T dteh-eadmeal Al umi-alulmo-pok |l aype
summer a.nd winter absorber was used
Annual thermal and
Chow ¢
5% and 9.4% in
(2008)
Chow e
(2009)
UK Herr aenf Roof ¢Si |Numer i g investigated BI H The suitability of
of the electriec provb$iehectricity
al . (2 nds annually. typical terraced h
PV packing fac
are recommendeqd
Ne w Ander s|Roof ¢Si |Numer i g cost mat eaad atl esd A BlITPWater system
I may be utilis integrating the PV w
Zeal,gal . (2 experin out significant
thermal contac
Austr rber need to be
eved using ther
sives.
USA Corbin|{Roof c-Si | Numer i g ma | and over al Fu$tal e meexnpteart i on
%. Bl PV/ T water system.
Zh&giro1 experin rrelation is de The BIPV/T system
iciency to inlet Decathlon competitio
temperature and
UK Buker Roof c-Si | Numer i g er mal efficiency A BIPV/ T system is
ieved with iwatrera polyethyl ene water
(2014) experin AC for the BIPV/T of fering an inexpens

mai nt ehreaartc ee stod ac i iomn

PV systems.
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Coun{ Refereg I ntegr PV Approa Findings Hi ghd$ i ght
Heat pipe BIPV/T systems
ChingPei e ¢Si [ Numer i g Thermal, el ectrical T Agl akedt pipe PV/T sy
41. 9%, 9.4% and 6. 8¢9 constructed and test
(2011) experir Annual solar thermallf Temperature differen
system i s 69 %, 81% & cold ends of the hea
et al Lhasa ande Bmégtiingel yy Freezing problem may
carefully selected h
Chi nag Wu et ¢c-Si |Numer i g Ther mal , el ectrical T PV modul e tfefmepreernacteu rr
63.7%, 8.5% and 10. 3 than 2.5 AC.
(2011) 1 Radi adr ¢ ioumsehde at pi pe
section
UK, Zhang Roof cSi |Experin The electrical, therY A |IlHbeptpe integrated
of the PV/T system 3 fabricated for use |
Ching(2013) 15. 0%. pump.
The ther mal COP is 5T A coat ed -aallluonyi nsihuene t
el ectrical combined conventional Tedl ar
The al@amilmymbased P backsheet of tnhheanR\Wd
62.4 AC. Itt Hean 5t Rat/ di ssipation.
Tedl ar based PV moduy
Heat pump BIPV/ T evaporator system
Uk, Zhao d Roof c-Si |[Numer i d ectrical and thernfMT A roofing system des
d 55% in the UK cl roof el ement , the PV
Ching(2011) ficiency is over 7 of a heat pump is de
a
e

poration darednpcamdg
recommended t o Qg
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Coun{ Refereg I ntegr PV Approa Findings Hi ghd$ i ght
ChinglJdi et cSi |[Numeri g Average COP of the t The performance of a
1 The PV/T evaporator working in connectio
(28,0 L experin i mproves the COP of experimentally teste
T The average COP of t
et al a typical sunny wint
el ectrical and t hern
anld3. 5 %.
Net-hegBakker|roof cSi |[Numeriq A 28PW T system and PV/ T panels are made
heat pump may cover modsal ent oaratdusbhee eatb s or
|l ands (2005) for a typifcanhi IDyu tdcvhe evaporator of a heat
T PV generated electri of fice building.
electricity use of t
pump.
Concentrating BIPV/T systems
SpainChemi s|Fa-ade Numeriqq The BIPV/T system ir The concentcakiagt &t
absorption chi BD&r of with @b6bbktée absorpti
et al cooling |l oad of the solar .cooling
1 The heat rejection (¢ The Fresnel reflecto
|l ess than #®F%eacft abs |l attices from ge=xtnhea
chiller assisted by integrability and co
This means reduced d
SwedegDavids|{wi ndow Numericlq Electricity generat. A concentrating BIPV
window system i s 3509 for window integrati
al (2 experin vertical PV modul e. A faddle system is inr
f Diffuse radiation ad and its performance

electricity generati
T Uvalue of the windoy
tilting styhset eBwit PMé/mTo v
buil dingds energy pe€
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Coun{ Refereg I ntegr PV Approa Findings Hi ghd$ i ght
Chi ng Xu et cSi |Experin The system achieves | Thecemnrating PV/Tsc
for heating water fr t hree f r iegvearpaoorfa ttohre f e g
(2011) sunny summer days. hot water production
El ectrical efficiendfY The fixed truncated
17.5%, which is 1: 3¢ in theopsepnssi émhi ng i nt
cool ed PV. opportunities.
PV with ther mal influences
GreecMandal|Shadin Numer i d Lowest energy need fiT Energy i mpact on the
Il ighting correspond s of window shading de
al (2|device Br +Ssoel ei | full fa-ad i hbhMedi t erranean cl in
doubl e for both Chan
Surroundi ntghmnesehadiengr
efficient system whg¢g
generation is alcdadid
USA Domi ng|Roof cSi |Experin Daytime ceiling temgfY A building rooftop p
arrays are 2.5 K cod horizontal and fl ush
et al roof . arrays is investigat
The PV covered roof
reduction in annual
roof .
The reduced daily vag
tempeuvatderethe PV ar
her mal stresses of
USA, BaWeiestf Roof aSi |Experin Summertime daily megf A Bl PV sryesttreoni iits i nst
temperature is | ower building and investi
Canadal (2 sol ar absorptance an
the BIPV system.
Summerti me daily heg
deck falls2tooMD0OQ 3K
K Wh 2.m
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Coun{ Refereg I ntegr PV Approa Findings Hi ghd$ i ght
Swi tzZPol a { Roof aSi |Exper in Fl at rooPVehaeganmneéedyT A roofing system con
insubdmaeé elotter than |l aminated with polyo
land |(2007) tilted open rack. waterproof syystamsicdh
Amor phous si |l i chwonr eP buil.ding
suitable for ther mal
t ha®i cPVs
Note: SiTrmaesaspament
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The following topics are areas of further BITF

revi eweworikn t hi s

QD Improdedi gn of BI PV/ T s ytshteeimms paenrdf omanhwnlcees i
t hr cewxgohe railmeanntd apmeomem@&isni mpor.t aMathyndead t o
need to be taken into account, including b

enhancmeateeasit alugndrel i mat e.

21t i s necessary tacrpdtaeaP¥Bdpmodmpasttplagl ow
easiynstall ati on of -fBalbAM/cTat eg s tBelnPsV./ TPrneodul
construction at high precision and are vi

i mpossible to perform owmyt dnooonrt hcsaonstructi on

B)Ilt nesegxareyx pl or e-Sit hBV umend BfleBd/ Wi ¢§ s the g
temperature applicatioBfs PMcheabnsesbbtgy mayp
better ciboi deotré hpegrhat ur e Bl PV/ Dexz@mulsiec atfi d
| ower temperature coefficient, but staHes o du
degradation procedsn wddart i lmot, ¢ dredSiyteiPdvVrosw.i r

modul es may be avoided-Sbefd¥umedHVASIi s not

4The enhancement of heat et waomKfi mrg frrea@mutmh e s
f olrowen®Y panel t emper atglueremaaln de fifniccrieeanscy o

Ssystem. Current commerci al PV panels wuse |

8 2



Tedl ar as the backsheet, which do not prov

antdhweor ki ng medi um.

Gb)Means for avoiding overheating need to be

cause deterioration.

6)Met hods for ef f e ootni vree eldu i tl odTihbegy seBntiaBoid ked t |
systems to be an attractive building desi

standard building component.

(MMl ntegration of the Bl PV¢tTo shbyest etmu dMi g dch, hseoat

the prodamcelle hesaedcpotentially i n winter.

This thesis wil5 adalress topics (1), (
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o 8! OOOAU 1T &£ AAOECI I DPOEIT O A& O
DEI OT O1T 1 OAEATYOEAOI Al j")yoersaq O
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o 8HE ADOADOOE A x

This chapter pry s pemgiea nec e BsleRwdi idefisn eact ed vairtt i c al
col lwkedoe channel may be packeandai mhl wirplee mies
demonstrate the performance of oa mgppdetabieBli PV
experi ment al studysciad ec smduwat esdi mund aa of ul IA | u
net wor k model is developed for the tested B
performance of t(Red epraopropgseldl dssehsed momur n a l pape

and At hi enittwios ,c on0fledr)enacred papers (Yang and Ath

~ sz A X 2z 0~ A

08¢ ! AOOOAAO

I n this septiodtont ypap-epread dbwipl dimg i ntegrated

BIPV/ T systiemglwi timlat is studied through a co
full scale sol ar simul ator recently built at
mod el is developed and validated basesdi gonns t he
of a BIPV/ T system with multiple inlets and

The study presented in this chapter is published in:
Tingting Yang, An@2@O0dds K. sAulbdiyewoniftidesign options for a
(BI'PV/ T) system with glazed air collectoB2and multiple
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studied through simulations. Si mulation resul

BI PV/ T coll ector i ncreases tcheramals efl feicdire rcay
marginally. An added vertical gl azed sol ar ai
8 %, and the i mprovement i's more significant

increase of aboutod®l%.i sThap gleived opeda mBI PV/ T

house with four simul ated inlets, and the the

c8c )1 O0i AGAOET 1

For a photovoltaic modul e, a portion of t he
el ect hidiety hewrest i s either reflected or dis
used as the absorber i n a sol ar t her mal col
photovoltaic/ther mal (PV/IT) col |l ecteorbui P Ha tna\

component provided their framing and attachme
outer | ayer of facades or roofs. There are t
enveilBoApPeV (b-addddnpghot ovol t anrignt eagnrda tBeldP Vp h(obtuoi vl
a BAPV system, the PV modules are fixed onto
panels installed over an -ianstpehgarlatt esdhiPnvg | (eB IrPoVo)f
modul es are part ofn tah &I BWiolsdmsringg met nhvee | couptee r |
performing the function of c¢cladding such as s
the PVs need to be cool ed, ot herwise they may
with Bl PYVYeistybe¢remisn a cliowsietdh la olpi guiidk el oPove )T o |

with forced air thieyt eagreatkendo wnh ocatso vbou itladiicn g h e
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BIPV/ T systems can be readily integrms eldi nmid h
which the recovered heat or heated air can
electricity and wuseful t her mal energy. I n ao
BIPV/ T systems also reducebtilyetihei Icadiomng nlge & toia

to conventdobnglebvel ope el ements (Chow et al

The most common types-bafseB|l RPVWOT maystyempear ¢ 034
wa thears e d -b aVBaetde rB 1 P \Wh/alv es ybseteenmsst udi ed f(odbir etgalbr
2011) and Hong Kong, .Chaddaun¢tChomnw BIitPWI T, c@IOIOd
201lily) someti mes used to provide passive space
seasongsh tnhartouur a l circulation. A variety of mo
PV/ T systegnsO.délyiel otpeal a finite difference moc
both the collector and the buil didngexpEmi snemob
Natural water circulation (thermosyphon) was
in terms of system ther mal performance. The |
37.5% and 9. 39% respectigv&lomgunder atdlde t ¢ loinma tt
brought overall heat transmi ssion dnogwnwatlo . 3 €
Tripanagnostppoibomed 28d2)kxt eonassiede Psvt/uld ys yosit e\

their integration with buildings.

Ch eet al .de(s2@InCe)d and-bassediepgpmaBl RVM/rT system
thermally coupled with a ventidsavpedycadodetmaehe
energy solar house in Quebec, Canadiaf i dantways

|l ower the temperature of PV panel se amea tsi hnogw e
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At hi eni ti sdeevtel olp.ed( 220 Iplr)ot ot ype BI PV/ T system
transpired collector (UTC)t.heThBe PWdaITu es ysft eann ewr
7% and 17% higher than the UTC covering the s
ti mes more valuable than heat. The coneept of
scale demonstratailon |partajteiadte i4rb NMOnt rien whi ch ¢
covered 70% of the UTC area. The BIPV/ T syste
generating up to 25kW electricity and 75kW he
cotdi mate of HokkaedoatdéagRoOpSWHagawal BI PV/ T s
to replace the f1l at roof i ncorporated system
snow. Their study involved six BhPWVeEMmprotobPVy
(amorphous or polycrystalline silicon), PV pr
a coverfrgdnts sofi nt he PW esdhgonwe deta aB APV 2sOy0s3t)e m f

(but typical) subnreapc @a) Wwioit eh WwWas |-fdeocnignt ge d

fa-ade of the hotel. The PV modul es were fixe
facade, all owing air movement Iin-imhecegdp edf iev
The war m dilreccteenh éaet dcvogmrt er i n t hre shiomwell atriesn art

showed that this BAPV system could reduce t h
systemad hao air gapstQihowdeta &8I PV(2a007¢hystem
was iIintegrated to the window of an office bui
a s-emansparent amorphous PV modul e was mount e
ends were | eft open so that néaturgalpl yb eu eveteinl

screening effect of the PV and the air ventil
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the office significantly, I mprove visual c omf

Il n sol ar t her mal ceotlyl ect i wgysysctaeamsb,e ae mpa iy
perfor-manbée CHagazys 2000; Shahsavar and Ame
Rosenb 2Mddmmi et al ., 2004) , sl at ( Ammar i ,

materials (Kol betetala.l,.c,@010999%A(t @&lo seuadrfa&8e. 6812007
et al ., 2011) and ribdn(Rdadmiomnge teot tadle. ,heal
measures mentioned above, new ways of perfor
emer Aigrga and Tiiwareist(igtaltle)d di fferent ways of
a BIPV/ T system and their effecetts ad mprep@rsg@yl a
three diflfoorpemti ro@BdmPV/ T roof sysdrefnsr. maBnyc ec,o niy
found that ' inking a short vertical sol ar ai |
hi gher ther mal ener gye ptpicageeMmson oi huwit heer i nV

to enhance BIPV/ T sysatrdmg gerrf orl mgprede ,r opd rst ii cu

| n dperpc owilred BI PV/ T systems-swhl eh PUYf aemrasny

compl ete roof or fa-ade surfaces, the temper a
70 UC), r esiuflitcianngt idne ca esaisggn i n el ectrical eff
with time. It is desirable to enhance heat r ¢
instead of a single inlet. The i ntroodrucaiiron
boundary | ayers and increases the heat transf
can be further increased by adding a vertical
The vertical gl azed soew twionnt etra kseusn aadlvtainttuadgee, or
air temperature increase.
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Theswddoysi ders sever al designs as foll ows:

1. A prototype BIPV/T system consisting of a single inlet studied previously outdoors by
Candanedo et af2011)is studied through a comprehensive series of experiments in a full
scale solar simulator recently built in Concordia University. This collector simulates the
BIPV/T system in the EcoTerra house (a low energy solar demonstration house in Quebec,
Canada)Chen et al., 2010yhich has a metal roof with amorphous silicon photovoltaic
panels, with outdoor air passing through a cavity under the metal layer, extracting heat from
the BIPV/T top layer where the PV is adhered to the metal layer. The prototype tisehalf
length of the EcoTerra roof (2.8m long versus 5.6m long for EcoTerra) and can be tested at
different angles in the solar simulator. An explicit finite difference control volume model is
developed and validated based on the results from the solaatmul

2. Improved designs with multiple inlets and other means of heat transfer enhancement are
studied through simulations. In the design shown imféi¢.1 air is drawn from two inlets
in the BIPV/T sectiorconnectedn series with a vertical glazed oattor section packed

with wire mesh.

89



Duct

Wire mesh —#

LT AR FEEFCA

Glazing —*|}

R A R AT

Sicrhleema tBIcP\W/fT tshyesttevo connect ed

coll ector packed with wire mesh

o8t %YDPAOEI AT OO EI A 3711 AO 3EI OI AOT O

0818p IPBAPAT OAI

The experimentouwi shltbenaBbPWYhT system prot

recently built Sol ar Simul at or and Environme
University in Montreal as shown in Figure 3.2
hali de amMdB8G)wilt h an artificial sky il luminates
the | amps provide a spectral di stribution in
and | SSD: 989046 The heat input of thhee hleaamp s sr aa
away by a cooling unit in the mechanical r ool
field can be moved and continuously di mmed, a
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il'luminated at various padisatbilens | hevdles expeun
t his paper, t he homogeneity ([ controlled w

homogeneity of N3% can be reached for a test

irradiance |l evéDOood @iher baimmat élydlas well as
at any angle between OA and 90A, simulating
el ement s; Figure 3.2b shows the solar simul at

45A. 0oridrer to r ewaowe itrhfer alroendg i rr adit @tmpem at mr &
l amps, an artificial sky is set up between th
by two panreosn ogfl altsoew Wwet hi aat €t oaaitri npga,s swintgh icno obl:
pyranometer and an aneiomaetammear eaebrmowventtendk dre:

the radiation and the wind speed, respectivel

A totaleiogfhtf osrpteycyi ppd tihemimocToupl es arkl edviesnt r i |
t hermocouples are attached under the center o
insul ation surface (see Figure 3.1 for gene
thermocoupl es measur e t he daiarnottémmpe rtamed rvee iam e
of the PV to measure the temperatures just ab

of the thermocouples. Artificial wind is Dbl ow

A schematSiod aoef St mel at or configuration and th

system is presented in Figure 3. 3.
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therccoupleson  thermocouples
Pvandinsulation inthe air channel

D DI DI DI D DI DI BT P BT

Figur(ea)3.RI.PV/ T air collector (in blue rectan
(in red rectangle) and air collector testing
tested at 45 degrees sl ope; ( ce)c tTohre r(nTohceo urpelde
represent thermocouples attached under the F

represent thermocouples in the Bl PV/
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_~— lamp field (4*2 lamps)

Py
L

\./ artificial sky
MHG lamp —
N,

— [-\ tracer

low-iron glass with
anti-reflective coating N

A
artificial sky cool air inlet —*

X-Y scanner with the pyranometer —_

and the anemometer A — flow meter
fan to create wind ——— _’_,*CL - =
amorphous silicon PV —_—~—_~"_-% .
steel plate — "~ _~ ~— supporting platform _
BIPV/T system air inlet — _,--/"/ PP 9P fan
-
insulation

Figure 3.3. Schematic of the Solar Sim
(e BIPV/ T prototype is 2.89 m |Ilong by

and air i s drawn under this 4

c818¢ - AOERAAIOEAAI O 3BT0Q@ITMA OCEOE

u l

0.

cm

ator

39 m

t hi c

FIl owing air in the BIlIPWVMOThsybBeemopxtandcthothe;:

cavity of the BIPV/T system. The tot al

vol ume is given by

Qair = hl‘Cp(—rout_ Tn)

(31)

thern

The bottom surface of the cavity receives rad

radi ative heat gain by the bottom surface 1is
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throegibhothom is negligible. Thus, we have

FS (T e T _
(Tplate mSU) = hoot(Tinsu_ Tair) (3 2 )
1,1,

e e

plate insu

Convective heat transfer from the top surface

Fs (T:Iate - Ti:su)

Qair - 1 1 Qvdx= h[op(TpIate_ -ITair) Qdx ( 3)3
+ -1
eplate einsu
The hot PV module releases heat i nto the amb
transfer. The combined radiat iwvwaes dared i demrdv gt i
hambien(Tpv - Twind) ®VdX: aG ®de_ |:39Iec - Qair (3 4 )

Curve fitting was performed on the temperatur

data wereexXpdnerdt iianl afnor mul a:

T(X)=Al- e 8)+C (35)
where x denotes the distance away from the in

Figure 3.4 itsh ea ne xepxear mpmeen tafl measurement and
solar radiat?ont hwea savleor8a0geWw/wm nd speed was 1.6
the BIPV/ T channel was set at O0.26 m/ s. Not e

sond node, which was caused by the entrance e
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55 T T T T T

60

55

501

45+

401

temperature, C

35F

PV fitted
+ PV measured
Insulation fitted

4 Insulation measured

30F

251

Air fitted
+  Air measured
2[]-)& 1 1 1
i 05 1 14 2 25 3
distance from inlet, m
Figure 3.4. Experimental data and curve fits
prototype with single inlet

The heat transfer coefficients beBlweVe/nT acihra nanne
tilted at 45 degrees are presennthed fiom mahe of

foll dwirmgl as i s referencedtfi®mhl)he work of C
I n the turbulent region

XO.Z

Nu,(X) =8.188Re”"" Pr®e 2® +.0,061Re™’ PP®> 2300< Re< 950C (36)
Nu,,(X) =4.02Re"° Pr? e M +0.005RE° PP 2300< Re< 950C (37)
Andt he | aminar region we have the following f
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><0.3

NU,,(X) = 0.6883Re™ Pr*® e ***™ +0.0124Re>’ Pr°® 1190< Re< 2300 (38)

XO.S

Nu,,(X) =50Re>® Pr*? e **™ +0.428Re™ Pr°? 1190< Re< 2300 (39)

08180 wWZDAMOFIIAO@DAI

A comprehensive set of experiments have been
irradiance |l evels were considered. The fl ow
Reynolds number ranging from 1200ibasl166p6ri &
with a BIPV/ T system that the practical oper ¢
friction | osses | ow). The artificial wind is
ranging from 1.6 to 3.them/ma.l FRifgurcad en.ci ecso nopfa

with different wind speeds on top of the PV

the ther mal efficiency is reduced.
0.25
o]
0.2r .
=
[&]
=
&
L
T 015 .
m
g +  wind speed = 3 fm/s
= A wind speed = 2.7m/s
2 wind speed = 1.6m/s
01r b
[]_05 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Mass flow rate, (kg/s)
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Figure

Il n the
under t
coll ect
il T ustr

efficie

3.

6b.

3. 5. Ther mal efficiencies, owi tthh ea BtliPIVt/

of 45 degrees and incident solar radi

original BIPV/ T prototype, four steel
he amorphous PV module to supgpomt tihtes
or . The 1 mpact of the steel support o]
ated in Figure 3.7. It can be seen th

ncy of the BIPV/ BlIPRPYsTemaviihg drmensia

97



\/

Fiug&.3.(a) Photo of the steel bars p

(b)

support; (b) Dimensions of the BI

0.3 T T T T T T T
P
0251 .
I
(5]
s 02f A
=)
o ;
= #  without steel support
E 2 with steel support
E 015
01r .
2
0.05

1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02  0.025% 0.03 0035 0.04
Mass flow rate, (kg/s)

Figur h&r. mal efficiency of the BIPV/ T system

steel bars wunder the PV modul e, when the tild@t
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1080 nmd the average wind speed is 1.6 m/s
0 8.00I AOEAARAT ET6BORERAAOEIT 1

c8u8p - AOERAAIOEAAI

The mat hemati cal model for the BIPV/T system
silicon photovoltaic module (other PV modul es
3. 8a, from top rtso obfottben, ambephoause photovol
(encapsul atiomfimaceéerivel xoaanni, silicon, back
steel sheet. I n a typical contr ol vol ume as
combisneadnea equi valent | ayer with no significar
The foll owing assumptions have been applied t

1 The system is in quasi steady state
1 The bottom insulation and the side walls are adiabatic
1 Heat flow is assumed to be edenensional perpendicular to the PV

A set of energy balance equations are written

&— Twind
— Tefzel o
~— Anti-reflective coating TEY
and Silicon
Backing substrate 4 —Fplate
Tefzel . .
Tin =4 =~ Tout
1 1
—— Adhesive -
i TITsar
Steel sheet
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Figure 3. 8.

(a)

Temperature nodes

temperatur e

For the temperature
T.-T
P =h, vienlTiop = Twing)
ambiend "to wind
RTefzel o
For the PV node in t
. Tov- Top = T Toate
aG Qudx= P, + "2 Qudx+—>"—"2= Qudx
efzel 4
For the temperature
TV-T ate = Fs(T4ae_ Ti:su)
p—pIt:hlop(rplate- Tair)+ 1 Pt 1
Rmix + -1
eplate einsu
For the temperature
Fs (T:Iate_ Ti:su) _ —
1 1 - hoot(Tinsu - Tair)
+ -1
eplate e}nsu
For the air pcaosnstirnogl

rY-[:p (Tout_ Tln) = I‘lop(-rplate_ -Fair) Qudx+ hoot(Tinsu_ -Fair) Qvdx

The heat transfer

pr

Fiug e9.3.Compared to t

Composition

C

=

of the amorphou

of t hecaBlePsV/fTl oswyisntde meei(rwhiT
of the steel sheet)

node on the outer surface
(€N

he middl e of the PV modul
311)

node on the bottom of t he
312)

node on the insulation su
(313)

tvhorlouungeh, t he
(314)

ocess i n t he vertical SO

h e convdedad owial e smmé sah al s
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incident solar radiation and releases it to t
demonstrate the calculation of hedtPrtasams fedr a

20Q09)Simil ar aupdpyr ovaicrhee smda ©h sgacked soiad aiyr

Mittal and Varshney .(2006) , and Ho et al. (20
Wire mesh
|"Ii".Ju'E:|1\)J
hrgs

—l | hebf 7

hcwf
\ 7

"/f/'l PG

-
. heof

4

T s
— Glazing Insulation —

Figur@r adseszti on view of the wire mesh pac

The porosity of the wire screen matrix is det
2 2
P=1- En_dW(1+d_\A2f)1/2 315)
2pD P

The effective heat transfer area between the

s AALE-P)
T, (316)

The hydraulic radius for the packed bed duct
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__Pd,
" B17)

The Col burn factor i1 s expressed by

\]h - 02563 )0609(: )07954Re 0.63
nP

(318)

w

The orel k¢t ween t he heat transfer coefficient

q

Stp=GOC (319)

wherel aheveemass fl owyjiratei feomr ly packed bed G

Gozg (320)
The rel ation bfedovteemn arhe Stod btuom number 1 s eve
J, =St P (321)
I n the vertical sol art raainrs fheera tceore, f fti hce eond n vbeect t\

air flow is321d¥)@Bkded by Eq. (

h, = Xar (1 SGM)W Ql_/g)m) Re< 230C (322)

h, = % (0.116(GRe”3- 125 GPr'3Gu + (%)2’3) c"(;’_lg)ﬂ“) 2300< Re< 6000 (323)
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—CQRe 1000 @r)
— alr( Q1+( h)2/3) 6000< Re<106 (32 4 )
qf @Pr'3- 1)

Dy 1+12.7

where t he firsi cgtiivoenn fbayct or

f =(1.82logRe- 1.64) 2 (325)
The electrical efficiency of PV is expressed
helectric = 016(1' 0'004$-pv,5 - Tref )) (3 26 )

wheT, s the reference temperature.

I n dgmooduct s, the fatied i @& <B& ®P29)n s(ERgr.aalstaudl e 1

2009)

g‘; Re< 2300 (327)
f =0.316Re V" 2300< Re<300C (328)
f =(0.790In Re- 1.64) 2 3000< Re<53 1¢° (329)

I n the wire mesh packed duct, the friction fa

fp :3.5721%)1'043{%)1'1507Re-p0'43 (33 O )
n

w

The relation between pressure drop and fricti
2
Dpl:fc';DL—d\z/— (33 1)
h
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For packed duct rpishestktyydraaultihe mydirasul i ¢ di am

au=G,/r.
The entrance |l oss at the air inlet is given b
V2
Dp, =K, & (332)
whetrtee | ossUO toef hhiedigertr ent rance i s approxi mat
Tot al pressure drop is calculated by
DP = Dp, +Dp, (333)
Thus, fan power can be calcul ated by
ﬂDP
m
P, = (334)
rf
c8u8¢ 6AOEAEAADEIT 1T £ OEA
The indoor Solar Simulator facility enables a

the prototype being tested under a stable en

hi gher temperatures the enwwirtohn nae nmoabli |ceh asnoblearr

A cooling wunit mai ntains the ambient temper at
sunlsiignmul ating | amps provide radiation cl ose t
di fferent wilndt os ptehreed sP\p asruarlflaece i n the same di
the same time, there are some special require
total) need to be adjusted in orderccepababltdéae
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uni formity range. The wuniformity achieved was

Numer i cal simulations were performed wusing t
against experimentally measurFeuy eé@3.aThe ompé ha
conditions “@fe:sol®80 rW/ldmation, 1.6 m/ s of ave

speed in the BIPV/T cavity.

55 T C T C U

S0 PV calculated

Insulation calculated
Air calculated
* PV measured
*  Insulation measured
*  Air measured

45

temperature, C

;
0 0.5 1 15 2 2.5 3
distance from inlet, m

20

Figure 3.10. Comparison between calculated an
a8 2A00I 60

A t-wol et BI PV/ T system (without the vertical
vali dated model . The inl et air fl ow of the se
section and t he ambi ent aircomntde sktotcbbn Nusse

assuming that the boundary | ayer restarts at
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By usinAgltehe B2 PV/ T system, the ther mal ef fic
el ectrical efficiency increase tilsatmatrlge npkak
temper at uirrel eitn styhset e2n i s -l olwet shanhemhawhi aht
degradation with high 4dempératystem sndetbycedkt
inl et system. The addlidr oai rofheaatverr twiclall ign arz

the whole system, especially in Il ow |atitude

The effect of wusing a glazed solar air heater

wire mesh swol dheaigl azeat er wi | | i ncrease ther
power consumption in the wire mesh packed sys
i's increased, resulting in a decrease in elec
The resul thataltshe wlreowitcal air coll ector i mproc

a PV coverediByP¥bdusy8%Wewmi th a smooth sol ar

with a wire mesh packed solar air coll ector.
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55 T T

=0k ,#F_-V i
f”f X
a5 | /, 1—!nlet,F'V .
~ = = =1-inlet,Insulation
o s — — = 1-inlet,air
@ 40} i 2inlet PV
= s Z-inlet,Insulation
= s 2-inlet,air
£ 35 _
=]
30 E
25 E
20
3
distance from inlet,m
Figure 3.11. Compasr iocsfoeinh hoef t-ilingdhnedt t2Bi@P&/v 8t siys t
one inlet twa inlets
0.45 0.45
04 n4F

thermal ho wire mesh

thermal wire mesh

=

)

[l
T

o
w
T

therrmal ,no wire mesh
thermal wire mesh

E 0.2a N X TEG 0.25 R .
5 — — —electrical no wire mesh | & — = —electrical,no wire mesh
% 02F = = —glectrical wira mesh % 02l — — —¢lectrical wire mash
Téms— Téms—
= 01k = 01k
005 == === mmmmmS==S=CTC oI T T Dap=m=—=== bkt b
DD.D1 DDI15 D.IDZ D.DIQS D.IDS D.DISS 0.0« DD.D1 DDI15 EI.IDZ EI.DIZE D.IDS EI.DISE 0.04
Mass flow rate, (kofs) mass flow rate, (kgfs)
Figure 3.12. (a) Ther mal-i mingdt eBleRVY/ITcaystpemdw
solar air collector with or without wimnéemesh
BI PV/ T wiytsht eemhe gl azed solar air collector
The ther mal performance of the soWhirl-Bdiiileagscol |
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forbwuf(fie and Bédblklmanmn, r 2mmosfala fsaacltarmrc aani rbec ol

exprassed

Fr = Qi (335)
A(@G- U (T - T,))

Some typical heat removaBl.factors are summar.i

Table 3. 1. He at removali tfha onti darhso uaf wihee smoel

flow velocity without mesh with mesh

0.85 m/s 54.8% 80.9%

1.7mls 73.7% 82.8%

2.55 m/s 78.6% 84.1%

3.4m/s 81.1% 84.9%
As a preliminary study, the concept of wusing
installed on the EcoTerra house. Chen et al

BI PV/ T system was about 20%, sapeakhbhd aempér af

outdoor temperature of about 20 UC and low w
system measures 5.8 m and takes in air by one
whole | ength evenly Jntassowomirngpatrhat (Fli gwr ea:
equal s. The temperature distributions of t he
Depending on each section, the | ocal heat tr

varies approi mate’AK) bwhAtwm mi xed heat transfe
wind (convection) and with s?Kjouhdi was if®uarg
t her mal efficienciynliet 2BI.PAVW4 T osy sttheem.f oBEuxrper i m

wiahcrystalline silicon based BIPV/T system.
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air inlet

v

Figure

new Bl

PV panel

air outlet

P

airinlet\‘ /

air inlet

I 4

Insulation

air inlet

0.04 m

air inlet

N
«

air outlet

e

A prototype

3.13. SchematBICcBRV/0T gyt emiwiitntal o rEe odie
PV/ T system with four inlets (the roof
inlets are at equal distances)
55 T T T T T
*
a0k + + ¥ P ot
+ * * *
+* * +*
45+ + .
5 . +* +* *
o 40T ]
= +
= 35| * ¥
£ *
o *
+* * *
k- +* *ﬁ- i
+* ** *  airtemp.
55 | *'I" " * PViemp.
*
*
2|:|l' | | | | |
0 1 2 3 4 5 B
Distance from inlet, (m)
e 3.14. Temperature distr ifbluotw odni sr eocft i FoM
OET 1
BIPV/ T system consisting of a sin
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solar simulator. The iIinfluence of wind speed

studi ed. As expewtnedd ,s pwietdh, hihghet her mal effic

reduced significantly. Addition of structur al
was shown to increase the ther mal efficiency
to dissipate heat into the fl owing air.

A control vol ume model for the BIPV/T system
results. This model was first used to study t

The -itnMoe't dess ghhenmalkasefficiency by up to al

efficiency marginally. I't was found out that
modul e i1s reduced by about 1.5 UC for t he s
degadati on of the PV modul e. Flormactheal r € dwd ts

maxi mum PV temperatur e -1i0s Uex pdeecpteendd i thag en dtl ol

conditions.

A vertical gl azed sol ar ai rhecoelnlde cotfort hwea sB IsP W
for the purpose of i ncreasing ther mal effici
adding wire me s h i n this section, t her mal p

particularly for Beaviinmger apyhleinc atthieo nso lianr tahl t
additional heat i's needed. The addition of t
efficiency by about 8% with a smooth air cha

cavity.
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18 %PDAOEIRAITGAOOECAKEIT AQAGE M ADHI AT

~

ET OACOAOAA DPET OI 611 OAEATOEAO

>

The design concept of wusing two or more air i
Chapter 4 further i nvest i gtaiteers dérirsi etdo pdwt ti

Ssimul ator.

1 SHE ADOMAOOAAD

An experi ment al s t-iurdlye-b@afsaeida-l| anpagevre buitiwla ng i n
photovoltaic/ther mal (Bd P&/ ) scslyant emi mwsli antgo r
Experi ment adf piomleett y-paHdett wBl PV/ T systems wer
conducting comparative experi ments. Vari ati o
including systems eemylsaywilngnepaaque comon@hotov
systems esnepihimngm ssgar-enystmdniao ne PV panel s. E
demonstrate thad nlaet egyustvemenoantwaocrease the
compared to a-indorvernstyiseran, a@ame t hatreahepBlrBYW{t
PV npeal s achieves higher thermal efficiency due
bottom surface in the BIlIPVYVhTesyBtl ®M/ Tavdietsy .g|

i mpl emented and doesDetoai laeddd asiirgsndirdenpeanntad ucroesvi

®The study presented thievikaptiepesiusnsubmitted to a pee

Tingting Yang, Andreas K. At hi e niirnli ei.a sa€ixrp edruii hedn tnegl iinn

photovoltaic/ther mal (BI'PV/ T) system. Applied Energy.
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t hthe mi xing of the warm outl et air from the
from the cerctomidbutmpe dbtve dt lper f o-r mMaeatc espst ¢eme B
a ther mal net wor Kk mo d e ek pearhiemeBIlt RY/ Td agyast e
devel oped for the convective heat transfer co

for further analysis and devel opment of BI PV/

18¢ )1 001 ACGAOEIT 1

A b ui-il dti engprhaotteodv ol t ai ¢/ t her mal (BI PV/I T) Ssyst el
buil ding envel ope and converts a fraction of
energy. A typical commercial crysta20%na hphot
incident solar energy into elLéeée)riocitdwrgwilthoc
into heat. For a | arge installation of the BI
temperature coubd hegbumnpyntdhaopd ACedThet rake

PV temperature not only reduces elsegatnr iocfi ttyh e

modul e itself. Il ntegrating the PV and sol ar
reduce the BWeabvewel hgaef provide useful t her
energy canebei buaedehbany pNagano et al ., 2003

Yang and Athdemestiis¢c RO 4wat er heating (Chow

Tmpianagnost op odahhoesa,t 2s0tOcér)age for L ater use (Balk
Conventional buil ding mat ecrailalel enmeeyntb eo f e xBpl | PoV
(Anderson et al ., 246G 9(a2 Ouitdnyacérti baeln.tgeh gghDol@f) PV / T

air heating system construct eadt bsyt emelt apclha tneg. P/
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al

st

70

ma

Fo

en

Al

@260 9N eidn tae grroactfed BI PV/ T water system by

ructur al support andrfilcamild i pavsesdd gvad y 0.n T ha
st steel sheet incurred negligible system t
umi num sheet, despite its relatively | ow
Sstems ar eedbeasngt hdee vieunocpt i onal buil ding compoc

d -prhpllgay oper at(i2onhBeysennteetd aal .hybri d BI PV/T
at performed multiple functions of wateropr
nerati on. Numerical simulation resuiléeéscyhow
the system was .7 1Z%a(@Yadngl pebto seeld. ,a 2BO0IPA)/ T r
at may serve as the r omfdi ng eeleevnaeprotr,ateolre cotfr
e sandwiched BIPV/ T component comprised an

il and copper plate adhered to the rear of

yer . Numer i ctahlats ttuhdei eBsl PsvWolwesdy st em had an el
t her mal efficiency of 55% whereas the heat
% under typical UK operating conditions. [

y reeprloaoccf shingles or expensive constructio
ramic and granite on the bubb#@éing fadadesu

yers (Zogou and Stapountzis, 2011; Aste et

rr a# oo peamierBI PV/ T system, fresh air is cont
vironment whoeorpe aBsl Pav/cTl ossyesdt em r epeatedly cir

t hough the outl eltodp npyestagamrmayy fbe nl owern cor

sytem, the risk of PV delamination may be red
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since the panel tempeoeopt syestiesn.l ower i n an op

I n a cold -basenadt Bl PdhTasystem has the advanta
mo otf t he tyedrowdwmenbi ent temperatures (Chow, 2
et al dev200d¥»dsad BIPV/ T system integrated wi
to cope with the snow coveragedenCommpareatidveu
experi ments of di fferent BI PV/ T systems wer e
December 1999 through January 2000. Al t hough
modul es increased ther mad9%eféliectemicyal r@fmf iadio
from about 11% to 9% due to the condensation
temperature, and | ess solsaur fraacdd .a tArogna warla nasnmd
attempted to ospttenmipEer fBorPnwainfcesyunder <col d cli

assessing the energy and exergy gains of diff

may be connected in series orshedwpahatl!| ehe Be
channel connection was more suitable for a ¢c¢
connection was better in the case of constan

constant mass fl ow rtahte® s wa s nh aaenhdd estxeerr ggy n @ rnectl
t hermal ixmad ®lue ptut s. eRphbredet hael oppa0iaQpity
system performance by connecting a 1.5 m vert
outl et of the BIPVI&ar spstemol Thet addedcsioved
irradiance in winter when the solar altitude
a rockbed heat storage. Located i n Quebec,

demonstrati o & eusteefgathaaped aBrPV/ T system to
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energy 1 nto helrenatl r iecmietrygyamsd mul t an ePaus!| yo f( Qhheet
from the BIPV/T system could be stored in a
wiht a A @eaaitrer heat exchanger or used to dry <cl o
system achieved a ther mal efficiency of 2 0 %,

annual space heat energy demaonmalofauxdrad®.use

The design optitvasefl BhP¥hHTasiysgemi with a UT
coelclt or ) has been studied (Athienhei §TELtLI &l a,
efficient solar ther malcemleirmgegd cihd diegn oaq ulad de
producing wuseful el ectrici(t2y0talylri gdarout owrmdnp
experi ments between a bare UTC and a BIPV/T p
modul es. The r éaxeulBtIsP VY Mo veiyd% tehma gwhadsre Jiun vav en & |
efficiency, assuming that electricity is fou
corrugation of the UTC plate promoted turbul e
createds naimerioml ets into the plenum and may b
transfer rate. Special considerationalwlasclgi ve
framea amlbaack sehrece twahs sshown to increa@&ye off he htel
BI PV/ T systean compai tdferdaorada uawiihatcdk s heet . Thi s
was also applied on the fa-ade of a new offic

generation of 24.5 kW electrical and 75 kW th

The BI PSW/stems may be tested in an outdoor el
performanceg wimbh ewmar xiomdi tpioomgd .edBlowemthado &)o

radiative heat exchanges on t he nt edgraappeldiec aotfi
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were different from thosé&n fout ddwesedgpidBd PVATK T
Reference Environment ( TRE) was developed tha
brick and wood at the surflaceExfpeaciment se pee
forced airfl ow -Fddlwaed PWamodilee gd asisd achieve
t he Teddlsasr one. The experi ment al data from the
transfer coefRNSYS nmosdelvsalamdatealTi brate CFD ma
by a number of researchers (mBdmietmoread atlthe @Rerl
of the BIPV/T air system installed for two fu
Theld ected data was wused to calibrate a dyna
behavior of the BIPV/T inftddBbessed. t Fegper &po

BIPV/ T air system by conductingoondédoohet éyp

dynamic behavior of the system in summer and
the-ihdomced air flow on PV panels. To further
coll ector, they <carrwewdi owal iiznadtoioorn tienbsotsr uurseini

wire anemometry system (ZAgsugmandi Sampofulnowi s
demonstrated in the cases studied in their wo

of the CF®Of moldel s yngt em.

The wtilization of an indoor solar simulator
experimentation of the BIPV/T system by offer
Chen (e20adyesti gatedté&dkpemit meamisaplalryena BIlI PV gl
use of an indoor calorimetric hot box while s

external air cu2a&Bindi eSo ltamek it reear mdl. and el ecH
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air coltecne®cted i n series usi(n2g0 @B )saa Inaerd seinnreuw
efficiency curves of glazed and unglazed PV/T
Frumhofer | SE. Keapltereettheée.elpe®@®®yomalncandst h
the ther mal I nsul aitntnegg rpartoepde rB IyP W/fT as yfsat-eand et h |
simul ator(.20Meianetneal .t he over henateigmgatprdo BIIePnV
in a solar simulatertgwtf UKughbevopghntUedveut
temperatur e exfc htalmeg e svkiyt ahd htahtei oMV sur face 1 s no
by the hot I ighting devices at the indoor fac

were developed for both the test arrangement

simul at ovhefreei Ipreegeatch was conducted, an ar |
glass panes with <cool air circulated in bet.yv
simulated a more realistic sky temperature.

The-baised BIPV/ T systaemgead ealilnstianvaltves to c

with the outientghtayencpeohoom buil ding envel or
extracts heat from the PV panel, its temperat
heat pabsar capacity is greatly hindered due to

temperature profil e amraglhiegiobdifaepde & hPeVe up aannedl .a i Tr
addr essd ststuie, t he present audtehsargsn e(dY aan gstarnudc tAut
inlets with thealsagnhgenadiirnlpatt hhalTthwayyr el i mi nar
the ther mal efficiency could be raised by abc
BI'PV/ T air col magt dre. mardearmaltavgyen t he UTC i n

previously investig@ilGHaEh)byt hAed hp eoiptdlses d fed ry reatlre

117



i nt r ocdouncteisnwlotuispl e ai r inl ets by the perforate
air inle¢ed e applying sealing at the conjunc
i's easy to be i mpl emgmti€dsctammdl Ti®d etsshrdooamint add

cl ampe not wused

Il n addition, mo d dblaasre da sBsl ePiV/ | Ty rsoyasnttelnk oiesi ciomhipd r
al i mi ttefdldboou construction period (Chlae desiagn,

di scussed i n t Rhfiasb rpiacpaetre dc oiunl da bfea cptroer-gyi te@v i r on

The purpose of thhe eraperi ment al pir ewsebsattsiegdat i o

Bl PV/ T systiennh ewist husstianloge as ofl walrl si mul at pph h€hr o

t her mal per f or-imalnebea saeifdr tBH & Vi Woesryns theemld i SNu 8 & e |
correl aetideers vad which are important for furt
mul tiple inlets.

180 %ODAGKOIGAD OAI

1808p 311 A0 3EI 61 AOT O

The solar simulator i's a maja@nvicoompmeenal o€h
Laboratory at tCo,nchorndtirae aun,i vGearnsaida. The sol ar
vari ous energy systems such as photovolta
photovoltaic/ther mal coll ectors and insul ati o
condi ttiemms i of sol ar radiati on, avli Inwdhoi fscphe eadr ear

unpredictable aontddoostabhditions
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The sol ar simul ator mail mimp dcomsidst sarof fitbralk
suppbhease componbbased between OA and 90A, al
tested at different buil ding roof/fa-ade angl
source, and their emitting spectrum i s very
stan@&ENrd975: 20061 :anh¥394.SO0TMWeB80I6GNt ensi ty and | o

| amp can be adjusted so that the test area |

artificial sky is installed in faonisofentbent
in the outdoor environment . The artificial s k
parallel, with a gap in between for cold air

The coll ector support cphhr dvhied eése sa plrattfoegyrym eo rctas
scanner with two degrees of freedom is instal
able to reach any point in the horizontal p |
designat edmettere (Kyrmpapno&k mooame etdhn@PRAXBETL)anner swe
through the zone and measures the irradiance.
scanned pl ane, a more uniform distribution ca
i ntteywsof edlkhs bampme repeated a number of ti me

solar radiation homogeneity.

A ventilation unit was installed at one end o
BI PV/ T system. Therei tmaa mnefpgtoww &camdss ¢t hiag cr eat e
air stream above the PV panel s. An -6abnje moarse t e

attachey $oanhher xto measure the wind speed ov

Since Ppobeehi ¢gdanmpsl aadge amount of heat i1 nto thi
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t oemdwvhe heaatit naagdtnmabl e i ndoor temperature.

1808¢ PDPAOEIODI OAIOUDPROG6 T 4

Two types of the Bt wd/i/ fTf esryesntite mP \b apsaema hosnl sve ma d
famse#miransmadehtbg@ganel s made fr om Tolpeqeandwida
composition for both types of PV modul es i s
(ethyliegé acedratset)al Imomeo si | i con s olfalruocreild es),
backsheet from top to bottom. The PVF may tak
ut il i zetdr @ams psaernreint crystalline silicon PV mod
PVF is used in opaque PVpaoapuludre.s Itrh atth ear Rl R\W/n
clear PVF, a portion ofs tthainstc daietdige sBI BW/ T a
passing through theiabgsanbépdr &y b & = énkcirsenhdsaetsi o n
t hermal RHdawmwd eiclyemati c drawings of thHe two

Fi gulr.e 4.
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1030 mm

> 548 mm

(a) (b)
Fiug4d.( a) Phot o of tthrea nosppaagrueen ta nRIV speamiel s used

Schematic of t-heaoppgquenan&Vspmnel s

Il n order to take into account both electrica
packingthactpaegreceonf the PV panel area covered |
bot h-tgemisparent and op@oelPpdi ¢ ptelse &t sceto
on the perfofmfmamcepacfend 8BeémMV/ T systemubed f o

temperature can be achieved by reducing the p

Frameless PV panels were used in this experim
frame around the outer edge to prwnviodhd os trrawcdk
Such frames wil/|l obstruct the air flow near t
PV pamcalns . 2008 )framed BIPV/ T system can be in

structure and appl yi ntghe uRPM aiinns twaalllla ttieocnh nporl cocge
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Il n sizing the experimental BI PV/ T prototypes,

AQ)The I ength of the PV module should allow
pattern.

2)The sizemof@wlihdwbe |l BVfaacnl it obathefcronhtector st
the solar simulator and radiation unifor mi

B3 Thleengt h oBl PYeETtisgsaeemaxi mum of about 3 m

The schematic of -ttrhaen sgxapernitmeBndPad/i Bstepm gt otf y gt ew

designed and menv$tal ured BYNnmame.ld4skEacsh sFh\b wmna

contains three columns of six solar cell s, wi
I 4mm. The two sides of the air pchanmwelodwevi d
grooves for installing the PV panel s. The PV
with 9.5 mm of the panel width embedded in t

width of 529 mm. The bo25%.04n mrh tthieclk h@hnienc ft)
insulation with &nK/RBlanwalaiellofmnm. @B/ 16 i nch)

board (OSB) .

The first PV panel i's parallel to the bottom
of 45 omwmi dE€ring that the BIPV/T system is 1int
and should reduce rain/snow/dust penetration,
conjunction and | eaves a gap of gl2 hmmaimn HKé¢iog
the second PV modul e -¢d¢dltes pmroavjne sto rmdirad RW ma

the same el evamoodouwnas mahet aeoesnd uni form | oo
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covered by the paraltlielnthéandbaoakebddbyhehéeits

named the second section.

Crossescti on of
% 5-6 cm
B
e

Crossescti on of

L A45cm
.

l nsul a
FiguaSchMematic-tofansipareemi Bl PV/ T system pr ot
Wi thhe tBI PV/ T system mounted onto thetamlbecto

tilted between OA and 90A to wepd ddhuces dphHd e

t akdeuor i ng t hteh et ¢ssemrisgrad emltack opaque aBRl Pav/4T5 Asy

tilt. angl e
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SEMI-TRANSPARENT

Fiug 8&Ph.ot os of Bl PV/ Tt rsaynsstpeamse nuts ionrg bsleantik o p ac

tested at a tiltramglparent45Aigheft bl aeimk

18080 4A1 DAOAODAOAAT O

Fifty fTfivahaermpeouples and threedRSDribmpedat b
the system. Four system parameters were meas:t
modul e, the channel air temperatur e, t he i nn
artivwiicckemper aadlhuo vee jdudsréf &8 wg of (tthhee PsVi mmuoldautl cer ¢

artificial wind along the | ength of the colle

The outlet air from the first section and aml
section of the system. Tua ee xpamifrid et, hd hmiexe d has
grouped at different heights and five such gr
the second section of the BIPV/ T system. The

f oi l in ordedi abi bhotkomhehe PV and insul atio
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The BIPV/ T system prototypes were-i tlest ednd ot w
inl et systems. The effect of PV panel transpa

previ ousI|PV dpeasncerlisb.ed

Wheant wuatghe per f or mann ceet , asfgy sat etawd enge i s to det
rate in the first section, while knowing the
LabView oongr@aim i hgn. For a given channel ge

cerpaint hasalaed mellati onship with the flow r

i s known and the velocity can be measured, tr
drilled in the side wood of fthesBlIB¥ETiohanhpoe
use of a velocity meter. W th the second air

the total flow raté@aewhiaohcwasrbhbwngf pomgr am.

mass flow ratesméaessr ¥akhmec i20@@a| cA mMetler 8346 wa
air velocity through the hol e. The anemomet er
m/ s, and its measurement showed a deviation o

a-hol e cobra probe.

The measured air velocity in the fiursd.

The correlation between them is given [

d wdod (41)
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400 +

350 -

Air mass flow rate (kg/h)

0 T T T T 1

0 1 2 3 4 5
Air velocity in the first section (m/s)

Figudbrei r4 mass flow rate in relation t

When experiments werienl®dnddwycsttedn, on hteh eabtowe ¢

determine air-r mass flow rate in the first sec
Ther male necfyfaisc cal cul a42e dedsosiwvng Eqgn.

aw Y Y 42)

Tamh

PV

| |

| |

| |

Tan oo >
ir_in | Tair [ air_out

| |

| |

! |
777777777 777777777 777777777 Meton

(adiabatic)

Fi guhTeh edr. ma | net wor k model of the BI PV
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At her mal net wor k modehnalsyszoilonagmo it lhyer mald sy &t

il 1l usathat ens | net work schematic for t he BI PV/
panel, Il nsul ati on, channel air, and ambient
net wor k, i n whi ch their i nteractions hehi eve

governing equations fsemiraaciBbhP¥mporsgshtoemnf at &

bel ow.
For the PV panel, the energy balance equation
3 A4 4 'E 4 4 lE 4 4

P P | | (43)

R R P
For air in the BIPV/T channel, the energy bal
iIA4 4 1E 4 4 'E 4 4 44)
For insulation inner surface, the energy bal a
3 A4 4 lE 4 4

P P ' (45)

R R P
The PV panel apsonbs heoluapeenswugface, and it

radi ation refl ect™®damy btehgiivreqwulbati on, thus
3 EROIRG I | "3 0p 0& '"JdA0p 0& M QO O 46)
whedr™®t ands for p&ckengtfkact arei gietm@.r at ed el ect

The sol arnciade mthsamat hen i s
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3 '30p 08&% Q] 47)

| t was assumed t hat the insulation did not r e

because both imadubpbhtabsoaptdi PVt fia

This thermal hkeésedkt modet ei mi ne the convect.i
using experimentally obtained dat a.

The el ectrical efficiency of the PV module 1is
s — p mM@PY cCuv 48)

The tranz mbs sievwi ttyo zero for the opaque Bl PV

equations.

T80 %TDAOKDAI @A I

1t8u8p #I1 1 DARODAIOAOCDEA -BEROAAAGAT M O¢ '3y @®BANi 40
50EBACI BOAT OP A ODIAN GADAD AT O
The system petrwionr red n caeish Baf P34/ 7 gdsrgges mp v oende.

inlet system is set up by blocking the second

acrylic bar. The comparisore dfacsudthat wd hey g to
fl owing out of the systems are the same, whic
RTD temperature sensor is placed next to the
direct sunl i ghte fmeoans utrfteeneha mms .venhh by this s
ambient air temperatur e, under which the BIlI PV

that this temperature was st alalse oplel@drnddeorg a0
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averagesohaidenati atj onhef olOlé6t WAmr-i hleenpeant.d
t wionl ett rasemmipar ent aBrlePVd ompayrsdsce mdvi nFli gsupreee d4s. o f

and 3.1 m/s were tested uwrned 4 .hGea ¢smavietl.96.kar e p

34 1 semitransparent —e—outlet temp. of 2-inlet system
wind speed = 2.1 m/s
outlet temp. of 1-inlet system

32
—m-ambient temp.

N
(o]
1

Air temperature {C)
N
(e}

(a)
24 N 1 Vi
1st section 0.71 m/s 1.60 m/s 2.5t m/s
- 2nd section 0.98 m/s 1.96 m/s 2.94 m/s
Average velocities in the first and second sections of tde system
20 - O
" l
18 } } } } } } } i
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Total air mass flow rate (kg/(hs)
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34 semitransparent —o—outlet temp. of 2-inlet system
wind speed = 3.1 m/s outlet temp. of 1-inlet system
32 -
== ambient temp.
30 -
28 -
)
g
2 26
IS
(b) §
S
S 24 - N\ 1 a4
z 1st section 0.65 m/s 1.56 m/s 2.45 s
2nd section 0.98 m/s 1.96 m/s 2.94 /s
22 -
Average velocities in the first and second sections of thde? system
20 - B - =0
18 f f f f f f f !
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Total air mass flow ratékg/(n?-s))

Fgur@Cedmpari son of outl et -aml et campderitawsoermes b

transparent BIPV/T systems: (a) wind speed

The ambient temperatur efowadumat nomai ofedt e o@ x ple
be observerdé6f4.bmt Ft e out | eti ntleemip esryasttuerne sa roef |
the-ioonet system, regardl ess of tthheet adr $péeed. r
can al so Dbeumsebe dt. hfartomt hFei gi nt roducti on of tw
temperature more significantly at smaller air
the-itnweet system is 1.4 AQlRitglegrstemamwhewat he

rate is 1adhtibsmper awbi eedi fference is 0.5 AC v
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kgl s.

Fi g4 edepicts the outlet air temperatures of t
two inlets, respect i VII4\, *ahrdd ewri nal spleerd rod di2a
al so be observed that air outlet temperature

BI PV/ T system.

34 1 =¢=utlet temp. of 2-inlet system
opaque .
wind speed = 2.1 m/s outlet temp. of 1-inlet system
32 - —m—ambient temp.
30 -
g 28 -
g
2
S 26 -
Q.
S
I
< 24 -
N 1 7
22 Average velocities in the first and second sections of tde2 system
1st section 0.69 m/s 1.64 m/s 2.66 mis
2nd section 0.98 m/s 1.96 m/s 2.94 mls
20 -
= =T —
18 : : : : : : : |
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Total air mass flow rate (kg/@s))

Fi gur@omMmpari son of outl et -iaml et eampderttanwoapraegsu eb

Bl PV/sT eans
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18u8¢ #1 1 DADE®I TWEARE AMEAT AU -EAA QA ANTIAAOg ") 0674
3UOOAIT O
The ther mal e fifnlcatenaenkdstit o@enmimar ent BI PV/T

compared under differientFi®@iurdt Adgaad dteh acto nedhiarn

two inlets achieves highaevi bthther malomah & n gssency

expected, the system ther mal efficiency decr
speed of 2.1 m/ si,nltehte -iammidr véeng® fnoerardrye paral |l e
suggestingi nlhatt désxi grwoi mproved the ther mal e
the total air mass flow rate. I n addition, at

flow rate (t3IW@®r nkagl/ hgf f itchhdeatt i-amldd to wdbeosniegns a
compared to other cases. This is because wit|
panel s, heat extraction approaches a | imit

per fammsmgni ficantly
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60% -
Semitransparent

5504 - Thermal efficiency
50% -

)

c 45% -

9

(&)

%

— 40% -

<

£

é) 350 - =@==2-inlet, wind = 2.1 m/s

—¢=—1-inlet, wind = 2.1 m/s

30% -

=@=2-inlet, wind =3.1 m/s

25% - 1 inlet, wind = 3.1 m/s

20% 1 1 1 1 1 1 1 J
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Total air mass flow rate (kgf¢-9)

Figud@omMmpari son of thermalhl et f-iamlideth nwwwabhip & we B 0

BI PV/ T systems under wind speeds of 2.

The effect tafanspiam@e@ns emir o piamgluet HamIBgatwe/dTs i n
systems is illusThatedmpar iFSgmuries 4m&de “wi th a
and a wind speed of 2. 1i mml/ et dpdesridgom nieugtn & éanen o
design in terms fofr FoYodeghmad(sy geithif & © $aermuopganqtu d t

i s also evidetntanshpar eunsmpnRy hsgeerma |l ef f i c-i ency
i nl et -iamldett wl PV/ T systems. The opaque PV pan:

interface, where the air-r obt ains mo st of t he

heat from the T Tihessleathisprareuwnntf £#d/e . panel all ows
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solar radiation to pass thecoegtwoagmhjroea dite atth «
sur fiPevepandl!l i nAsl sthioovm. i n Figure 4.9, /tthe the
system can be increased from 50t0&nsppamngnmopRY

tot al mass flows)y.ate of 0.095 kg/ (m

60% -
Semitransparent VS. opaque

Thermal efficiency «+—11-STPV
50% - A
2l - OPAQUE
)
3
S 40% - 11 - OPAQUE
T
T
£
@
=
F 30% -

=0—1-inlet, semi-transparent
2-inlet, semi-transparent
—4—1-inlet, opaque

04 -
20% —o—2-inlet, opaque

10% T T T T T T 1
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Air mass flow rate (kgii2-9)

Fi guxTehedrrmal efficiency-iodmparamiseotn wileR We ns yog

usi ngt rseemepamgeaert Pyr pamal s
T8UB6EQDEDC 3EAT BMAOET T 1 £ 308A8AT ) 0674

Cold ambient air enters the second section f1

from the first section enters near tile itmsul @
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rise, and the top cold air wi | | drop down. T
temper auu€eed.s hfoimgs the side view along the BI|
di stributionmMmhienmbowarsdysatetrachmdoft othdePVopane
insul ation inner surface and fixed in the air

were grouped at different heights to measure

the channel |, t hetreger mrcoupi esl @t oufFe gBFf BV/AT <ch
roughly divided into three | ayers from top to
PV —‘.L
| M
¥ ¢ L] ] -3 ) T
op layer
o0 o o o o e% hdllc by % {
Bottom lay
lm 0! lo! Q 0 00 O 0 0 0 ol
= insulation
|-*- first section -{-1 -second section— l--

FigulroSi e view of the BIPV/ T channel with

Typi cal tempertadur emitadeélnelsama bhdtet om | ayers o

flowapetplottdd.i AfFiegatee by the mixing of co

as wel |l as heat absorption from PV panel and
foll odepdmdearts . The <cool air entering from t
sec®iWdpanel got heated by the PV panel, maki n
continuous growing pattern. I n the middle | ay

t he col d air from the second tnkase atesulhteir
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thermocouple of the middl e. The t e mpeernagttuhr ei ns
the middle | ayer mainly due to the heat tran:
bottom | ayer I's slagdlt!| ginnfeuenaesd clayw thlee s

decreasing trend between the first and third

mi xing of cool ambi ent air and warm ou-tl et a
|l engt hijabmhutch0. 5 m away from the second inlet.
327 M
=e=—top layer
Top layer
30 - —#—middle layer { {Middelaverl { E
bottom layer BTHET E
(o] (o] (@] Q Q ()I
5
o 28 -
5
©
Q
o
£ 26 -
E
24 -
22 -
20 T T T T 1
0 0.2 0.4 0.6 0.8 1
Distance from the second inlet (m)
Figurldetmperature variations in each | ayer wh

section

N s A o~ ~ ar gen ax AQ N A
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For a conviennlteitonBEllPW/nTe sy st eam,attelde upmlbiye rtth ea iPr

and is | ost to the ambient afterwards. -1 n t he
heated ambient air i's drawnsttdmoagd i mpr cwe
perfor mance. A thermocouple is placed at t he

avoid diréAst sbowhi ¢gliRt, Fit her embi ent air temper
19.5 AC, while theeisakebndi Bl PémperantBthC at nt

depending on the air flow rate in the BIPV/T

23 -
inlet air temp. at second inlet
22.5
------ ambient temp.
22 -
3
o 21.5
>
T
2,
g 217
Lt
<205 -
20 -
19-5_ T et L et et e
19 T T T T T
0 10 20 30 40 50
Data counts
Fi gur2€osmpari son of the inlet air temperature
temperatur e
18uv8uv #I [ ODAGOE OMEAOEAE ME Mi#E OPAT AGET T AT A . (
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The CHTC identifies the | evel of heat exchang
used to study different heat transfereepheéememe
PV6s Dbottom surface andnlteiie solsaremelf oai rboitrh tt
sectionsaganearphget adr vello3.i tlitesi si nevFiidgeurrte t4h.
heat transfer i s moren,efwhacthaveehenbt bkesebond

and hegtaltransfley teméd aerxctermandi r inl et.

Il n order to verify the procedure of <cal-cul ati
i nl et system whosaeéda | masksnaoliwdnm wsshr aw rel 4i.rs TFhesgpulg @ 0 ¢
agreement betwdéemsCHTFBE<Iiiolnesth edfina o2sly st ems s u

reliable calcul ation procedure of mass flow r

w
(6}
)

w
o
I

N
(6)}
I

N
o
I

=y
(6}
I

=Y
o
I

=8—second section (2-inlet system)
first section (1-inlet system)
—o—first section (2-inlet system)

Convective heat transfer coefficient (W/m2 K)
(6}

O T T T T T T 1

0 0.5 1 15 2 25 3 35 4
Average air velocity (m/s)
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Figulr3dle4t traosfficient as a function -of aver

I nl et -fannlde tt wsoy st e ms

The Nussel' t number cal cul ati on i s based on t

foll owi n(gl nfcorronpuelraa and DeWi tt, 2002)

(4.9)

VO ——
Q

WheiQes the convecti ve Ohiesatt hter amysdreau lcioce fdii ameet

channél s amé& conductivity of air.

As a ref er eBceel,t etrh ee ghui atttiuosn i s plotted al ong \
i nl et Bl PVFiTglsdgéest dmhe Nusselt number i n the
predicted -Boye lttheer Deigqutautsi on because it involve

the second section of the BIPV/ T sysiteimenatcshi
and Nusselt number than the first section mai
force of the wind thrust and the fan suction,
than the channsepeddowitr Xdagd sewthtnlgmt he channel
turbul ence, creatiangmmpmarddd ftem e n einrfli eotwadohaabmreerIn
Figutd&8 dh4a sthilpat t he effectiveness of the add:¢
flow rateri bt seditsoathe fact that the wind fo
the second inlet than inside the channel espe

i s | ow.
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140 +

—e—second section (2-inlet system)
120 - =4=Tfirst section (2-inlet system)
Dittus-Boelter

100 -

80 -
>
z

60 -

40 -

20 -

0 T T T 1
0.00 5000.00 10000.00 15000.00 20000.00

Re

Figulrddludg sreilmtber pl otted against Reynol ds numbe

the BIPV/T system

For the first and -isndcean dBIsPevd tTi osnyss teefm, a tthwo N
PVdéds Isautrtfoanee and the channeltaimindtitores avi ot

can be expressed as:

First slkeactiompityd®di? pTuvaoYQptog (4.1

Second G&cti p8upF 0i8 oennYQ pwno (4.1
At | ow flow rates corresponding to air flow \
m/'s in the second section (related to the fi

plays an increased rol e.r lvnelroecalt yo p esr autsiuoanlally
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values to ensure more efficient heat remov al

The procedure of uncertaianyg Renhglds popéemsiedrre
in Appehdtdi shAa8l d be noted tlmat oalst weu geh dtelra va
inlet BlIPV/dasystem, pobeybly be applied in a

due tiomitnieegrus et rod mahfdeart | .ui d fl ow

1t8¢ #1 1 A1 OOET 1

The dbHpepbaassierd BIPV/ T systwimehast lyereati podehi ¢
demahhis paper presents an i mproved design c
inlets to enhance ftl loeaiihmggaa n d r FE\K prieced unieeast . @& e pr o
of -omlet -iamldett W P¥ M3 were constructed and a

investigate the f-eralsetbi tongemptt ame mud theate t

types omadcea st oamelregss ambmnoae sil i-tcromanspVarmoadul
opagweer,e used in the experiment al prototypes t
performances. The results are summari zed bel o

Q) The -itnmoet BIPV/ T system is able to increas

the-ioonet counterpasy, tanbdeit mplemented anc

cost .

2)The ther mal performance of a BIPV/T syste
sefiransparent crystalline silicon PV modu
absorption ofi osnomda stohlearbortadimtsur face in t
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het
pai
3 The
att

a.

4 The
dev

Nus

erogeneous atprperag maircentofPVsemaodul es can
nting the inner surface of the insul at]i
advant agies!| eotf BlhPeV/ tTwos yisrtleemi nocee pat the a
ri buted to the following factors:

Al otnlye fl ow path, the CHIEL tatthmgbesef h
Adding extra inlets in the BIPV/T syst
CHTC between air anhdeatthet rPavh s feenrh afnrca nm gt h

Il mhe conveinnlienaBl BYWET system, the PV

beneath in the channel and free air-r on
outside free air-r i s unaVJaisltakloe tfheer aombli
BI PV/ T system with more inlets, the ext

beenheated by the PV panel effesukbcygg i1

Theool ambient air enters the waxrtmead i nl
air stream. Since <cool air tends to de
tends to rise, there is a good mixing
cool air enters the channel i n the wvic

t e mpuerreatdi fference between air and the F
temperature difference also |l eads to gr
Nusselt nsobetheocoprplVattome heabar eérans
el oped naosf aRefymmd tdiso numimber . amMed Rxpredt le

selt number for the sischndgheecttiham afhat
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section. The new coéwuréeheaetri amal gseshahpf olpt

system wphktéd mol et s.
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vs8 #I1 1T Al OOEIT 1

vdp 30i1T AOU

The objectivet wfp rtecdmphossmetp & dosoi pb assierd Bl P¥dnfd syst
eval taeper f osmai beershea nscyesdt pme vii gr ov e d PV oper
condsg tiionncreased el ectriocuatldiepgr d  eun@ieia @it veage hi
systteansab&t t r act i ve buil ding design option ando

buil ding. component

Al i ter at offae vraem\iBéaePyw / T B Ps eaendiiever se range of
medi a and worokfi ntgh epsra miziysgpdlessseidnmandz ed . I n pa
activ-eoopbeamsierd BI PV/ T systems ar e Tdhies csuwsrsveedy ao
|l itedamongetrateseedhatot hBrBeVAi$ desi gn i mprove
and sol ar air heater designs being incompat.
aest heteinvaelt egpgred r e mental. s ofl hper awivdeesw suggestion

and i mpropwe maotti tBlePRsV/sT system

The use of an additional vertical gl azed sol a
BI PV/ T coll ector and the application of multi

investigabnglda&adFsesother air heater may be packe.

matri x) to increase ther mal gai ns. To demons:H
system and provide data for mo d e | veri ficati
c ondducstiangs ot madgii anudTda ¢ o ma | ef fsif iremway i abrd vee wi n
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induce air turbulaenmpeové hekse syeeémbiaher mal p

Al umped parameter tihseervrealtoopreednabybk e mottel PV co

section and the gl azeadanwiotl moutai pa dikhaet gvrensstteeatai

gl azed solar air collector, being able to rec
when the sol ar altitude i s | ow, -1li0s% swhewre fttd e
maxi mudm10% idewhawshmeviese sthsidawe v er , t he wire me

i ncrséeasepower consumpti ons aitn hdlhparunagple d mals s r rhe
modedl|l appl ied to a BIPV/T roof of an existing

tihs model computed a the#%al efficiency i mpr o\

ABIPV/ T prototype with two air I mhnetest waat ec
Comparative experi men-i sl etariamldadtt whlt P W/ eTt wseyesnt ec
5% incr eaasle @afnfditchiegdmxoyft tewion| et . Tha smipgmvement i
mainly attributed to the increased air i nl et
turbulence near théesebendal npetf oMmaamerof @
significantly i mprawmwegarmegntusadc mygstsaelmii ne si | i
opaquwaelul es due tabssoorlpatri ornadatattitoen bottom surf

cavity.

Finald yNudselt nsobetheodtermritatirmme f er ddred ween
devel oped @k hRe yfnwr adtsi caru mmenie ra rsdd &Rar acnodrtrle |l at i o

hel pffuur tfhoerr anal ysi sVaddsgptiemi wathomaéahi Bl B
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readi |l yuihde grgateenckrigry i mul ati on software

ES-P.

v8¢ #1 1 OOEAOOEIT O

The main contributions of this research are s

Comprehensive review of BIPV/T systems. The
me di awoarnkdi ng sprairrecidpilsecussed and summari zed
future research and i mprovement opportuniti
Devel opmeHdAdtoo@l asoggce nBl1 PV/ T system with i mpr
mul ti plTehpropegsesdemhcaweasignificantlbyy hi ghe
I mproving the convectainde rleeatcet t oares fPa/r oiprer @
to avoid deterioration.

Al umped parameter ther mal olett woarsk ursoedde |t of oart
PVcovered BIPV/ T section and the glazed so
packing material. It may be furthkRe mecal t
was verified with experimental data.

The Nusselt numb ecronoveette a tveettirmamtshfee t BItfh\e/ T ¢ |
These <correl atthoosghar ex pebrtiammenetlsy obheédr cowed
These new correlations are helpful for furt
with multiple inletyg, iandgndateeggd ciam Ibwei |rdeian
software such as EnergyPlus, TRNSYS and ESP

Thdesi gn met hoaxdergiymemftnat e esseot|ugpr n csl iundu Inagt otr |
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prodndethe thermal BpRySbBemance in

Wi tehx per i ment aVv alriedsautlet sp ethhbaotc ensmiemde mul it mplae i r
BI PV/ T ,syshteemabove experiment al and numerical

study Oof spswB¥mh multiple inlets.

V& OOGODE

Further research in the following areas is re

T The computational fluid dymdmitcsByIqRGHMAY m
may be carried out to study tbbahhew ainc
and further understand the mechanAmm t ha
optimised system design may be achieved

T The determination of #heanppakiemdg P&ctmodu
the BIPWiStallation rnrEdeds rti@eabe aadal that e
should be balanced according to the ener

T The sizes of the inlet wipEedlBrgswhadddt et

T The procedure of installing BIPV/T syst
explored. Standard assemblqiumd i pryo cceodhusrt e
wor kaaeahtdeve desired system performance.

1T Research on t he backsheets maeccesisadr yof |
conductivity polymer sheets are currentl

heat flow from RY¥Ii thegt anhhlei ch ksoundhsetgr Padioes . b a c
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mayesult in I mproved system performance.
T Performanceaisfysd eale®VvV/aTed with a heat p

t hermal energy especially in winter may
T The integration of the enhanced BIPV/T

softwares such as Ener gnaRl be, sTRNS¥EH.and
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The unigue design of adding an extra opening
a different air flow pattern and heat transf
profile, three ther mocoupliens tahree agrro ucpheadn naetl .d
the i mage of such aeabbrmensaplehcéeubdedr pywat

t her mal radiation from the hot sur faces.

Figure Al1.1. Photo of a group ofditfhiermado bl @

the second sentebnBbPVEilesyswbem

In the BIPV/ T section measuring about 1 meter

the Il ength of the channel.
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The ther moscuorueprieent me awi | | be used to evaluate
convective heat transfer coefficients.faltl is

i n an acceptable error range.

The temperatures throughodéedther BAPWh®!| syat g

radiation input, no human activity andthai r co
thermocouple measurements should eventually
ther malst sisealdiygur e A2.1 indicates, the measur.
band with the highest and | owest measurements
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Il n Fi gur,e a2 As mal | gap sivndes upper t ampge rl atwerr
confirmed that the | ower clusters reflect t h
insul ation inner surface were slightly | ower

and respond tgaitnhett hmerlmaver r at e.
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Area (A) I's derived by multiplying I ength (L)

and W are determined to be 0.0005 m (0.5 mm).

The uncertainty of A is calculated by

10 O (],—‘D (].—(b 11t 10 g )
0 A\
Radiative heat transfer rate is calculated by
0 ,JO 6 v
£ £ )
For simplicity,Oiasn aemiisgsiewi tby f act or
°® _pl p
Thus theeatndteaansteh rate is rewritten as bel
0 , 60°Y Y

The uncedtaamtlyeoéxpressed oY HPE® asckelt @wnt i

. 10 5 10 .. 10 )y 10 )y
10 7 6‘1 0 7 ,‘0‘1 T T
The parti al derivatives are:
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UncertaiaemyssiOvity factor

@)
T R Ly
@)
L I RNy
Therefore the uncertainty in emissivity fact
10 10
0 o o
1 T_‘] T_‘]
The uncertainty in measuring the emissivity
1- - pb
1- - pb
The uncertainty in tempera¥Yufile measur ement [
The convective heat transfer rate to air 15s
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Therefore t hle iusnceealtcllnatyed nby

10 10 16 19 1Y 1 1Y
0 T a a Y T
The partial derivatives are
10 VI
— W'Y Y
T a
1o a o
Ty
10
Ty aw

The relative uncertai2ty Tk uUuheembasntfy owelra

measurement is 0.2 AC.
The convdatainsd eheatoef fi cient is given by
o 0 0
oYy Y
Therefore the uncertainty in calculating h 1is
S B 10°Y Y
1Q "V — = =
Y Y oY Y
wher e
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Nusselt number is calcul ated by

uncertainty of Nuss®edd mhymber

R I O 10 1 Q
7 0O L OO o)

0 Q
the hydraulic diameter of the
air cavity by

w0 {ONO)
cw O w ©

partial derivatives are
1O v o
T_(b ¢COw O Cw0D p Oow O
1O e W
0 cww O Cw00 pOow O
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Therefore th$ei sncekrtal atgdolby

10 T'O‘]o'o 1o O
TG 70
The Reynolds number is calculated by
o ® ao
YQ — —/——
0
The uncertainty in Reyrmel doldwmberg iforenupraess

1a 10 70 7

YQY —_— —
1 D a O o] ‘
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