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Abstract

Renewable energis part of a21st century sustainability paradignthat respads to
environmental degradatigfiormingwesternd 2 O A eSisteéntfakoncern forearth- often
NEFSNNBER G2 | & .NéwIoolwahdNEcBnylcies Both ivbSilydigsign
and constructionhave come to assist architects in the creation of buildingspitvatuce
their own energy and which consume less dRé@rewable energy production strategies
are necessary in ordey mitigate the issue of futurenergy gcurity, astraditional sources
of fuel become increasingly scardéhisthesispresentsa proposafor a buildingthat can
producepower by incorporatinga photovoltaicandthermalenergy collectiosystemasa
programmeddesigncomponent, offeringin architectural solution to what iseaditiondly
viewedas an engineering problerarom this perspectiveenewable errgy systems can

beintegrated as botlunctionaland aesthetielements withirbuildings
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1 Introduction

1.1 Sustainability

Technological advances in the global age have transformed previously local economies into
an international consumer culture. Governments rely on the employment and services
associated with both upstream and downstream economies in datetheir social
systems to remain viabl@Harris, 53838) hurtling societies toward crisis levels of
overpopulation and pollutianConsumerism as a dominant global social force has
increased pollution, necessitating the invention of various means ioy Wthmanage its
guantifiable environmental impac®ince buildings are the greatest consumers of energy
architects have been tasked with generatswutions for more resource and energy
efficientdesignsat all scaledNaturally, his calls into question what such typologies ought

to look like, or whether their sustainable quatign or should bgisually expresseat all.

For centuries pior to theinvention ofmodern buildinglimate controbystemssubstantial
architecturalelementssuch asind catches figure1.1) were usedo ventilate and cool
buildings in hot and arid or humid areas. Such technologgestilrused today ipartsof

the Middle East andorth Africa and gmilar solutiondiave been integrated into neero

and netpositive buildings throughout Canaddewtechnologies are often designed and
integrated alongside historic ones to ate novel solutions foageold problems,as well

asfor emerging ones



Source: Dehgha8anij, A.r., M. Soltani, andRaahemifar. "A New Design of Wind Tower for Passive Ventilation in
Buildings to Reduce Energy Consumption in Windy RedrereWable and Sustainable Energy Revi2ay2015): 182
95. Web.

Figure 11: (left) basic airflow througl windcatcher (right)ywindcatcher in Yazd, Iran

When it comes to theower of thesun mankindhas alwaysaight to harness its energy

for everydayneeds.It has beeran importantresourceand challengeor designers, faced

with balancinghaturallighting withthe risk ofoverheating Rassive solar desiggeeksto
reduce theenergyconsumptiorof buildings as well as produgeesthat act in conjunction

with natural forcesnot against themActive solar energy systems areelativelynew area

in architecture buildingintegrated photovoltaic (BIPV) electric powgstemsare a major

new technologyn currentpractice, particularlgs they relate tenergy performancesuch
systemdave become more sophisticated amut only produce electricity, but caaisobe
substantialfunctional and decorativéuilding elements The design and performance
potential of BIPVsystems are being taken more seriously as the technology becomes
cheaper and more efficient-or example, a BIPV doukd&in facadeis an integral
component of the building envelope as well as a solar electric energy system that
generates powerpreheats ventilation air, anatotectsfrom sound, windand pollutants
which make life in urban areas less comfortableSuch systems are tledore

multifunctionalconstuction materialsvith both passive and active elements

Woodrow W. Clark Il highlights the Green Industrial Revolution in hisGloblkl Energy

Innovation He remarks on hovt is aboutmore than just renewable energy systeand

storage technologiesioting that such systems haveto 802 YO AY SR | iR Ay (G S
order tobe more conversational and efficient as well as reducing the carbon and emissions

Ay GKS 3Jt26Ft | 0Y2aLKSNES miitects thustkicorpofatg & dzO K
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appropriate technologies like photovoltaics into the design of their buildings, yet not
ignore the merits of histric precedents. New teclologies should enhanceand not

replace or obfuscatpre-existingones.

1.2 Photovoltaics

The standarcelement of a BIPV system is the photovoltaic (PV) modataposed of
individual solar cell§hese are strung together with cables and wires to form a PV array
(figure1.2). Direct or diffuse sunlight shining on the cells induces the photovoltaic effect,
generating unregulated DC electric power. DC power can be used directly, stored into a
battery system, or fed into an inverter that transforms and synchronizes the power into AC
electricity. The electricity can be used within the building or exporteditidits company

through a grid interconnection.

Array
Strings in parallel
Meodule T
Cells in series - ‘

String
Modules in series
Gell 1 [ | N n:timmi il

DGH DBEIG DODEH
I|i§!l lilri'lll llhilllii I|Iil|l|i
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Source: www.pureie.com
Figurel.2: diagram showing components of a photovoltaic array

There are four main types of photovoltaic cells that are commercially available: amorphous
silicon (aSi); monocrystalline silicon$g); polycrystalline silicon$); and hybrid cells: a
Sicellsare flexible and are more efficient under higher tempées due to annealing
effects, while overall they are less efficien8@6) and costlier than both types of crystalline
silicon cells. &i, in contrast to-8i solar cells, are more environmentally friendly as they
do not contain toxic heavy metals swashcadmium or lead. The choice of material depends
on the architectural solution for an application. Where& eells are flexible and can be
applied to a varietpf geometries, crystalline cells are rigid and have to be installed as
faceted componentslhe tradeoff is that €Si cells are almost twice df@ent as aSi cells

(13-16%).An alternativetype of thin film productis the organicphotovoltaiccell (OPV)

13



With efficiencies as high as 22%, they are competitive in performanbetrattitional
crystalline cellswith the benefit of being highly flexiblextremely thin,and uniform in
appearanceOrganic cellalso have the potential of being inexpensive to manufacture
however the technology isstill relatively youngand not yet commercially awvéable;
presentlyorganic cells hava much shorter operational lifespahan inorganic(silicon)

products(Lin et al133-56).

Photovoltaicsystems can be integrated into buildings in three ways. The most common
method is to simply addommercially availablsodules ontoexterior surfacesthis is

often the casen retrofit projectswhere photovoltaic panels are laid out commercial
rooftops or on the sloped roofs of single family honidse second method involves the
integrationof the same commercially availalm®duleswithin building surfaces; in such
cases, the photovoltaic panelsn act as both a weather barrier as well as an active energy
production componentThe third and most fully integrated solutiowolves making the

modules into building components. An example of this type of solution are the solar glass

AKAy3ftSa AYGNRRddzOSR o6& ¢Saftl Ay Hamcd® ¢S3

aesthetics, camouflaging the actual solar cell when viewed from acute angles (@ng.
onlooker on ground level); the solar cell itself is only visible at perpendicular angles (when
viewed directly overheadpll three of these methodfigure 1.3) face the same dégn

and performance challenges.

Source: www.pureie.com

Figurel.3: traditional methods of integrating PV systems
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Varieties of BIPV systems are availdi@evermost can be grouped into two primary
categories: roof and facade systems. Facade systems include curtain wall products,
spandrel panels and individuglazing units. Roofystems include tiles, shinglesd
skylights. Aside from reaalyade commercial products, PV modules can also be designed
as aesthetically integrated building components as well as entire structures. When
compared with large scale PMasdarms, BIPV can sometimes be the optimal method of
installing renewable energy systems, particularly in areas where undevdime is

scarce, expensiyer inaccessible.

This thesis does not necessarily propose a fourth method of integration, thet ra
considers issues beyond the technology itself in order to enhance a potential project of
architecture.Thisgoes beyondxistingmethods that are almost always an engineering
solution merely a direct application oéxisting technology From anarchitectural
perspective, designs have to be naturally integratadually exceptionaland more
desirable when compared with existioges Renewable technologiesannotappearas
thoughl KS& ¢ SNXB Lldzi {2 3 SAinkvephprdadhBnécessaryihlokler 2 F
for photovoltaicgo be successfully integrated into buildingeeycanonly be included in
projectsif architects have sufficient knowledge about the technology and have access to
approprate design tools to assist them. Based on thegeirements, architects have to

approach building desigcompletely differently than iraditionalpractice

Picon states that wé & G A f f impriStlofnd2 R8RS A &0 LINBE2dzRA O0Sa ¢

modern architects generaltgnd to dismisghe performativity of décqrasit seemsless
important than stretural or energetic behaviouMhen considering buildings that
incorporate sustainable technologies and construction methods, their design is not strictly
a question ofperformance or aesth&s. As Picorsuggests the visual expression of
ornament is often fundamental to thgerformanceof sud buildings, and also serves to
describetheir purpose. As argued in section 3, an architecture of solar energy is both about

the visualexpression ofechnology as well as the development of a novel typology that

15
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exists solely due to internal and external facthia originaed duringthe late 2@ and
early 2 centuries.The project of architecture discussidthis sectiorwill help define
how one may approachthe design of such #&pology.As the incorporaton of such
technologies beconsmore commonplace, researchers, manufacturegsyice providers
and fabricatorswill take solar technology more seriously agraper building material,

catalyzng furtherdevelopment in the area.
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2 Literature Review

2.1 Form and Function

Irradiation is the single most importafaictor affecting PV performancedetermined by

the local climate and sitocation (figure 2.3 a ¢Sttt & o6& GKS F NNI
orientation. Maximum annual performance of giwgdnnected PV generators is obtained

with modules tilted at an angle equal to theegddtitude, facing the equatofhe total solar

radiaton®@+ Af F 0 Af AGé& RANBOUf& FFFSOGa GKS tzx 3S

. selargis
hitp://solargis.info SolarGIS @ 2013 GeoModel Solar

Long-term average of: Annualsum <700 900 1100 1300 1500 1700 1900 2100 2300 2500 2700 >
= : ] KWhim?
Daily sum <20 25 30 35 40 45 50 55 60 65 70 75>

Source: SolarGIS
Figure 2.1global map showingwual sum of irradiation by ggmphic area

When all photovoltaic modules are on the same plane, estim#igigannual energy
production(kWh/kWpl/year) can be highly accuraistimation becomes more difficu a

BIPV systems beconmereasingly acqeed by architects and builders, sinoegular and



curved shapewiill be desiredPartial shadings a result oEomplexgeometryis a design
issue which can lead to performance losdébanetz et alfoundthat a curved®Varray
on a parking shade structure was 10% less efficient than a flat raofeyon the same
site, due to shadingConsequently, compromises between the aests (form) and
energy production (function) expected from a BIPV system will have to be reldhed
case of Urbanetz et ah,10% loss can be considered acceptable since the curved design is

morevisually and functionallppealing for the desiredpalication.

2.2 Effects ofHeaton Performance

Solar irradiation imore critical in determining the maximum temperature of PV modules
than the outdoor air temperatureDependingon the material of P\¢ells efficiency
reduction due to overheating can be partially alleviatiedugh the integrationof a
thermal collection systenSuch systems absorbuch of the heagained by PV panels
through a heat transfer fluid in an opéop (air) or closed loop (ligyidonfigurationThe
benefits are twofold: colleetg more energy and lowering tkemperatureof PV modules

In such situations, BIPV/T systems are more cost effdChen et al18941895) The
collected heat can be used for space heating or disticiviater (DHW) heating either by
direct means or through a heat puntphen et al. incorporatedventilated core slab (VCS)
in the basemenof a single family dwellingtilizing the collected heat aseans to warm
the hollowcore slab Chen et al. alséound thatwind has themost significant cooling
effect, whereas mechanical ventilation had a negligible effecevery 1km/h increase in
wind speed, the temperature in the air cawitgis reduced by 2 degrees due to convective

heat transfer.

While hidner temperatures generalhgsult inthe reduced performance d*V modulesg-
Sicellsperform more optimallyinderhigher temperatureslue to theannealing effect of
the material(Hu et al50). Amorphous silicon celidfer the added benefit of flexildyiand
can be integratethto the design ofurved geometries, likbhose ofETFE cushi@ystems.

ETFE BIPV systeatsooffer the potential to harvest thermal energy between the top and

18



bottom layers (within the air cavity), while producing energy and offering ample daylight

to the contained space$heJapanes®avilion at Expo 2010 (figure 2eft) incorporate
a-SimodulesoitsOdzAa KA 2y 4 Q SEGNBYS 2 dzi SedotiddaNgmeeOS a &
high temperatures affect the inflation of the skin, compromising the overall structure.
Experiments conducted on a fatlale testbed in China show that integrating photovoltaic

cells on an intermediate layer mitigates the temperatureat$fon the structure (Hu et al.

42-45).

Source: (left) www.inhabitat.com; (right) Kieran Timberlake Architdeised States Chancery, Londana m 17 ® ! N
Concept. US Department of State. Washington, DC.

Figure2.2 (Ieft) ETFE BIPV system witBi&Vcells applied to extreme inner surfadght)facade
integrated ETFE BIPV system using crystBNoells

2.2.1Double Skin Facades

Double skinventilated facades offer irgresting potential in both the design and
performanceof BIPVsystems: ts thermal buffer zone reduces theatimg load during
summer monthspreventing heafrom entering directlythrough the buildingenvelope
during winter months, the systenan be used tpreheatventilation airtherebyreduang
the heatingload (Agathokelous et al45746). Thecaptured thernal energy can also be
exhaustedand/or circulated drawingcolder air up the wall assemblyparticularly useful

for cooling photovoltaic panetince PV efficiency is reduced under héghperatures
There are two types of ventilated facades; a traditionally ventilated air chamber is only

open to the exterior at the top and botto(figure 2.3, left), while open joint ventilated

facades (OJVF) incorporate a series of thin gapaltbatexterior air to ente andexitthe

19



cavity along the wall or roof assem§iigure 2.3, right) OJVFs are desirable in climates

with hot summers and mild winters, since sgd temperatures are higher.

J_ Airoutlet
r Air intake
s
Lnsui:atetlil Air intake I
PV layer =t -+
- Air intake
I channel #
Air intake

Air intake

SourceeSim conference paper

Figure 2.3(left)single inlet BIPV/T syste(right) multiple inlet BIPV/T system

Recent studiebavealsoanalyzed OJVF performannecold climatesyang et al. showed
that a multiple cavityvall assemblyncreasasthe thermal efficiency cd BIPV/T systenm
a cold timate by up to 7%when compared to a single cavity systeldy countering the
effect of temperature stratificatignthe heat within the cavity is evenly distributeahd
therefore minimizes émperatue variation among the PV panels; this facilitates
estimation of energy productioMoreover,a uniformand reducedemperatureslows the
degradation of PV modules, extending their operational lifedpam an architectural
perspectivethe d9ze and location of the air ggmlongwith the lengthand shapeof PV
panelshas a direct effect on thair collection ratevithin the cavityand ultimatelysystem

design angerformance.

2.3 Adaptive Facades

Adaptive Solar Facades (A&E)modular, dynamic building facaddhe basic element of
the ASF ia dynamic, multifunctional module which cact autonomously oin acluster

(figure 2.4) Each module msssentiallya miniaturized solar trackeDynamic facades have
the potential to increase the efficiency of BIPV systenysas much as 10 to 25%
(dependng ongeographidocation and desigrsinceindividualmodules can be raised and

twisted in order to maximizairect exposure to solaadiation Furthemore, they can add

20



to the architectural expression afbuilding.While ASFs are a novel soluttoroptimize
panel orientation they also pose severahallengs, particularly in northern climates.
Aside from beig slightly more expensive than fixegstems,their more complex

technology, consisting of several moving parts, can affect the reliabtlityiobperation.

o

During winter, ding on the actuators cacompletely inhibiti KS a@a i SYQa 7TdzyC
Costs associated withedcing and regular maintenanaan erase much of théinancial

value gainedrom (i K S & &naréaSet énhdrgy production.

PHOTOVOLTAIC PANEL
PANEL ADAPTER
JUNCTION BOX

ELECTRONIC SHIELD
SOFT PNUEMATIC
ACTUATOR
CANTILEVER

GABLE NET STRUCTURE

PV POWER CABLES

SourceeSim conference paper
Figure 2.4(left)individual module for an ASF systéright)an array as part of an ASF system

2.4 Building Precedents

Most built examples of facadetegratedphotovoltaicsystems simply replace vision or
spandrel glass with PV modules (figu2, 26). Thesedesignsrely on therespective
buildingd @rge vertical surface area to help quensate for aeduced power outpyta

result of less than optimal orientation. Givétre relatively low efficierycof PV systems
(between 152099, especially when considering the loss in DC to AC convelr8i6rot

the total system logsit is not good practice to attribute a loss of output to poor design.
Photovoltaics are often implem&d in such a manner because the solution employs
standardted PV modules of nominal siZ2V modules exist in a typically flat and
rectangular form factor because it offers an efficiency in their manufacture, reducing cost.
While this reason is valid froa basic economic perspective, it limits the design potential

available to architects, as well as the performance potential in building projects that do not
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lend themselves to a straightforward application of such solutions, particularly when

aesthetics g valued and site conditions are constrained.

SourceAdrian Smith Gordon Gill ArchitectuFederation of Korean Industrié€913. Photographzederation of Korean
Industries Seoul.

Figure2.5: (left)BIPV Facade @nskyscraper iBeoul SouthKoreayright)image of same building
showing BIPSkylight andacade

The Federation of Korean Industries building in Seoul, South Korea demonstrates a
straightforward design and application \wriousBIPV system®ue to the functional
concerns asstated with the leasing and occupancy of higie office towes, the
dimension within which its BIPV facade could leees designedvasconstrained both in

depth as well as in expression. Sivies\s out of the offices are valueshd a rectangular
floorplate is required, the architects simply tiltadd substitutedvhatwould normallybe

infill spandrel panslwith c-Si PV modules Such a strateggnly margirally increases
system efficiencyOn another portion of the building;Si cells are used as shading devices

as well as omsite power generators on a skylight assembly.

Themunicipal office building in Aarhus, Denmsitkwn in figure 2.61corporates several
types ofphotovoltaicmoduleswithin the expression of its facad®imilar to the Korean
example,spandrel panels are substituted with tiltedSi panelsin between ¢pzed
segments Elsewhere on the facada shading system incorporates solar cells in a

horizontal pattern breaking upvhat would otherwise be a monotonous, flell.
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SourceC.F. Miler ArchitectsLow Energy Office Buildir2010 PhotographAarhus MunicipalityAarhus.
Figure2.6: low energy office building in Denmark incorporating a variety ofdlBtbns

SourceMgrk, AdamHorten HeadquarterSXN Architect2009. PhotographCarlsberg Ejendomme€openhagen.
Figure2.7 facade designed to reduce internal heat gain

While not a BIPV facade, temvelope forl  f | ¢ hetdqubiteesia Copenhagen,
Denmarkelegantlycombinesornamentand functiorality. Its faceted folded pattern is
designed such that all glazsgrfacesare oriented to thenorth, minimizing solar heat gain
within thebuilding The glazed portions also face a canal, therefore the building is not only
oriented for optimal efficiency, bus also designed to offats userghe best views of its
surroundings.The facade islsonovel in material composition, employing the use of
fiberglassinstead of steel framinglts method of construction is technologically
sophisticatedand innovative in its modular assembyet simplein the sense that the
issues it mitigatesra ageold. In this casethe solution is more architéaral thanit is

technologicalThe architecture itself is the primary contributor to the energy sa\angs
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sustainable quality of the buildingimultaneouslhthe three-dimensionatelief of the zig

zag patern creates visual interesfrom the south, the facadeppears to be completely
solid(figure 27, right) from the north, thefolded pattern of glass andravertinecladding
becomedistinct(figure 27, left). It is a far more elegant solution to shutting out excessive
sunlight when compared with traditionalethods thatinclude, among othersaluminum

awnings brise-soileil windowtints; windowfilms.

SourceCoop Himmelb(l)alHouse of Music.|2014 PhotographNorth Jutland House of Music Foundatidalborg.
Figure2.8: (left) faceted BIPV/shad system(right) detailed view of solar PV shading system

Musikkens Huffigure 28) in Aalborg, Denmarikcorporates solar Ppanelswithin the
3S2YSGONR 2F | fdzvYAydzy az2tI N akKlFRAy3d RSGOAOSa
clear whether the inspiration for the faceted forms came prior to or after the incorporation

of the PV cells, however the result is both visually inteigstial functional.

WYASNIY C¢CAYOSNII]1SQa RS&aAIYy F2NFigir&kS9) ! yAGS
incorporates crystalline cells behind a veil of ETFE foils draped along a second skin,
outboard of the glazed building envelofgnce the ETHBils arenot inflated, the usef

c{ A OSftfa R2Sa yseudtural mtdgBtys a réskijthe desiganiiti§aes i

wind downdrafts, generates ener@nd reduces internal heat gain in one fell swaap

elegant solution to several common problems thbg office buildingdt is noeworthy,

howeveri K G (G KS | LILIX A OF ( A 2 yofteh @vertasandrainy-clindateda 4 SY A

may not be the most cost effective methodpofrsuing goals ianergy efficiency
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