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Abstract:

The present studynvestigats the optimal PVcell coverageratio in terms of the overall energy
consumptionof office buildings in central Chindor which semitransparenphotovoltaicfacads have been
implementedwith various combinations of architectukadriablesincludingroom depth window-+to-wall ratio
(WWR), and orientationHere,models and methods agstablisledfor the calculation oPV cellcoverage ratio
for a singleglazed semtransparent P\fagade andhese models and methods aadidated throughfield
experiments The establishedechniquesare then incorporated into Energy Plus to performparametric
analysis of the effects of differen®®V cell coverage rat®on overalenergy consumptioheresultsshow that
PV cell coverage ratibas a pronouncedffect onelectricity consumption anthatits impact isinfluencedby
different combinations of room deptVWR, and orientationMoreover the selection of aomptimal PV cell
coverage ratias found to beanimportantelement ofthe design approach ibuilding-integratedPV (BIPV)
systems: use of the optimRV cell coverage ratioan achieve overall energy consurmp savings ofl3% ©On
averagge compared tahe least favourable PV cell coverage ratio

Keywords optimal PV cell coverage ratio,semitransparent PV, office buildindacade overall energy
consumption

1. Introduction

In recent years, interest low-carbon development and renewable energy applicGairomuildings has
increasedconsiderably[1]. In particular, buildingntegrated photovoltaic (BIPVjechnologyis becoming
widely usedin parts of the facade of modern buildingg2-5]. Office buildings are particularly suitabfer
BIPV as they consume energyimarily in daytime,which iswhen thePV system collects and convesolar
energy into electricitythus, the efforiand costassociated with energy storagan be avoided6]. Such PV
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facades are being used increasingly in offioéding desigsin China[7]. Accordingly, the development of an
optimal PV facade design for architects, constructors, and installeesoming increasinglyrgent

Semitransparent P\fechnologyis known to bebeneficialfor office buildings in terms of overall energy
savings.For examplesemitransparent photovoltaig®t only generate electricjtput also introduce daylight
that can reduce artificial lighting energy consumption in daytife Conversely, semitransparent
photovoltaicsreduce heat gain by blockimgcomingsolar radiation with PV cell®], which increasebeating
demand indoors in winter breduces theooling demand in summer.

The transmittance of PV paselr glassfor PV facads, which is determinedybthe PV cell coverage ratio,
has been showo have grofoundimpact onthe overall energyconsumptiorof buildings, particularly through
its effects onPV electricity generationjighting, cooling and heatind10-12]. For example, Jiang et glL0]
conducteda studyto investigate thanfluence of PV cell coverage ratioon the thermal and electrical
performance of photovoltaifrombe wals and discoveredhat a higher PV cell coverage rati@oes not
necessarily resuin better thermal performance. In terms of overall energy consumption, Wong|&t]al
described the minimisation of energy consumption based on combinateemidfansparent PWansmittance
andwindow-+o-wall ratios (WWRs). Conversely, Miyazaki edl. [12] foundlighting control to be an importan
elementin maximisingthe usage of dayligrand demonstrated that the impact of solar cell transmittance or
energy performancearied with WWR. In general,PV cell coverage raticontrols the transmittanceof
semitransparent P\facadesand the studies describedbove suggest the existence avf optimal PV cell
coverage ratighat can achievéhe minimumoverall energy consumptioflowever, Yun et al[13] found that
adopting acertain range oWWWR and room deptleould maximise the benefits of a ventilated PV facatles
suggests thathe optimal PV cell coverage ratianust be determined under different combinations of
architectural factorto ensure that theest energy performanceachieved

The overall energgaving effects ofemitransparent PWindows appear to vary with climaten Brazil,
the use of aemttransparent PWvindow has been shown to save up to 43% of engtgy. Conversely, in
Japan, 55% energavings were achievedqmpared t@ singleglazed windowwith asolar cell transmittance
of 40% and WWPRf 50%(12], whereas energy savings of 16.7-41.3% were achieved in SindapaMWR
range of 76100%|15]. Other previousstudies[16-17] have also demonstratélde importance o€onsidering
climatic conditions inthe investigation ofemttransparent PWindow applications. Howevefew studies to
datehave attempted a comprehensive determinatfasptimal PV cell coverage ratitor semitransparent PV
technology usinglifferent combinations oérchitectural factors such asom depth WWR, and orientation.
Accordingly,no general trends have bedefined regarding variations optimal PV cell coverage ratidsuch
knowledge will play a crucial role ifuture optimal design approachésr semttransparent P\acades, and
improvements in the understanding of the variatioRVcell coverage ratiare required urgentlyn particular
previous studies providing accurassessments of theverall energy erformanceof semitransparent PV
facade in Chinaare extremely limitedand few relevant experimeathave beerconducted under climatic
conditions such as those aentral China. Studies conductednder realclimatic conditions arenecessary
becauseseveral studiegmvestigatingsemitransparent P\in different climate zonebkave produceddifferent
results

The present study aims primarilp improve the determination of optim&V cell coverage ratjoto
understandrends in thevariation of optimaPV cell coverage ratiwith different architectural conditionand
to investigate thempactof architecturalconditionson overall energy consumption. Additionally, it is hoped
that the results presented here \pilbvide a generaleferencepoint for the incorporation odptimal PV cell
coverage ratiointo the design approach as an important element necedsaryhe implementation of
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semitransparent PVtechnology in office buildings. This should help tomaximise the benefits of
semttransparent P\usage in office buildingsparticularlyin central China. In this paper, the methodology
adopted for the present stu@including field experiments, architectural models, and calculation models an
methods)s first described Then theresultsare presenteth terms ofthe different effects oPV cell coverage
ratio on lighting, cooling and heating energy consumptidfinally, the determination of optimdPV cell
coverage ratias described and the variation aptimal PV cell coverageatio with variations inroom depth
WWR, and orientatioms discussed

2. Methodology

In the present study, models and methods for the calculafié?V cell coverage ratiin relation to
semtitransparent P\technology wereestablishedand validated based dield experimentsn Wuhan which
can be considered representativettod climatic conditions of central ChinalThe field experiments also
providedmore accuratelataregarding theproperties ofsemitransparent P\glasges An architectural model
was developed with a series of generic office rooms. In these roarositectural characteristigacluding
room depth WWR, and orientationwere incorporatedn different combinations to allow evaluation thfe
effects of PV cell coverage rationder diferent architectural condition&inally, thearchitectural model and
validatedmodelsand methodsvere used in computatial simulatiors with Energy Plus. In this manner, a
parametric anakiswas conductedb evaluate the effects of PV cell coveraggo on electricity consumption
under different architectural conditions.

2.1.Experimental set up

The experimentsvere conductedn an experimentatoom built on the roof ofa building in Wuhan
(29°58'N, 113°53’E). The experimentalfoom had length, width, and height of 4.68, 3.4 m and 3.6 m,
respectivelyand was constructegsingmineral wool board with a thickness of 12 namthermal insulation
wall. The experimentatoom contained two inner chambestsaring aguarded roomeach of whichncludeda
window that wasl.1 mlong and 1.3 m high on the soathfacade A photo of the experiment room is shown
in Fig. 1.

The field experiment was conducted R4 day from
June 2012 to August 2013he emperatureon both sides \
of the PV glass was recorded with severatype '
thermocouples at the surface of the glass. Th
thermocouples have been calibrated phkacing them
together with a standard mercury thermometdwith
precisionof 0.1°C), into athermostatic water bathvith
temperature rangingrom 0°C to 100C. Through this
calibration, the accuracy of the thermocouplesas
improved to+0.1°C, whichmeetsthe testrequirements
The vertical solar irradiance tie soutrernorientation was 8=
recorded witha pyranometer device of Jinzhou Sunshil A .
TBQ-2 set at the souén wall. The pyranometer device Fig. 1 Photo of the experimental room
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wascalibrated by the manufacturer before the experim@ihsPV electricity generation of each PV glass was
recorded everyninute throughout the test period. Because the maximum peavexd according to the solar
irradiance and the maximum power pathangecconstantly, MPPTmaximumpower point tracking)systems
were used taletectthe maximum power point of PV electricity geaon. General data describing weather
conditions were recorded at hourly intervals wile DavisVantage Pro 2veatherstation.Solarirradiance,
temperature, and PV electricity generatiiatawere collectedising theAgilent 34972A data logger and sent to
a central computer for storage.

2.2.Calculation models and methodg$or semttransparent PV
2.2.1Power generation

PV power generationefficiency is affected byhe temperature of solar csll such thaPV efficiency
decreasewiith increasingemperaturél18]. Moreover, aPV panelwith highPV cell coverage ratiwill absorb
more solar radiatiofandthus achieve a highéemperaturgthan a panel with low?V cell coverage ratjahis
producesinconsistent results in terms &V power generation efficiencyeven under the saméimatic
conditiors [10]. To address thjsa temperature coefficient power generation m@bgl must be included.

P =G 770l fe(T, ~25C)] (1)

whereP is the instant power dhe PV panel,G is solar radiation othe PV plane (W/n), nois PV efficiency
under standard condition&; is the temperature coefficier@ndT, is the solar cell temperatur&), which will
be affectedby PV cell coverage ratidn this model,the solarcell temperaturél.is unknown andmust be
provided usingheat balance model@s describedn Section2.2.2). In the present study, the temperature
coefficientfc was determined to b€.72%/°C based oireld experiments

The results obtainedsing the power generation moaetre compareeith measurementsbtained during
field experimentslt was demonstratethat the power generation model can predict PV electricity output with
satisfactory accuracy. For exampieg. 2 compares the measuradd calculatedPV electricity output results
for asemitransparent Ppanel withPV cell coverage ratiof 40%usingthe climatedataobtained for August
1 2013and clearly indicates good agreemavith anaverage deviation of 7.5%ther comparisons in all four
seasons were also madee results show good agreement, with less than 9.2% deviation in all cases.

2.2.2Heat balance model

The temperature dhe solar cell layes of semitransparent P\panels musbe calculatedising aheat
balance modelSingleglazing semitransparent P\glass consists of multiple layers of materials, including
internalandexternallayers of clear glass (eadh mm thick) with a central layer oEVA that contains silicon
cell of differentPV cell coverage ratidn the heat balance modaldopted herghe semiransparent Pglassis
divided into 3 layers with 4 boundari€khe propertie®f each layeareprovided by the manufacturer aace

presentedn Tale 1. The temperaturef each boundaryas calculatedbased orheat balancequationsThe
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temperatur®f the solar cell layef, wasassumedo bethe average of, andTz; because thdifference between
these two values was negligible in the context ointloelel outcomeHeatstoragan thesingle glazingvasnot
considerecandheat transfewas assumetb be inquasisteady stateThus,the heat balancequationdor the
first, second, third, and fourth boundaries westablisheds in Egs. (2), (3), (4), and (5), respectively.

Gay=(T, Ty Mo Eo[(T, 27315} +T,, 273¢15)] OIﬁl(T . T) (2)
Gr,[(1- PVR) argy s + PVRa, | +dﬁl(Tl—T2) = j—z(Tz—Ta) +P (3)
Gr, (1~ PVR) 7g 005 + j_Z(TZ -T,)= d%(Tg—T‘,) (4)
dﬁs(Tg ~T,) =Ny (T,~T,)+&o[ (T,+273.15) - T+ 273.18)] ()

where G is solar radiation orthe PV plane (W/M), o; is the solar absorptance of layierand T, is the
temperature of boundaryAdditionally, Toy: andT;, arethe outdoor and indoor temperatsireespectivelyiou: c
and hi, ¢ are the convective heat transfer coefficselior the outside and inside surfagerespectivelypf the

semitransparent PVpanel; & is the emissivity ofthe front glass ¢ is the StefanBoltzmann constant

(W/m?K?); 7 is the solar transmittance of layiePV cell coverage ratio is the solar cell coverage ratig; is the
heat conductivity of layer (W/mK); i« and igya are the heat conductivity othe solar cell and EVA
respectivel(\W/mK); P is the PV power generation (WAnanddi is the thickness of layér{m). The external
andinternalsurface conveath heat transfer coefficiestvere seto 16 W/m’K and 3.6 W/riK, respectively,
based on databtained fromthe standard entitledCalculation specificationfor thermal performancef

windows, doors angdlass curtairwalls (JGJ/T 1532008)[20].

Theresults calculated from theeat balance modelerecomparedvith the measurementsllected during
field experiments. Figre 3 illustrates variations irthe inside surface temperature okemitransparent PV
panelwith PV cell coverage ratiof 40% throughout the course of a déiylarch 1 2013)and demonstrates
clearly thatthe calculated results agreell with the measurementwiith less than 0.61°C deviatio®@ther
comparisons in all four seasons were also mimgesults show good agreemgwith anaverage deviationf
less than 1.1°C in all cases.

To calculateheheat and solar radiation transfer, whadffects the heating and cooling loads of itidoor
spaceit is necessary to obtain théfactors andsolar heat gain coefficientSHGGS) for the different PV cell
coverage ratiglasesstudied20]. SHGCs can be calculated according to Eq. (6):

SHGC =7+ Na (6)

wherer is total solar transmittance sémitransparent photovoltaicsl is the inwardflowing fraction of the
absorbed radiation, andis the total solar absorptancesgimitransparent photovoltaiagith different PV cell
coverage rati@nd can be obtained from WINDOW 6.3 using the properties presented in Table 1. Fugherms
randN can be defined as in Egs. (7) and (8), respectively.
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7 =17,7,74(1- PVR) (7)

h.
N=__in__ 8
hin + hout ( )

where hyy: and hy, are outside and inside heat transfer coefficients, respectively, for the esurfdc
semttransparent P\panels. Similarly, tfactors can be calculated falifferent PV cell coverage rati@as
follows:

U= 1 (10)

In the present study, the outsidied inside surface heat transfer coefficemére seto 20.2 W/nfK and 8.3
W/m?K, respectively, based on data obtained from the standard entitled ‘Calculatiificapen for thermal
performance of windows, doors and glass cuealls’ (JGJ/T 1532008)[20]. After calculation ofSHGGs
and Ufactors, heating and cooling loadseresimulated in Energy Plus.

Table 1 Properties of individual laygeof PV cells

layer thickness thermal conductivity absorptance transmittance reflectance
(mm) (W/mK)
glass 6 0.760 0.108 0.810 0.082
EVA 1.8 0.116 0.060 0.900 0.040
silicon cell 0.3 168.0 0.970 0 0.030

45 -
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o 20 40 4
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b 154 o
E . o 354
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%. %‘ 10 §
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Time Time
Fig. 2 Comparison of measured and calculated Fig. 3 Comparison of observed and simulated i
PV electricity output power surface temperatures for singjlazed semtransparel
PV panels



2.2.3 Daylight and lightingcontrol

According to the Standardfor Lighting Design of Buildings for China (GB50034-2004)[21], indoor
illuminance should reacB0OO lx in generaloffice rooms To simulate sucltonditions andncorporate the
energy saving achieved duringdaylight daylight detection and lighting contrelere introducedinto the
simulationwith the help of Energy Plus. Whehe daylight illuminance levefell below 300 lux artificial
lighting was initiated to achievethe required illuminance levelhowever, this @sultedin extra electricity
consumption.Therefore, toobtain an accurate simulation outcome, visible transmittaraseobtained from
WINDOW 6.3 for each semiransparent P\panel withdifferent PV cell coverage ratiandwasincorporated
into Energy Pluss part of thalaylight simulation Thus, daylightlluminancewascalculated and recorded
Energy Plusallowing the simulation and calculationlafhting energy consumptioi.l].

2.3.Architectural model

An architectural modeis a crucialpartof the investigation ofhe energy performance sémitransparent
photovoltaics iroffice fagads. To develop such enodel,information was obtained by conducting a survey of
60 office buildingcasesn the Wuhan areaTwo typical types of office buildingvereidentifiedin the survey:
buildingswith core tubs and slaktype building. The dvision of large rooms inteseparatesmallerroomswas
found to be common in both types of office buildingfact, themajority of cases investigateckhibited such
division. Thustheseseparate roomsere incorporated into the models described here and used to refitesent
generic office roomsf the present study.

Thesegeneric office roomsvereset to allow control of three mavariables: (1yoom depth, as shown
Fig. 4(a); (2) WWR, asshownas Fig.4(b); and (3) orientationBy adopting various combinatiortd these
variables, different PV cell coverage ratiould beexaminedunderdifferentarchitectural conditiong@sshown
in Fig. 4(c). Room depthwas variedfrom 4 m to 13m at intervas of 1 m; this range can be considered
representative afommon office room sizes theWuhan area. WWRvas restrictedo the rang®.2-0.7 based
on guidelnes presented ithe Design Standardfor Energy Efficiencyof Public Buildings proposed bthe
Ministry of Housing and UrbafRural Development ofthe PRC[22], which forbids office buildings with a
WWR over 0.7 inthe rot summer/old winter climate zong22]. PV cell coverage ratiovas variedrom 10%
to 80% at interva of 5%. PV cell coverage ratiower than10% wouldmakePV applicationsuneconomical
converselyPV cell coverage ratibigher tharB0% wouldblock theentirewindow areamakingit difficult for
daylight to enter the roorandfor occupants to see oufthe adopted®V cell coverage ratimterval of 5%
should allow a distinction to be made betwe#ime different impacts oPV cell coverage ratiavhile still
remaining sufficientlypractical for thesimulation parametric analysis be conducted.

Other simulationfeaturesrequiredwere assumed to dixed and werebased orthe Design Standard for
Energy Efficiency of Public Buildinggor China[22], as follows. (1) A rectangular office room on an
intermediate floor was assumed to have width and height of 5 m and 4 m, respeivdie thermal
properties of exterior and interior walls and ceilings and floors were asdetailable 2. (3) A single window
area with no sun blinds was assumed, sinceséimttransparent P\iodel serves as a shading device. (4)
Room lights were assigned a design value of 11 3Atirall instances. The daylight control sensor was located
in thegeometric center of theom ata height of 075 m. Daylight controlinitiated artificial lighting whenthe
indoor illuminance levelfell below 300 lux.(5) The daily heating and cooling schedudssigned for theila
conditioningare presented in Table BOPwasset to4.5and theventilationsystemwas seto ensurel.5 air
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change#h. (6) Office occupany was setto 0.25 peoplen®and the electricity consumption of teeuipment
was assumed to B W/nf. (7) Lighting and office equipment operation schedutesreset according tthe
office occupany conditionspresentedn Talde 3.

WWR=0.2 WWR=0.25  WWR=0.3 WWR=0.35  WWR=0.4
Sm 10m 12m 13m
WWR=0.45  WWR=0.5 WWR=0.55  WWR=0.6 WWR=0.65 WWR=0.7
4m Sm em 7m 8m
(a). (b).
W Eaxad hEEEE — ——
xEMxXE MEMMNN illlll‘
rmmw Ewxws HExwx nmel o e~
WM ==
g ==
. EEEEE | == s ey .
PV cell coverage ratio . B PV cell coverage ratio _ - PV cell coverage ratio
=10% + « «cach atinterval of 5%« « - =40%% - « -eachat interval of 5%« « « =80%

(c).
Fig. 4 lllustrations of variations in (a) room depth, (b) WWR, and (c) PV cell cgeesdio

Table 2 Thermal and optical properties of building layers

layer thickness thermal conductivity density specific heat
(mm) (W/mK) (kg/m?) (J/kg K)
exterior wall
brick 200 0.89 1920 790
insulation board 40 0.03 50 1210
surface finish*2 20 0.16 800 1100
interior wall
brick 100 0.89 1920 790
surface finish*2 20 0.16 800 1100
ceiling/floor
standard wood board 8 0.12 540 1210
cast concrete 120 1.60 2200 860
surface finish 20 0.16 800 1100

Table 3 Hourly heating and cooling schedules

time
00:00-07:00 07:00—08:00  08:00—17:00 17:00—-19:00  19:00—24:00
cooling system (°C) 37 28 26 26 37
heating system (°C) 12 18 20 20 12
lighting, equipment, 0 0.5 0.95 0.3 0

operation schedules
(fraction of full operation)




3. Results anddiscussion

This section provides a discussion of gaametric analysisonducted The \alidatedcalculationmodels
and methodsvereincorporated intahe architectural modaiiefined aboveo investigate the effects dffferent
PV cell coverage ration energyperformanceusing Energy PlusThe overall energy performancicluding
PV electricity gaerationand lighting and heating and coolinglectricity consumptionwas examinedinder
different architectural conditions. Different combinations of room dapthVWR were examined carefully for
a souttern orientationwhile PV cell coverage rativas variedrom 10% to 80% a5% intervak. The citerion
of electricity consumption per floor area (kWHjnwas used to account for differences floor areafor
different values of room depththus providingnormalisedresuls. Other orientationsre discussed irSection
3.4. All figures were evaluatedbased orannualor averageannual valueso ensure a holistic viewf overall
energy consumption with the consideration of all four seasons.

3.1Effects on PV electricity generation

Solar cellsconvertsolar energy into electricitgnd typicallyoperate witha specificconversiorefficiency,
which isaffectedprimarily by the material characteristscand operating temperatuoé the cells Compared to
transparent glassilicon solar cellstypically havehigher solar absorbanc&hus,the amount of solar heat
gained can be increased by adoptindeaser solar cell arragnd, therefore, aigherPV cell coverage ratio
Accordingly, thisshouldalso increase themperaturandreducethe conversion efficiencyf the solar cellsin
the present studyhe temperature and conversion efficiency of solar cells were invedtigpteighout March
1 2013 Fig. 5). The results demonstrate thatneersion efficiencydecreasgwith increasingempeature.At
noon, thetemperaturdor the 80% PV cell coverage raticase wa¥°C higher than that for th&0% PV cell
coverage raticcase this temperature differenceorresponded t@ 0.007 decreasen conversion efficiency
which wasb.5% lower than the 10V cell coverage ratioase Thus, the results demonstralte importance
of consideringPV cell coverage ratim PV electricity generation.

3.2 Effects on lighting electricity consumption

Theamount of daylight blocked bsolar cel$ can varyconsiderably in response to difference$W cell
coverage ratitoetween serdiransparent Panelswhich can hava vital impact on indoor illuminancéf the
indoor illuminance dropdelow a given thresholdartificial lighting is requiredto achieve a comfortable
lighting environment anelectricity must beeonsumedo achieve thisHowever room depthrand WWR may
also affect the performance afemttransparent P\panels atdifferent PV cell coverage ratioThus, it is
important tounderstandhe relationship betweelV cell coverage ratiand indoor illuminancédor different
combinations of room dept#md WWR.

For largerroom depth(i.e. deeper room), it is more difficult fordaylight to reachdeep inside the room
Thus, even for theame PV cell coverage ratmaylight illuminancewill tend tovary depending on room depth
conditions.The esults show thandoorilluminancedecreasesapidly with increasing PV cell coverage ratio
with more pronounced decreasés smallerroom depthsin generalshorter room (i.e.smaller room depth
experiencemuch higher daylight illuminance than deep rsofne. largerroom depth. Moreover, indoor
illuminance remains below 400 lux for all cases in which room dexteed® m. Theseresults demonstrate
thattheeffectsof PV cell coverage ration daylight illumirancearestrongly dependent on room depth.
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Figure6 illustrates the lighting electricity consumed for artificial lightifwghich compensates for natural
daylight) for different PV cell coverage ratian different room depthcases.lt is clear that this electricity
consumption increasewhen daylight illuminance decreasas response tahigh PV cell coverage ratio
However,the relationship between consumption &\dcell coverage ratis not linearFor smallroom depth
lighting electricity consumptionncreases muchmore rapidlywhen PV cell coverage rati@xceeds 50%;
converselyfor largerroom deptihcases, theverall trend is much closer to a linear relations@iases in which
room depthis small typicallyconsumelesslighting electricity (15 kWh/nf lessat mos} owing to their high
indoor illuminance.

A greateW WWR allows more daylight tpenetrate intdhe room angresents a greataindow areaupon
which semitransparent P\panels can be installedHowever, theresults show thathe impactof WWR on
daylight illuminanceis lesspronounced than that of room dep#similar pattern is apparent in the results
demonstrating the relationship between lighting electricity consumptioP¥rull coverage ratitor variable
WWR (Fig. 7): lighting electricity consumptioincreasesith increasingPV cell coverage ratjalthough the
differences between different WWR casesratatively small with electricity saving of 9 kWh/nf at most(at
80%PV cell coverage rat)o

3.3 Effects on heating and coolinglectricity consumption

Heating and coolindoads of office buildings are more easily affected by solar radiaticas office
buildingstypically functionprimarily during daytimeVarying theamount of solar radiation entering a building
by installingsemitransparent P\panels withdifferent PV cell coverage ratican have an impact dmeating
and coolingoads.Increasing the influx ofolar radiation can reduce heating demiandinter; however, it also
increases cooling demand in summer.ureg illustratesthe heating and coolinglectricity consumptioror
different PV cell coverage ratitor severaroom depthcaseswith a fixed WWR of 0.35Heating and cooling
electricity consumptiorfirst decreasesvith increasingPV cell coverage ratjcalthough the rate of decrease
slows when PV cell coverage rati@xceed 50%.The cases with highePV cell coverage rati@appear to
perform betterin terms ofheating and coolingnergy saving based ormannual data. Thisan be attributed
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primarily to the climatic conditionsin central Chinawhere thecooling load in summas typically greaterthan
the heating load in winteHowever the benefi of high PV cell coverage ratibecome lesgpronounced as
room depthincreases: the shortest room has the highest heating and calelitrgcity consumption, although
variations in consumption with changesaom depthbecome less pronounced when room deptteeds 9 m.
These results highlight the importance of consideRNgcell coverage ratjgparticularly in cases with small
room depth.

Figure 9 illustratesthe heating andcooling electricity consumptiorior different PV cell coverage ratio
cases withdifferent WWR. As for the cases with variabloom depth heating and coolingelectricity
consumptiorfirst decreasewith increasingPV cell coverage ratjowvith the rate bdecrease slowing whepVv
cell coverage ratiexceeds 60%Cases with smalWWR typically perform better in terms dfeating and
cooling energy savingand theeffectsof varying PV cell coverage ratiaretypically less pronounced when
WWR is small.However, in such caseshe effectsof WWR remain relatively constant between casasaning
thatheating and coolinglectricity consumptiomvill continue to increase with increasiNgWR, with no sigs
of slowing down osstabilising
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3.4 Effectson overall energyperformance

Based on thanalysispresented abové,can be concludkthatincreasingPV cell coverage ratiander the
climatic conditions in central China typically leath decreases in PV electricity conversion efficieary
heating and coolinglectricity consumptionbut increases idighting electricity consumptionHowever, the
effects ofroom depthand WWR on these relationships are pronoundedjonstrating that these factors must
be considered carefully when designisgmitransparent PVtechnology for buildings Therefore it is
necessary tevaluate overall energy consumption considering athe$efactorsto allow determination oén
optimal PV cell coverage ratidn such case, overall energy consumption is defined as following.

Overall energy consumption Lighting energy consumption + cooling and heating energy consumgption
PV electricity generatiorkigures10(@) and (b)illustratethe overall energy consumptidor cases with large
WWR (0.6)for two different values ofoom depth(6 m and 12m, respectively) Foraroom depth ob m,PV
cell coverage ratiof 80% achievethe lowestoverall electricity consumptionallowing electricity savings of
18.9% compared to the case witV cell coverage ratimf 10%. This can be attributed primarily tthe
influence of heating and coolireectricity consumptionhigh PV cell coverage ratioan reduce the enormous
cooling demandsor short roons. Conversely, for a room depth of 12 m, the greatest electricity sasiegs
achieved foPV cell coverage rat of 50% Thiscan be attributed primarily to decreases in lighting electricity
consumption during daytime owing to the smaR®&f cell coverage ratio; these savings overwhelm the effects
of heating and cooling electricity consumption.

Figures1l(a) and (b)illustratethe overall energy consumptidor cases withrsmall WWR (0.3) for two
different values ofoom depth(6 m and 12 mrespectively)In such cases, PV electricity generation is typically
very small compared to lighting and heating awaling electricity consumptiorowing to thelimited area
available for the installation cfemitransparent P\panels However, the influence d?V cell coverage ratio
remainspronounced, particularlyn terms of itseffects on daylight and heating aoooling demandFor the6
m room,PV cell coverage ratiof 60% achievethe lowest electricity consumptipwith electricity savings of
6.8% compared tBV cell coverage ratiof 10%.Conversely, in th&2 m room,PV cell coverage ratiof 20%
achieve the lowest electricity consumptipwith electricity savings ol7.3% compared t®V cell coverage
ratio of 80%.

3.50ptimal PV cell coverage ratio

Based on th@arametric anabis above,it is clear that an optim@&V cell coverage rati¢.e. thatwhich
will achieve the lowest overall electricity consumpji@an be obtained based omarticularcombination of
WWR, room depthand orientationThus, @timal PV cell coverage ratishould be selecteoly comparingthe
overall energy consumptiaesultsfor all PV cell coverage raticasesunderdifferent architectural conditions
(i.,e. WWR, room depthand orientation The southerrorientation istypically affected more extensively by
solar energy than other orientatipraccordingly, it is ofterthe preferred orientation fothe installation of
photovoltaic applicationsvariationsin WWR androom deptican lead to considablevariation inoptimal PV
cell coverage rati¢Table4).

Differences in electricity consumption betwettie most and least favourable PV cell coverage radice
calculated; in particulaelectricity saving for different combinations of room depth and W\Wire calculated
The resultsdemonstrate lectricity savingsranging from5% to 30%, with an average saving of 13% for the
optimal PV cell coverage ratioMoreover, optimalPV cell coverage ratiavas found to beparticularly
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importantin short roomswvith largeWWR, where electricity savings aver 20%were achieved

Variatiors in optimal PV cell coverage rativere also investigatedOptimal PV cell coverage rativas
found to decreaswith increasingoom depth(i.e. from 4 m to 13 m)This can be attributed primarily to the
fact thatthe electricitydemandduring daytimencreases faster than the compensadicmeved through savings
in heating and cooling. Thalso explains why rooms with greater degiscally havesmaller optimaPV cell
coverage ratioFurthermore, optimaPV cell coverageatio increasesvhen WWR increases from 0.2 torQ.
primarily becausehe electricity saving) achievedy adoptinga larger WWR(combinedwith the greatePV
electricity generatiomand lowercooling load)esult in higher optimaPV cell coverage ratio
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Table 4 Optimal PV cell coverage ratio for different combinations of room depth Wi Wsouthern orientation

optimal PV cell coverage ratio (%)
WWR room depth (m)
5 6 7 8 9 10 11 12 13
20 10 10 10 10
40 40 30 10 10 10

0.2
0.25

Jh
o U
o u
g
o1 O
a b
o O

w

(@)

0.3 55 50 40 40 30 20 10
0.35 55 55 45 40 40 35 30
0.4 50 45 40 40 40
0.45 55 50 45 40 40
0.5 60 55 50 45 40

60 55 50 45
55 55 50
60 55 50

60 55 55

0.55
0.6
0.65
0.7

To demonstratethe effects of different orieations on optimal PV cell coverageratio, different
combinations of orientation and room de¥fWR) were investigated with WWRdom depth fixed at 0.35
(8 m); orientationwas varied betweesast, southeast, south, southwast wes(Tables5 and 6).The rorthern
orientationwas not includedin this investigation because it is known to be particularly unfavourainl®V
applicatiors. The results demonstrate that the optif¥él cell coverage ratits highest in thewest orientation.
Under the climatic conditiongrevalent incental China, coolinglemandsn summertypically exceecheating
demands irwinter. Thus, insummerhigh PV cell coverage raticanreduce thecooling loadassociated with
the heaaccumulated indoors durirtytime

Table 5 Optimal PV cell coverage ratar different combinations of orientation and room depth

optimal PV cell coverage ratio (%)
orientation room depth (m)

8 9 10 11 12 13
35 25 20 20 20 15
40 35 30 30 25 20
55 45 40 40 35 30
55 50 50 45 40 35
55 55 50 45 40
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Table 6 Optimal PV cell coverage ratio for different combinations of orientatid WWR

optimal PV cell coverage ratio (%)

orientation WWR
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.6 0.6 0.65 0.7
E 25 40 40 45 50 60 60 60 70 70 70
SE 25 40 40 45 50 60 60 65 70 70 75
S 35 40 50 55 55 60 70 75 75 75 80
S 35 50 50 60 65 65 70 75 75 75 80
w 35 50 50 60 65 65 70 75 75 75 80

4. Conclusions

In the present studygalculation modelsvere established to investigdtee properties olsemitransparent
PV installations in relatiomo PV cell coverage ratiand the models wenelidatedusing data obtained ifireld
experimentsin particular, an @hitectural modelvasdevelopedo incorporatea series of generic office rooms.
The validated calculation methods and pmtigs wereincorporated into Energy Plus to perform a parametric
analysis of the effects of differentPV cell coverage ratioon electricity consumptiorunder different
architectural conditiongroom depth WWR, and orientation The results of the study can be summarised as
follows.

(1) PV electricity conversion efficiencylecreases as PV cell coverage ratioreases Conversion
efficiencydecreases b§.5%asPV cell coverage ratis increased fromi0%to 80%.(2) With increasingPV
cell coverage ratiandoor daylight illuminanceecreasebnearly and electricity consumptioincreasesRoom
depth appears to hava greater effecthan WWR on both daylightilluminance and lighting electricity
consumption(3) Under the climatic conditions of central ChimagreasingPV cell coverage ratiappears to
result in decreases imeating and coolinglectricity consumption(4) Whenoverall energy performands
considered adoptingoptimal PV cell coverage rati@an result in electricity savings of up to 30% (average
savings: 13%)ompared to the least favoural®®/ cell coverage ratjoalthough the savings achieved vary
depending on the combination ocdom depthand WWR adopted at leastin the south orientationThis
demonstratethe importance o$electingoptimal PV cell coverage ratibased orarchitectural conditiong5)
In rooms with smalfoom depth optimal PV cell coverage ratgare relatively small compared to rooms with
largerroom deptk. In rooms with larg@dVWR, optimal PV cell coverage ratgare relativelylarge compared to
rooms with small WWRThis meanghat PV facade with high PV cell coverage ratgare more suitable for
deep rooms with tger windovs, whereas th@V facads of smallPV cell coverage ratiare more suitable for
short rooms with small windaosv (5) Building orientation can alsaffect the optiral ratio, with changes of
5-10%depending orspecific orientation and optim&V cell coverage ratiocChanges are typicallyighest in
the western orientatignhowever, these changesluced by orientatiomre much less pronounced than those
induced by variation iWWWR androom depth.

It is hoped thathe results presented hesdl act as a general referenpeint for the selection abptimal
PV cell coverage ratiin the semitransparent P\design approachin particular, the present study should
provide assistance in maximisitige benefits obemitransparent P\Applicationwith reference to theverall
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energy performancef buildings, includingelectricity generation, lightinggndcooling and heatingrhus, these
results represerd solid foundation for the optimisation of the architectural design of office buildiiths w
sami-transparent PVacade.
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