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° e Summary

The issue of energy balance in buildings has a significant importance
nowadays, since conventional energy sources are running out and become extremely
expensive. Fundamental environmental design parameters should be carefully
implemented in the overall design decisions. A building’s skin is the design element
that has to balance all environmental dynamics between interior and exterior.
Radiation control in transparent fagade elements is a very delicate subject due to the
fact these elements are the ones that are the most vulnerable to it.

Sun control “machines” play a major role in the control of incident solar and
thermal radiation for transparent elements. Additionally, they determine the final
aesthetics of the fagade and constitute an expression of the architectural language
of the designer. The research’s starting point is the fact that the conception of

III

shading systems as sun control “machines” introduced in the ‘60s, has changed. The
integration of PV elements in their surfaces is the key factor that calls for a
reexamination of their performance within the actual environmental standards.

The fundamental geometric rules for effective Shading Design derive from
the necessity of preventing direct solar radiation from entering the interior. The
main objective of this research is to resolve an energy balance contradiction that
originates from fixed shading devices: the simultaneous reduction of a building’s
cooling loads and the increase of its electric light needs. In order to balance the
positive fact of the decrease of cooling loads that fixed SD pose and the negative fact
of the increase of electricity needs for lighting and thermal comfort, the electricity
produced through integrated PV systems has been examined as a potential energy

balance solution for various SDs geometries. We compared all SDs with integrated

PV energy and comfort performance with shading systems of simple glazing.
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The research focuses to a typical office building unit. We have used the office
originally defined in the European Commission Joule project REVIS (VanDijk, 2001)
and further refined in the International Energy Agency Solar Heating and Cooling (IEA
SHC) programme Task 27 (Performance of solar facade components) (VanDijk, 2002).
The same specifications are used in the EC project SWIFT (http://www.ist-swift.org/),
for IEA SHC Task 25 (Solar assisted air conditioning of buildings, http://task25.iea-
shc.org/) and Task 31 (Daylighting Buildings in the 21st century, http://task31.iea-
shc.org/) (Nielsen et al., 2003).

The choice of examining the function of office buildings is due to the fact that
office units have very specific requirements of daylight levels according to the task of
the users and according to the position of the subjects in relation to the opening.
The electricity needs are calculated for the worst case scenario of the minimum
requirement of 500lux at the desk level and it is measured as Average Daylight
Autonomy for the whole year.

Daylight Autonomy is represented as a percentage of annual daytime hours
that a given point in a space is above a specified illumination level. It was originally
proposed by the Association Suisse des Electriciens in 1989 and was improved by
Christoph Reinhart between 2001 - 2004. It considers geographic location specific
weather information on an annual basis and it is related to electric lighting energy
savings if the user defined threshold is set based upon electric lighting criteria. The
user is free to set the threshold above which Daylight Autonomy is calculated
(Tzembelikos & Athenitis, 2007). For the office units examined in this research the
threshold is set to 500 lux on the desk level, as mentioned before.

Most of the SDs examined are typical external fixed systems for south

orientation of office buildings (Fig.0.1.).
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All shading systems are evaluated according to four factors:

-Summary-
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e The energy consumption for thermal comfort of the office unit they shade

e The energy consumption for supporting the electric light needed into the

office unit in order that visual comfort is achieved

e Visual comfort levels that each system can support

e And the energy production that integrated PV provide

In order to achieve the evaluation of the SDs besides basic equations, two

main tools were used: digital models imported in simulation software and

measurements taken from physical models. The comparison of the above mentioned

methods, in relation to the results achieved, has been one of the main questions of

this research. We searched for appropriate tools that can be used in the early design

stage, when structural details are to a large extend undefined.

Two are the main objectives of this research:

e Evaluation of shading geometries with integrated PV in terms of energy

savings and visual comfort

e Determination of the limitations and possibilities of each assessment

method used in relation to the level of the design stage (early design stage-

detail design stage)
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The originality of the research is also supported by the fact that it focuses in

the specific conditions of Mediterranean climate.

Innovations of the research

The main innovation of this research is the definition of geometrical
configurations of Shading systems with integrated PV appropriate for Mediterranean
Climate, their design and their evaluation in relation to their energy performance
(production and consumption of energy for heating and cooling the space they
shade) and to the daylight quantity and quality that they provide to the interior.

As we show (from the bibliographical research) there is a gap in the field of
integration of PV in various geometrical configurations of Shading Systems
appropriate for Mediterranean sun position and climate. Despite the rapid
development of the Building Integrated Photovoltaics (BIPV) technology almost none
of the Shading Systems with integrated PV examined in this research has been
previously examined - Only the systems of Canopy Horizontal Single, Canopy inclined
Single and double.

We define basic geometrical configurations of shading systems that can work
efficiently for Mediterranean countries: provide thermal and visual comfort with low
energy consumption and produce the maximum of the electricity through their
integrated PV. None of the researches done in the field of Shading Systems
examined various geometrical possibilities of them for increasing their energy
performance, taking into account the maximization of energy production. Most of
the researches are involved only on their shading performance for balancing cooling,
heating loads and visual comfort or only on their performance in relation to energy
production. In this research optimization points between comfort and low energy
consumption through different geometries of shading systems with integrated PV
are being proposed. Additionally the research focuses on a comparative analysis of
various geometrical configurations and the conclusion are based on the balance of

the above mentioned facts.
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Another innovation is that we evaluate the influence of the integatrion of PVs within
Shading Systems in relation to the visual conditions they provide and the electricity
needs they create for lighting the interior. We re-examine already known geometries
of Shading Systems constructed with a new material: a PV monocrystalline material.
We emphasize to the specific geometry of louvers systems with integrated PV, that
the thickness and the reflection of the material affect drastically their final
performance. For that purpose we examine two different market PV products for the
cases of Louvers Shading systems: market PV panels with an overall thickness of 3cm
and of 1.5 cm. In both systems PV technology is the same: mono crystalline PV cells.
We conclude that in both cases, the systems perform in a very similar way.

The third innovative action is that we evaluated different methods used for assessing
visual performance and energy production of Shading Devices with integrated PV in
relation to the design stage. The process of evaluating and choosing the appropriate
shading system with integrate PV that corresponds to specific requirements is time
consuming and regards special knowledge of the designer. In this research we
proved that architects can use simple simulation tools, even though they incorporate
a percentage of error and that these tools are efficient enough for the early design

stages.

Methods used

Methodologically the work is divided into two main parts: The first part is a
bibliography research that concerns firstly the performance of different types of SDs
in relation to thermal and visual comfort, secondly the performance of shading
systems with integrated PV, and thirdly the assessment methods used to evaluate
that performance. The second part consists of experimental work with the use of
physical models, simple and more complex simulating tools to evaluate the energy
needs, daylight levels and quality, and the energy production for a reference office
unit with different shading systems. All chapters of Part Il, follow this structure:
bibliography research and experimental work.

The research’s approach is concentrated on the effectiveness of the

assessment method used. We examined the balance between simple evaluating
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tools and more accurate complicated ones. We searched for the optimum
combination of simple and accurate tools that we can use for assessing basic
geometrical configurations and different color and material properties.

In order to assess the performance of SDs in relation to thermal comfort we
used advanced simulation software. This is due to the fact that the simple simulation
software could not measure the difference of temperature to the interior between
the various types of the SDs examined.

Further on an additional parameter of energy savings from the use of daylight
has been examined. We calculated daylight autonomy and the percentage of the
time of the year that electric light is needed. We assumed that a continuous electric
light dimming strategy is used. According to Vartiainen (1998), this system helps
diminish electric light needs.

For the evaluation of daylight quality conditions we used validated simulating
tools. We additionally constructed 1/10 scale physical models in order to evaluate
the intricacies of the behavior of daylight and the relation between simulated sky to
real sky conditions. The results of these comparisons between measured and
simulated data are further connected to the daylight performance of each SD in real
buildings.

Finally in order to further examine the influence of the integration of PVs in
visual conditions and energy demands of the interior, we examine two different
market PV products for the cases of Louvers Shading systems: market PV panels with
metal frames with final thickness of 3cm the second one consists of glass louver
system with integrated PVs with final thickness of 1.5 cm. In both systems PV
technology is the same: mono crystalline PV cells. The main difference of these two
types of PVs is their appearance and their geometry in terms of their thickness. The
thickness is a crucial fact that influences the interior daylight environment.

In order to assess the most appropriate method for evaluating the energy
performance of SDs with integrated PV, we compare the energy production results
of the PV panels, of three different method used: a simple energy computer
simulation model that uses the theoretical average PV efficiency of 12%, a more

complete computer simulation model using detailed equations, and real PV
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installations. Each examined method refers to a different design stage according to

the level of information that is available to the designer.

Conclusions

Some general conclusions can be drawn from the studies carried out within
this research.

Simulation methods, measurements of physical models and real PV roof
installations are used in order to evaluate the energy performance of various
geometrical configurations of shading systems with integrated PV for an office unit.
Even though differences between the results of the methods used have been
observed and presented in the related chapters, some general conclusions have be
extracted and presented here. The conclusions are either related to the method
used or to the examined researched field (energy for thermal comfort, energy for
visual comfort or energy production).

In relation to all examine factors (lower energy consumption for heating,
cooling and lighting and higher energy production) only the shading system of
Surrounding Shade can produce enough electricity to support the energy needed for
all heating, cooling and lighting the examined office unit. This result can be achieved
by simulation tools. Generally we can see that different types of systems perform
well for different needs. The preferred selected Shading System depends on the
design stage, the priorities of the design and the factors examined.

In relation to the factors and methods used appropriate for each design stage
the following are concluded that concern each examined factor (thermal
performance, daylight quality and quantity and energy production of the integrated
PV):

For evaluating the performance of SDs in relation to the resulting thermal
interior conditions and the energy needs for achieving these conditions only the
complete simulation model is accurate enough and can be used. Small differences
between latitude points do not affect drastically the assessment when comparative

analysis is the goal.
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Concerning the results of daylight quality in order to assess visual comfort
conditions in the early design stage, daylight factor (DF) and daylight autonomy (DA)
are appropriate values. The DGl method and UDI value for evaluating visual
conditions should be used in the detailed design stage, due to the fact that they
demand detailed modelling and are time consuming. Additionally the designer
should be familiar with these values in order to be able to evaluate the results.
Physical Models as a means to evaluate interior visual comfort can be used in the
late design stage.

Concerning the evaluation of the energy production of integrated PV in
Shading Systems, the results showed that the simple simulation and the more
elaborated models have similar performance for most of the shading devices, apart
from those with a complicated geometry. Moreover, the second simulation model
uses parameters of PV modules already available on the market that can be
integrated in the aforementioned shadings. This model can provide results of energy
production even for complicated geometries. It is concluded that the real PV
modules produce results very close to the theoretical average PV efficiency of 12%.
This means that the use of the theoretical efficiency of 12% can be safely used at the

early design stage.



O ° 2 e NepiAnyn

E€owkovounon Evépyelag oto Aopnpévo MeptBaiiov pe

Eudaon oto Duoko PwTiouo.

To {Atnua NG nAlompootaciag tou kKeAUdoUg Twv KTlplwv elval amo ta
BepeAlwdn mou emAUovtal TPoKelpévou va e€aodallotel 0 Baolkog mabnTiKog
oxedLaooG KTplwv XapnARg evepyelakng katavaAwong. Ewdikotepa onuepa mou ot
QTALTAOELG YL XOUNANG EVEPYELOKAG KaTavaAwong Ktipta eival auvénuéveg ta
{NTAMATA OKLOOUOU QImOKTOUV oLaitepn onpaoia.

Emti mA€ov 6oov adopd otnv Apxltektovikn Emiluon tou keAUdoug os oxéon
LE TIC EC0WTEPLKEC AELTOUPYLIEC TA CUOTHUOTO OKLAOHOU £Xouv KaBoploTikd poAo
ooov adopd TO TEAIKO aLOONTIKO QAMOTEAECUA KAl TNV LOOpPOTict METAEL TNG
OPXLTEKTOVLKAG LO£aC Kal TNG UAomoinon tne.

Onwg tovilet o Givoni (1969, p. 213), avadepduevog otn onuoocia
npootaciag Twv Sltadavwy otolxelwv Twv 0Pewy, Ta NALaka KEpSN amnod ta dtadavn
otolxela eival moAu auvénuéva os oxeon e autd Twv adtadavwy Toixwv. MNa auto To
AOyo Kol 0 KATAAANAOC OXESLAOUOG TWV OKLAOTPWV £ival TTOAU KPLOLUOG OE OXEON UE
TNV EVEPYELOKN KaTavaAwon Ttou Ktpiou yla Béppavon Yuén kot Pwtiopo,
€L0LIKOTEPA Yl TO HECOYELOKO KALHQ TIOU OL QVAYKEC yla nAlompootacio eival
auénuévec.

MNpw amod to MAailolo MAUONG TWV EVEPYELAKWY {NTNUATWY KAl LELWONG TNG
EVEPYELOKNG KATAVAAWONG TWV KTLplwy, N TTPOOoTABELN EVOWUATWONG EVEPYNTIKWV
OUOTNUATWY OE QUTA, €XeL N6N amo tn dekaetia tou 50, amoteAécel epoapudoLun

AUon. Ewdwkotepa n evowpdatwon ¢wtoPfoAtaikwyv OToElwV oTa ocuoTHUATA



oKlaopoU £xel edappootel amd tn OeKaeTio Tou 80 OTOV KTLPLOKO TOHEN EVW
TIOLKIAEG €TALPELEG €XOUV ETIKEVTIPWOEL OTnNV Tapaywyr TETOWwWV oOTtoXelwv. To
OKEMTIKO £EOLKOVOUNONG EVEPYELOG, TEPO ATMO TNV OKloon Kol dpa Meiwon Tng
EVEPYELOKNC KaTtavaAwong yia Puén, BaolleTal Kal 0To yEYOVOG TNG XPonG VoG Kot
HOVO oLkoSoULKOU otolxeiou yla tnv emihucn SU0 AELTOUPYLWV: HUELWON EVEPYELAKNG
KOTOVAAWONG KAl TTopaywyn eVepyeiag.

H evowpdtwon OpwG TwV PwTOPBOATAIKWY OTO CUCTAHOTA OKLOOUOU
eTLPEPEL AAAOYEC OTNV OUVOALKN) €VEPYELAK cuumepldopd Tou okiaotpou. Mépa
arnd TN Helwon TNG CUVOALKA KOTAVOALOKOUEVNG EVEPYELAG TOU KTLPLOU, N GUVOALKN
ouuneplpopd TOU OKLAOTPOU amaltel emaveé€taon TOoO Ocov adopd TIG
EVEPYELAKEG AVAYKEG yla BEpuavon kat Puén 600 Kal TIG VEEG CUVONRKEG OTTTLKEG
Aveong mou dnuiloupyouvTal.

H €peuva mou Ba MAPOUCLACTEL EMLKEVIPWVETOL OTa 0TaBepd ocuoThuOTO
OKLOOHOU HE EVOWMOTWHEVA PwTOBOATAIKA oTOLXElA MpooTtaBwvTag va ETUAUCEL TIG
EVEPYELOKEC OVAYKEC TIOU SnpLloupyolV Ta oTaBepd OUTA CUCTAUATA TN XELLEPLVA
niepiod0o, AOyw TOou OTL HELWVOUV TO OIapaiTtnTa YL TNV €MOX APeca NALOKA KEPSN.
Avo sival n Baoikol otoyol :

1. EUpeon onueiwv BeAtiotomoinong tng evePYELOKAG KATAVAAWON Twv otabepwy
OUOTNUATWY OKLOOHOU HE EVOWHOTWHEVA GWTOBOATAIKA oOToEl Kal Twv
ouVONKWV OTTIKAG AVEDNG.

2. kot n Olepelivnon TWV TEPLOPLOHWY KOL TWV SUVATOTATWYV TWV AVOAOYLKWV
(uetpnoelg o€ ¢uokd poviEAa UTO KAlpaka) kot Twv Ynolakwv pebodwv
(mpocopowwoelg oe Pndlakd HOVIEAQ) EVEPYELOKNAG KOl TIOLOTIKAG afloAdynon
TETOLOU €(60UC CUOTNUATWY, OE CXECN UE TO OTASLO TNG EKTTOVOUUEVNC LEAETNC.

Mo va emntevxbolv oL mopamdavw otoxol akoAouBndnke n pebBodoloyia
OMwc¢ rapouaotaletal oto dtaypappa tng Ek.0.2.1., evw yla KABe €va amnod Toug TPELG
Topeic (doptia KApATIOHOU, TEXVNTOC GWTLOMOG — OMTIKY AVECH, Tapaywyn
gVEpPYeLOG amo ta PV) Siefayetal BLBAloypadikn €psuva Kol MELPAUATIONOL ElTE pE

TIPOCOUOLWOELG E(TE IUE PUOLKA LOVTEAQL.
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Ewk.0.2.1. Baowkn) MeSoboAoyia épeuvag

AlepeuvnBnke n tumoAoyia, n KATAAANAN YEWUETPLO CUCTNUATWY OKLOOLOU
yla Ktipla ypadeiwv Kat oL Suvatotnteg eVowHATwonG ¢wtoPoAtaikwy mAatolwy.

H peAétn emukevipwvetal ota KAwpotika Sedopéva tng Meooyeiov. Qg
QVTUTPOOWTEUTIKA Selypata KAatikwy Sedopévwy emAEXTNKOY autd thg ABRvag
Kol Twv Xaviwv.

Ixebldotnkav kot peAetnOnkav Sekatpeic (13) TUMOL OKLACTPWY HE
TIPOOOUOLWOELG, PE TN Xprion SU0 AOYLOULIKWY KOl LE AVAAOYLIKA LOVTEAX O KALHaKO
1/10. Eywve oLyKpPLON TWV ATIOTEAECUATWY 000V 0.popd oTa EMIMESA TNG ECWTEPLKNG
Bepuokpaciag, otnv KatavaAwon evépyelag yia Puén kat Bépuovon Tou Xwpou,
0TNV KOTOVAAWGN EVEPYELOG YLa GWTLONO Kal ota eTtineda puoikol dwTLoUOoU.
AvoAutikotepa:

1. Elonxbnkav to petewpoAoylkd Sebopéva tou otabuol tng Zoudag oto
Aoylopkd Ecotect, yla va pmopouv va mpaypatonotnfolv mpoCcopOLWoELS yla TNV
TepLoxN Twv Xaviwv. To avtiotolyo apxeio kapol TnG MePLOXAG Twv ABnvwv Atav
N&N €TOLUO YLA TOL CUYKEKPLUEVO AOYLOULKAL.

2. Ixedlaotnkav oe TpLoSLacTata PoVTEAQ SEKATPEIG AVTUTPOOWIEUTIKOL TUTIOL
OUOTNUATWY OKLOLOKOU, YL VOTLO TIPOCOVATOALCGHEVO OVOLYHOTA, LLOG TUTILKAG
povadac ktipiou ypadeiwy, Pe yvwpova Thv anoduyn TG AUESNS NALAKAG
aktvoBoAiag yla tng wpeg Asttoupyiag Tou ypadeiou, ya tnv ABrAva kat ya ta

Xavia (Etk. 0.2.2). NpoocopotwBnkav pe U0 SLapopeTIKA AOYLOULKA OE OXECN UE TLG



OVOTITUOOOUEVEG BEPUOKPACLEG KAl TNV EVEPYELD TTOU amalteltal yia tnv e€aodpaiion
ouvOnkwv BepULKNC AveoNG 0TO ECWTEPLKO. Me Bdon tnv mpooopoiwaon tou Ecotect
BéATLoTO OKlooTPO Go0OV adopa TNV EVEPYELAKN KATAVAAWON Yyl e€aodaAlon
Beppokpactwyv Petald 18 — 26 °C yia ta Sedopéva Twv Xaviwv eivat o SutAdg
KeKALEVOG TtpOBoAOG. Me Baon to Aoylopikd Energy Plus meploootepn
e€olkovounon evépyelog e€aodalileTal e TO CUOTNUA TOU TTEPIKAELOTOU OKLOOTPOU

(Mandalaki et. al, 2012).
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Ek.0.2.2. E eTai{OpEVOL TUMTOL CUCTNUATWY OKLOGUOU LUE EVOWUATWUEVA pwToBoATaiKd OoTOLYE(Q.

3. IToug  mpoavadpePOUEVOUG  TUTIOUGC  OKLAOTPWV  EVOWUOTWONKav
dwtoPoAtaika mAaiowa, wote va OSitepeuvnBel n Suvatotnta e€olkovopnong
EVEPYELAG OO TN MEYLOTN TIOPAYWYN EVEPYELAG QvAAOya ME TN YEWUETPpLO TOU
oKlaotpou. Emavaélodoyouvtal 6AoL oL TUToL e BACN TNV OPAYWYr EVEPYELOG, UE
Bdon TG AmMALTACELS Yyl TEXVNTO PWTIOUO O OXEON HUE TNV UElwon Tou Guaotkou
dwTLopoUL Kal pe Bacn Tnv evépyela ylo Bepuikn aveon. H mopamavw afloAoynon
VIVETAL Yyl TIG KALMOTIKEG ouvOnkeg tng ABrvacg kal Twv Xaviwv Ue Tn Xprion tou
Aoylopikou Energy Plus o6cov adopd tn Oepulky ocuumepldopd, €vw yla Tov
UTIOAOYLOMO TWV OUVONKWV OTTIKAG AVEONG KOl TOPAYWYNG XPNOLUOTOLE(TAL TO
Aoylopiko Ecotect. Ta ocuotApaTa OKLAOHOU Sloxwpilovial o€ CUOTHUOTA TOU
ETUTPETOUV TNV OTTIKA enadn Ue To e€wTeptko meptBailov (Ewk. 0.2.3). Kal o€ auta

Tou pe TNV adladdvela Toug Sev eMLTpEMOUV TNV dpeon enadn pe auto (Ewk. 0.2.4).
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Eik.0.2.4. EésTtalOusvol TUMOL CUCTNUATWY OKLAOGUOU UE EVOWUATWUEVA PwToBoATaiKd oTOLYE(Ol TTOU

bev efaopalifouv enapn Ue To EWTEPLKO TTEPLBAAAOV

4. Itnv mopouoa £peuva 600nke €udaon otnv afloAdynon tou ¢uoLkou
dwTLOHOL KoL TOU TPOMOoU e€aywyng TWV AMOTEAECUATWY TwV EMUMESWV TOU OTO
E0WTEPLKO. MeTA amo cuotnuatikn BBAloypadikn €épeuva Kal cUANOYN OTOLXELWY
yla Tov Tpomo dlefaywyng TEPAUATWYV UETPAOEWV  GUOKOU  PWTLOHOU
KOTOOKEUAOTNKE PUOLKO HOVTEAO povadag KTipiou ypadeiwv oto omolo umApxe N
duvatotnTa va mpooappooTouV oL dekatpeic eéetalopeveg OYelg ou dEpouv T
e€etalOPEVA CUOTHLATA OKLOOMOU. Ta CUCTUATA OKLOOUOU KATAOKEUALOVTAL LE TLG
Slootdoslc pwtoPfoAtaikwy TAQIOLO TOU EUMOpPiou, OMOTE N VEA YEWUETPLO
e€etaletal pe Baon ta enineda puokolu GWTLOUOU OTO ECWTEPLKO TIG HOVASAG.

‘E€L (6) elblkol aloBntrpeg tomoBetnOnkav oe KAVOPBO OTO EC0WTEPLKO TOU
povtélou. AloBntipac dwtog £xel tomoBetnBel oto e€wtepkd TNG Hovadag mou
HETPAEL TNV AQUmpoTnTa TOu oupavou. OAoL oL aleBntrpeg ntav cuvdedeuévol pe

povada amobrkeuvong dsbopévwy (datalogger). MpaypoatonowBnkav técoeplg (4)



OELPEC TELPOMATWV: SUO (2) yla TO XELMEPWVO nNALOOTACLO, it oslpd yio Bepvo
NALOOTAGCLO Kot pio ogpd yia v lonuepia. OL PUETPAOELG EYLVOV OE TIPAYHUATIKO
oUPOVO VLA TNV TIEPLOXI TWV XaVIiwV.

5. TéNoG o€ OAOl TA OUOTAUATA OKLOOHOU €£DAPUOOTNKAV OE TIPAYHOTIKA

dwrtoPoAtaikd mAaiola Tou epmopiou Katl HETPNONKav oL amodOoELS TOUG OE OXEON

KOl L€ T BEWPNTLKA LOVTEAQL.

H npwtotumnia Tng £€pEUVAG TNG ETMLKEVIPWVETOL OTA TTAPAKATW ONUela:

. JTOV EVEPYELOKO OXESLOOUO Kal afloAdynon, oe oxéon UE tnv €€olkovounaon
EVEPYELAG, LG OELPAG OKLOOTPWY LE EVOoWHATWHEVA dwTOPBOATAIKA oTOoLXELD
KaTaAANAwv yla to Meooyeloko KAlpa

. Tnv afloAdynon Ttwv ouvlnKwv OTTKAG GVEONG TOU MMOopoUV  va
€€aopaAioouv Ol OUYKEKPLUEVOL TUTOL OKLACTPWY HE EVOWUATWHEVA
dwtoBoAtaika otolxela, avaloya Kal UE TN YEWUETPLO TOU EVOWUATWHUEVOU
dwtoPoAtaikol kalt

. Tnv afloAoynon OSladopetikwy HEBOSWV UTOAOYLOHOU TNG TAPOYWYNS
EVEPYELAG KOL TWV OUVONKWV OMTIKAG AVECNG avAAoya HUE TO oTtadlo Tou
oxedlaopoul mou amnaltteltal.

JupnepAaopaTa:

. O tpdMog mMou evowpatwvovtal ta PV pmopel va aAAAgeL pe ) Xprion Twv
OKLAOTPWYV WE LNXAVEC TTAPOYWYNG EVEPYELAG.

° OAa Ta cUCTAUATO UITOPOUV val KOAUPOUV TIG AVAYKEG YLa TEXVNTO PWTLOUO
Kol yta to Suo .

. Kavéva clotnua 8ev pmopel va KaAUPEL OAEC TIC EVEPYELAKEC QVAYKEC yLa
Bepuikn aveon.

° To oUOTNUA TOU «TIEPIKAELOTOU OKLAOTPOU» ELVOL TO LOVO TIOU MANCLALEL TV
TIAPAYWYN TWV EVEPYELAKWVY AVOYKWV ylao BEppavon Puén kat wTlopo.

. To (610 cuoTnua €xeL KoL TIG AlyotepeG avaykeg yia Béppavon, Yoén kat
dwTtlopo. Evw akolouBolv o SMAGG kekALpéVog MpoBoAog kal Ta  Brise
Soleil cuotparta.

. Ano ta BEATIOTO MOPATIAVW OCUCTAMOTO TO cUOTNUA SUTAGG KEKALMEVOG

TPOBoA0G Kal TO MEPLIKAELOTO OKLAOTPO E£(VOL TA OLKOVOULKOTEPA aTtd amoyn



KOTOVAAWONG KOL TIOPAYWYNG EVEPYELOC OE OXEON ME TNV EMLPAVELOG TOU
gykateoTnuévou PV.

To NepikAeiloto okiootpo Kal 0 SMAGG KekALEVOG poPoAog s¢aodalilouv
KAAEG TIHEG UDI, aAAQ autog o Seiktng dev pmopel va pag Swoel aflomiota
QIMOTEAEOUATA YLO TNV OTTIKN BAapBwon.

Ta Brise Soleil ouotiipata kot o SUTAOGG KeKALHEVOGS tPOBoAog s€aodaAilouv
OUVONKEC OMTIKAC AVECN HOVO OE TIEPLOXEG UAKPLA oo thv PWTELVN Tnyn
(6nA. og amootaon amd to avolypa). Evw 1o olotnua Tou MEPLKAELOTOU
oKLaotpou sEaadalilel cuVONAKEC AVEONC VLA TIEPLOXEG KOVTA OTO AVOLYLOL.
Amo oAa ta cuotpata o SUMAGG KEKALHEVOG POPBOAOG PalveTaAL VA EXEL TIG
TIEPLOOOTEPEG TILOAVOTNTEG VA UIMOPEL val avtamokplOel kavomolntikd ota
{nTApaTA IOV TEBNKAV HE TNV Tapoloa EpEUVa.

Ooov adopd TNV afloAdynaon TN OMTLKAC AVECNC, VLo TO ETIMESO TTPOUEAETNC
To anmAd epyalAeia pmopolv va pag Swoouv aflomLoTa anoteAéopata 0oov
adopd povo ta enineda tou GwTLOHOU Kal TNV KATavaAwon evépyeLag. Otav
OHWC amatteital afloAdynon tng moloTNTag Tou PWTIOMOU KoL TNG OTTIKAG
aveong e€eldikeupéva epyadeia amattolvtal evw Ba pémneL o oxedlaopog va
£Xel ptaocel oe emnineda Aentopépelag. Ta GUOLKA LOVTEAD UMOPOUV EMIONG
va xpnotpomnotnBouv aAAd Ba mpEmeL va €Xouv amodacLoTel OL AETMTTOUEPELES
ToUu oxedlacpou (my. SLOTOPEG OKIAOTPpWY, AmOOTACH TOU OKLAOTPOU Ao TO
AVOLYLLOl, ECWTEPLKA TEAELWHATA KTA).

To duokd poviélo pe TN Xpron $ucilkol oupavou UTIEPEKTIUA Ta emimeda
OWTELVOTNTAG KOL N UTIEPEKTLUNGN AUTA UMOopPEL va dTAoeL Katl pLeExpt 90% yla
HoVTéAO KAlpakag 1/10. H amokAlon au€dvetal 000 UTAPXEL AUESN NALOKD
aktwofoAia (yia xapnAo UPog nAiou kat BEoelg kovid oto avolyua). lNa
LETPAOELC PWTELVOTNTOC TO PUCLKO HOVTEAD €lval amapaitnto gpyaisio yla
Tov Apxltéktova — IXxedlooty mopOAo ToOU Umopel va odnynoel o€
UTIEPEKTIUNON GWTLOHOU

MNa v mapaywyrn Tng evépyelag omAd epyoAeio  Umopouv  va
xpnotpomnotnBouv otav To {NTOUEVO VAl CUYKPLTIKA AOTEAECHATA Kol OXL

QTtOAUTEG TLUEG.



. Ta ocuothpata twv Tepoibwv bev Aeltoupyoulv BeTikd Ooov adopd Tnv
apaywyrn Kot TNV KatavaAwon €VvEPYelag oUTe O0oov adopd TIG OTITIKEC
ouvOnkec. Autd odnyel otnv enavatonoBETnon pag o oxéon HE QUTA T
CUOTHHOTA TTOU KATA KOPWV XPNOLULOTIOLOUVTAL OE KTipla ypadeiwv.

° Mna apylkad otadla oxeSlacuUoU KOl CUYKPLTIKEG HEAETEG PBaolkd epyaleia
UMopoUV va odnynoouv o 0oflOTIOTO ONMOTEAEOMA. [l TIOAUTIAOKEG
VEWUETPLEC OMWCE OUTEG TWV CUOTNUATWY UE TePoideg, amAd epyadeia dev
UmopoUV va xpnotpormotnBouv. Mo tnv afloAdynon amlwv YEWHETPLWV
OKLAOTPWV HE EVOWUATWHEVA PwTOPBOATALKA amAd epyaleio pmopolv va

SWooLV agLOTLOTA AMOTEAECUOTA OE ATAEG YEWUETPLEG.

Baowkol mpoBAnpatiopol mou tiBetal peTd amd Tn ouykpLtiky afloAdynon
TWV CUCTNUATWY OKLAOUOU HE EVOWHATWHEVA GWTOBOATAIKA OTOLXEL:

Anatteital o EMavanpoodLlopLoPOG TWV CUCTNUATWY OKLACUOU WG TIOAUTLUES
EVEPYELOKEC UINXOVEG.

AOyw Ttou OTL oL tepaibeg elvat cuOTNUA TTOU ETUAUEL TOV ETIAPKI OKLAOUO yLa
HEYAAO €UPOG TNG NUEPAC KOL WG OPXLTEKTOVLKI TPOTAON CUVOEETAL UE TNV eviaia
oyn, emBuuntn ota cuykpotipata ypadeiwy, n emaveéEtaocn Toug 6cov adopd TV
avénon TG TAPAYOUEVNG EVEPYELAG TOUG, OTOTEAEL ONUAVIIKO HEAAOVIIKO
EPEUVNTLKO €pYoO.

Mo tnv oAokAnpwpévn afloAdynon tng eVowpATwong Twv ¢wtoBoAtaikwy
OTOLXELWV OTA CUCTAHATA OKLOOMOU TIEPALTEPW EPEUVO amalteltal 6cov adopd thv
arnodoxn AUTWV TWV CUCTNHATWY OO TOUG XPROTES TwV KTLpiwv ypadeiwv.

MepalTEPW OLKOVOUOTEXVIKI) QVAAUCH  QTALTE(TAL O OXEOn HE TNV
€€olkovOUNON EVEPYELAG, TO KOOTOG TNG KATOOKEUNG Kat Tt Stdpkela {wng TETOLWV
OUCTNUATWV.

H avamtuén Aoylopikwv epyaAeiwv mou Ba EVOWHOTWVOUV Hia TETOLOU
eldoug MOAU-eminedn €peuva oe oxéon pe TNV €€elpeon BEATIOTWV CUOCTNUATWV
avaloya pe to ekdotwte I.M., TNV €mBLUNTA OMTIKA Kol BgpuLk AVEDN KoL TNV
€€0LKOVOUNON EVEPYELAC UTTOPEL VA QMOTEAEDEL £Va ETIOUEVO EPELVNTIKO TieSio, OV

o EVOWUATWOEL KAl TNV Tapouoa EPEuval.
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Part I- Introduction

@ @ Introduction

The issue of energy balance in buildings has a significant importance
nowadays, since conventional energy sources are running out and become extremely
expensive. In addition to the development of environmentally friendly design as a
basic requirement for the new EU directives, the above mentioned facts are the
main reasons for establishing passive design of buildings as one of the most crucial
and fundamental factors in buildings’ energy savings. Basic environmental design
parameters should be carefully implemented in the overall design decisions.

A building’s skin is the design element that has to balance all environmental
dynamics between interior and exterior. Transparent and opaque materials, the
openings and the walls, affect absorption, reflection and transmission of solar and
thermal radiation to the interior. Control of this amount of solar energy is one of the
most crucial factors for the building’s environmental balance. In opaque facade
materials, radiation control is incorporated within their insulating and reflectivity
properties. Concerning transparent facade elements though, radiation control
becomes a much more delicate subject due to the vulnerability of these elements to
radiation. According to Givoni (1969, p. 213) “heat gain through a sunlit glass is
many times higher than through an equal area of an ordinary wall”.

Sun control “machines”, or shading devices, play a major role in the control of
incident solar and thermal radiation for transparent elements. Their geometry, their
position in relation to glazing, their operational strategy (in the cases of movable
systems), permit the control of heat and light entering the building. Material and
color are additional parameters influencing their final performance. Additionally, sun
control machines, determine the aesthetics of the facade and constitute an

expression of the architectural language of the designer.
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Part | - Introduction

“The architectural appearance of sun control is not an effect in itself- it is the
result of several other developments” (The AmericanNautical Almanac, 1963; Olgyay,
1963, p. 6).

The fundamental geometric rules for effective Shading Design derive from
the necessity of preventing direct solar radiation from entering the interior. Olgyay
A.&V. (1957) developed these rules since 1957: they have been integrated in
algorithmic relations which were subsequently incorporated in computer
applications, in order to create various technically correct geometrical
configurations. In any case, the decision for the final geometric configuration is
proposed by the designer. It is what Olgyay argues about in his book “Solar Control
and Shading Devices”: “This is the line where the technical method ends and creative
expression takes over”. By the time Olgyay was arguing about this subject, building
technology science was in its infancy. Since then, a variety of factors started to
influence the geometry of shading devices (SDs). The balance between heating and
cooling loads, control of diffuse radiation, visual and the thermal properties of the
glazing used, required daylight environment according to the user task, energy
balance between electric light needs and cooling loads are additional factors

currently taken into account for the design of SDs.

1.1. Problem definition — Objective of the research

The main objective of this research is to resolve an energy balance
contradiction that originates from fixed shading devices: the simultaneous reduction
of a building’s cooling loads and the increase of its electric light needs due to the
reduction of incident solar radiation. A response to this contradiction has been
introduced by movable shading systems that are able to adapt to different weather
conditions and sun position, and consequently optimize the above mentioned energy
balance by means of their controllable nature. But the disadvantages of
implementing external movable shading systems are quite a few. The most
important are the high degree of maintenance needed, the low degree of users’
acceptance due to their frequent changeability especially in office buildings and the

high cost of their installation.
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In order to balance the positive effect of the decrease of cooling loads that
fixed SD accomplish and the negative effect of the increase of electricity needs for
lighting and thermal comfort, the solution of electricity produced through integrated
PV systems has been examined as a potential energy balance solution for various SDs
geometries.

Building-integrated PV systems have been introduced in the market since the
1980’s. During this time, integration of PV systems in shading devices was proposed
as an energy efficient and economic solution. This is due to the fact that by a single
building element both energy reduction and energy production can be achieved.

PV integrated in shading systems can overcome the reduction of daylight that
fixed shading systems impose by producing the electricity needed for the electric
light. At the same time though, PV integration can cause less daylight availability
than simple Shading systems. We found that all shading systems examined, are
efficient enough and can cover the electricity needs to light an office unit, for the
periods that daylight is falling under 500 lux. We compared all SD with integrated PV
with shading systems of simple glazing.

The research focuses on a typical office building unit. This is due to the fact
that office units have very specific requirements of daylight levels according to the
task of the users and according to the position of the subjects in relation to the
opening. Additionally, nowadays, office work is done everywhere. People work
everywhere, at a waiting hall, at the station or at home. Every building is a potential
office. Shading systems providing comfortable working conditions with less energy
are essential for sustainable buildings.

We evaluated the performance of SDs with integrated PV facing south in
relation to the electricity needs and the electricity production of the office unit that
they shade. The electricity needs are calculated for the worst case scenario of the
minimum requirement of 500lux at the desk level and the average daylight
autonomy for the whole year. Most of the SDs examined are typical external fixed
systems for south orientation of office buildings. For most of them, the metrics of
their basic geometry correspond to the exclusion of direct solar radiation entering
the office during the overheated period (1** of June till 24™" of August from 11:30 to

13:30 solar time). Due to the symmetrical movement of the sun around the summer
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solstice though, for the above mentioned desired shading period the opening is
actually shaded from the 18" of April till the 24rth of August even if the overheated
period starts later on. This is the main disadvantage of fixed shading systems: They
decrease the useful solar radiation during the time period that it is actually needed.

As a next step for the design of the SDs examined, we developed all systems
according to aesthetical rules and with the idea that the examined office unit is part
of a high rise building and consequently it is repeated horizontally and vertically.

On top of the effective various horizontal louvers solutions, we additionally
examined a vertical louvers shading system although it is not appropriate for south
orientation. This was done, because very often all building facades are treated in the
same way by the architect, meaning that the same shading system is incorporated in
all orientations. We examined the advantages and the disadvantages of this system
when used for south orientation in relation to other more suitable south facing
shading systems. Sometimes, architects follow the most aesthetically acceptable
solution for potential shading, thus sacrificing part of the energy savings. By
evaluating vertical louvers SDs facing south we were able to quantify these losses

and compare them with other, more appropriate systems for south orientation.

All shading systems are evaluated according to three factors:
e The energy consumption for thermal comfort of the office unit they shade
e The energy consumption for the amount of electric light needed into the
office unit in order that visual comfort is achieved, and

e The energy production that integrated PV provide

In order to achieve the evaluation of the SDs besides basic equations, two
main tools were used: digital models imported in simulation software and
measurements taken from physical models. The comparison of the above mentioned
methods, in relation to the results achieved, has been one of the main questions of
this research. The simulation tools we used are considered appropriate for each
particular case and are already validated. We searched for simple and accurate tools
that designers can use in order to take decisions concerning suitable geometrical

configurations able to support the sustainability of their project. We searched for

37



Part | - Introduction

appropriate tools that can be used in the early design stage, when structural details

are to a large extend undefined.

Two are the main objectives of this research:

e Evaluation of shading geometries with integrated PV in terms of energy
savings

e Determination of the limitations and possibilities of each assessment method
used in relation to the level of the design stage (early design stage- detail

design stage)

The originality of the research is supported by the fact that it focuses in the
specific conditions of Mediterranean climate. We chose two different latitude points,
one in Athens (37.85° N) and another in Chania (35.30° N). Both are coastal areas,
typical examples of Mediterranean climate. This climate is characterized by mild
winters with high solar radiation, long daytime and hot summers. The basic

geometry of shading systems follows a concept of “protection” from hot summers.

1.2. Problem Solving Approach — Methodology

Methodologically the work is divided into two main parts: The first part is a
bibliography research that concerns firstly the performance of different types of SDs
in relation to thermal and visual comfort, secondly the performance of shading
systems with integrated PV, and thirdly the assessment methods used to evaluate
that performance. The second part consists of experimental work with the use of
physical models, together with simple and more complex simulating tools to
evaluate the energy needs, daylight levels and quality, and the energy production for

a reference office unit with different shading systems (Fig. 1.1).
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The research’s approach focuses on the effectiveness of the methods used.
We examined the balance between simple evaluating tools and more accurate
complicated ones. We searched for the optimum combination of simple and
accurate tools that we can use for assessing basic geometrical configurations and
different color and material properties.

Designers need these types of tools in order to evaluate their design. They
need easy, user friendly tools that can be used from the early stages of the design
process and provide a comprehensive image of the resulting conditions. This is one
of the main reasons why we constructed scaled physical models and tested them in
real sky conditions in order to evaluate daylight levels. The accuracy of this daylight
measuring method has been questioned by various researchers, due to the rapid
changeability of the sky and due to the need for detailed representations of the
model.

We used physical models in order to assess the daylighting performance of
various SDs and our main interest is not the values of daylight at each point in space
but rather the relations between these values at the same interior points examined
with different shading systems.

A new way of evaluating the performance of SD is introduced. It is based on
the comparison between the heating and cooling energy needs of the office module
examined, whose transparent south window is shaded. It has to be noted that the
additional cooling and heating loads that each system demands in order to keep
thermal comfort levels (18° to 26° C) are also being considered.

Further on an additional parameter of energy savings from the use of daylight
has been examined. We calculated daylight autonomy and the percentage of the
time of the year that electric light is needed. We assumed that a continuous electric
light dimming strategy is used. According to Vartiainen (1998), this system helps
diminish electric light needs.

For the evaluation of daylight quality conditions we used validated simulating
tools. We additionally constructed 1/10 scale physical models in order to evaluate
the intricacies of the behavior of daylight and the relation between simulated sky to

real sky conditions. The results of these comparisons between measured and
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simulated data are further connected to the daylight performance of each SD in real
buildings.

We focused on daylighting measuring methods and factors, in order to assess
different daylighting environments. Simplifications in the calculating process and
factors used can lead to unrealistic results. In order to avoid randomness in the
results all SDs are examined for two window sizes for each one the two latitudes.

In order to confront the main disadvantages of fixed SDs, the SDs examined
were at the same time considered both as energy reducers and energy producers.
The question arising is whether they can reach zero energy impact. This means that
the reduction of daylight and the increase of heating loads can be covered by the
electricity produced by the integrated PV.

One of the basic constrains of PV integrated systems is concentrated in the
fact that PV modules do follow specific geometrical rules. One of them is the
thickness of the opaque PV panel (3 cm), another is the maximum number of PV
panels connected in series. This is the main reason why all integrated PV systems are

examined in relation to real PV market products.

1.2.1. Basic assumptions

Different simple fixed SD geometries have been examined, designed to
exclude direct solar radiation during the overheated period for the latitude of
Greece.

In order to avoid extreme glare problems, especially during the winter period
when the sun angle is low, one basic assumption was taken into account: the office
desk is placed 60 cm away from the facade where the ratio between the vertical to
the horizontal illuminance is lower than 20 (Kittler et al., 2009). This factor is
indicative of an uncomfortable daylight environment.

We calculated the average daylight values of daylight autonomy according to
the weather data of Athens and Chania, Greece. In the case of Chania the values are
reevaluated with physical model measurements. We found differences in values

measured with the two methods, and we validated these differences in bibliography.
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We used the reference office of task 27 (Van Dijk, 2001) for all measurements
and calculations. We took all material and color of the interior environment from the
same research.

We constructed the physical model from wood in order to represent the
inner space of the office unit, carefully following instructions for constructing
physical models for measuring daylight performance. We tinted the inner surfaces
with color of the same properties of these followed by Van Dijk (2001). The
similarities in reflectance were verified using spectrophotometer.

The PV modules were simulated with Plexiglas of dark blue color. The model
was built following the worst case scenario of 3 cm thick PV so all PV surfaces in the
model are constructed from 3mm Plexiglas in scale 1/10.

Two basic facts led us to test the physical models in real sky conditions: The
first was the need for realistic sky and sun conditions in order to approximate
daylighting of the real building. The use of physical model and its relation to real sky
condition is a familiar tool for architects. In physical models daylight quality can be
evaluated. The second was the need to compare the two methods of evaluation: the
validated simulation application “Radiance” and the use of physical models for
daylight measurements without the use of sky simulators. We assessed these
methods in relation to the desirable design stage. Simple computer applications can
be used in the early design stage while physical modeling can be used in the detailed
design stage when almost all decisions concerning finishing and colors have been
made.

Additionally we have to mention at this point that we do not compare the
values of illuminance measured in the physical model and the computer simulation
application. We do a comparative analysis and not an absolute value analysis in
order to assess different SD geometries. This is due to the fact that physical models
and simulation tools calculate different absolute values of illuminance that are
related to real values with unique relations.

Finally in order to further examine the influence of the integration of PVs in
visual conditions and energy demands of the interior, we examined two different
market PV products for the cases of Louvers Shading systems: market PV panels with

metal frames with an overall thickness of 3cm and glass louver systems with
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integrated PVs with an overal thickness of 1.5 cm. In both systems PV technology is
the same: mono crystalline PV cells. The exact brand of the market products of
framed PV used are presented in chapter 5 (Fig.5.18). The technical data for the glass
louvers systems are borrowed from Schuco PorSol PV shading systems. The technical
data are presented in the Appendix. The main difference of these two types of PVs is
their appearance and their geometry in terms of their thickness. The thickness of a
thin — film PV module is smaller (1.5 cm) because the modules are integrated in a
double glazing panel. The width of the framed PV is 3 cm due to the average width of
its supporting skeleton. The factor of the thickness affects the final internal visual

and thermal conditions.

1.3. Thesis outline

In the following diagram we present the outline of the Thesis (Fig.1.2.):

The first chapter is dealing with the introduction to the research problem in
guestion and the solving approach followed.

The second chapter presents the basics of Shading Design, the evolution of
shading through time and the methods of evaluating appropriate shading systems
according to simple geometrical rules.

In the third chapter the geometrical and material properties of the shading
system in relation to thermal gains, are presented.

The fourth chapter introduces the basics of shading design in relation to both
daylight quality and energy savings, through decreasing the amount of electric light
needed. More specific requirements for the case of office building are being
described.

In the fifth chapter the additional parameters of energy production that
shading systems with integrated PV can support are presented. In this chapter we
present limitations and constrains of the integration of PV influencing the energy
production.

In the sixth chapter the combined approach is being presented. This
approach deals with energy balance for thermal and visual comfort in relation to the

energy production through the integrated PV systems.
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In the seventh chapter we present the overview of the Thesis and the
general conclusions related to the evaluating methods, the design stage and the

potential of integrating PV in shading systems.

RESEARCH OUTLINE

Shading devices in relation Shading devices in Shading devices in relation to

to thermnal comfort relation fo daylight energy generation
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to energy needs Simple Model Sandia Model  mMarket products

Cooling Heating
Loads Loads
Simulation Physical Model
Simulation of Simulation Comparison with PV

Framed PV systems

glass (thin film) PV of framed PV installation

Evaluation of the resulis

Fig. 1.2. Thesis outline
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2 [ ] O @ Design of shading systems: The basics

2. 1. Introduction

Shading systems play a major role in buildings’ aesthetics and energy
performance. For this reason they are the focus of interest from various architects
from their role as designers and researchers. Shading systems have proved to be a
strong element of architectural expression. They are mostly positioned on the
outside of the building and greatly define its appearance. They constitute an “outer
skin” which determines, besides aesthetics, its interior environmental conditions
according to technical specifications.

“The transition from masonry wall to skeleton buildings created new
possibilities of expression in design elevations” (Olgyay, A. & V., 1957). Over the last
few decades the transparent fraction of the buildings’ envelope has increased. Thus
the need for shading has increased and shading systems have become much more
important for the building’s final aesthetics.

It is crucial at this point to clarify the basic functions of shading systems and
their role to the building’s energy balance and interior comfort conditions. There are
two main requirements for an effective Solar Shading: a. to significantly reduce solar
gains during the cooling period while increasing solar gains during heating season
and b. to ensure that there is sufficient and comfortable daylight in the interior of

the building.

The basic functions of shading systems are the following:

e To minimize total solar energy entering the room and reduce the average

temperatures
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e To prevent sunlight from falling directly upon occupants (which would result
in an increase of temperature between 3° C to 7°C)

e To reduce the illuminance of interior surfaces which are potential glare
sources for the occupants

e To take off sight brightly lit outside surfaces, or the sun itself (Baker &

Steemers, 2001)

A fundamental principle concerning sunlight is that it consists of two

inseparable measures: heat and light (Baker & Steemers, 2001). Sunlight can also be

viewed as electromagnetic radiation, in visible and invisible form (infrared and
ultraviolet band respectively) (Fig.2.1). When that radiation (visible or invisible)
heats a surface it is then absorbed by it, and converted into heat (Fig.2.2). When
studying lighting we are interested in the visible part of the electromagnetic
radiation of sunlight; however this part of electromagnetic radiation carries only half

of the energy that potentially can become heat (op.cit).

© 1400

T
|
!
|
|
|
|
|
|
|
|

1200
1000 |

800 41—

solar radiation in W/m2/micromet

ral [ransmission

0 04 0.6 0.8 10 1.2 1.4 1.6 1.8 2.0 =2
visible  <4— wavelength in micrometres

Fig.2.1. The radiation spectrum of sunlight: about one half of the
energy is in the visible region, the remainder is found in the infrared
and ultraviolet zone. The transmission curve of the clear glass shows
that some of the invisible radiation is absorbed by the glass.

(Baker & Steemers, 2001, p. 110)
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Fig.2.2.The mechanism of solar heat gain: short wave radiation
transmitted through the glass and absorbed by the surfaces in the
room, where it is converted to heat. The glass is opaque to long wave
radiation from warm surfaces. The rooms’ surfaces also lose heat to the
air by convection. The process is called “the greenhouse effect”.

(Baker & Steemers, 2001, p. 110)

Based on the facts above we understand how crucial are transparent parts of
the facade in terms of heat gains and losses. Shading systems and their role as
protective sun machines are influencing heat gains according to their geometrical
configuration and their material. That is the reason that we examined the
performance of different shading systems according to the energy needed for
heating, cooling and lighting the office unit they shade in order to deliver acceptable
thermal and visual comfort. We additionally examined the performance of shading
systems as energy producers by an integrated active system (PV’s in our cases).

In summary the aim of this research is the full assessment of the energy
balance that the fixed examined shading systems can achieve in the Mediterranean
climate. We will evaluate the energy needs for heating and cooling the shaded space
and the energy needs to efficiently light the space. Additionally, we will assume that
the examined shading devices are energy producing systems due to their integrated
PV panels. We will balance the energy needs and the energy produced of the
examined shading systems with integrated PV, in order to conclude basic

geometrical configurations that can be less energy consuming.
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2.2. Evolution of Solar shading through time

The issue of Solar Radiation in relation to a building’s energy performance
has been analyzed extensively since antiquity. According to Socrates, due to the
movement of the sun, south oriented spaces can achieve a balance between cooling
and heating loads. In “Memorabilia”, Xenophon quoted Socrates’s phrase: “In
houses with a south aspect the sun’s rays penetrate into the porticos in winter, but
in summer the path of the sun is right over our heads and above the roofs, so that
there is shade. If, then, this is the best arrangement, we should build the south side
loftier, to get the winter sun, and the north side lower, to keep out the cold
winds...presumably simultaneously the pleasantest and most beautiful
arrangement”.

Many large shading systems have the dual purpose of shading the interior
space and creating an outdoor shaded space. The portico and the colonnades of the
ancient Greek and Roman buildings can obtain shading of the facade as well as
provide shaded outside spaces. Neoclassic architecture, besides its symbolic and
aesthetic dimensions, was an architecture that could be successfully adapted to hot
and humid climates. The need for big windows that allow ventilation is crucial for
the reduction of the inner humidity but at the same time big shading systems were

needed for sun protection during the summer periods (Fig.2.3).
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Fig. 2.3. The Hermitage, Andrew Jackson's home near Nashville, Tennessee, USA.
(Lechner, 2001, p. 202)

If one would look on shading systems all around the world, he would find
almost the same systems in similar climates. The Greek portico mentioned above is
similar to the porch, veranda (found in India), balcony, loggia (in Italy), gallery,

arcade, colonnade, and engawa (in Japan) (Lechner, 2001).

Fig. 2.4. Large overhang of the Robbie House, Frank Lloyd Wright, Chicago, 1909
(Lechner, 2001, p. 205)
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Many architects understood the importance of shading by observing
vernacular architecture in the areas that they were going to build. Frank Lloyd
Wright used shading strategies in most of his buildings. In the Robbie House, he
used large areas of glazing to maximize daylight and ventilation for the hot and
humid Chicago summers. At the same time he used very long cantilevered
overhangs to shade these glazings so as to create strong horizontal lines that also

reflect the nature of the region (Fig.2.4) (op. cit.).

Fig.2.5. The Brise soleil system. Le Corbusier, Cité de Refuge, Paris, 1932
(Lechner, 2001, p. 206)

Le Corbusier is very much related with the aesthetics based on the solar
shading. In his multi-storey building of Cite De Refuge, in Paris, one can trace his first
attempt to design the Brise Soleil System. The building was designed with large
glazed areas facing south without any shading, to allow plenty of sunlight in and to
warm and cheer the residents. In winter the system performed well but in the
summer it proved to be extremely hot. In order to solve this problem Le Corbusier
invented the Brise Soleil (sun — breaker) or Eggcrate system (Fig.2.5). Hence Le
Corbusier demonstrated the dual nature of the sun, our friend in the winter and our
foe in the summer and he used this as an aesthetic opportunity of the final facade

(op. cit.).
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Both the geometrical characteristics of the SD, as well as geometry’s relation
to their performance have been extensively developed by Olgyay since 1957. He
claims that the architectural appearance of the sun control systems is a result of
several other developments. It is the result of the relation between the glass pane,
the wall and the internal function. Their role of controlling the environmental
conditions is extremely important if one considers the fact that a shaded glass
transmits only about one - third (a value that depends on latitude, locality and
orientation) of the heat compared to the heat transmitted by an unshaded window

surface.

2.3. Types of Shading Systems

Windows have a serious impact on the indoor temperature. Heat gain via
transparent elements is far greater than via massive wall systems, and this
difference depends on the insulating properties of the mass systems. According to
Olgyay, A. & V. (1957, p. 72), shading devices reduce the sunlight loads to one fifth

of the loads that would be gained by an unshaded window (Fig.2.6).

Sunlit Shaded
East 1097 134
South 601 138
West 1097 134
North 305 123

Fig.2.6. Daily total Btu flowing through
a square foot of single glass surface
(Olgyay, A. & V., 1957, p. 72)

When shading systems are combined with areas of glazing, the interior
thermal gains can be modified. One way of controlling solar gains is the use of
different types of glazing, other than the single glazing (double glazing, various types
of heat interrupting glazing, darkening glass). Another way to achieve this is by using
solar shading systems, appropriate for the specific orientation and latitude (Fig.2.7).

Shading systems can be applied externally, internally or inside the double glazing.
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They can be fixed, adjustable or retractable and they are available in a variety of
architectural shapes and geometrical configurations.

Internal shading devices include venetian blinds, roller blinds and curtains.
They are retractable, meaning they can be lifted, rolled or moved parallel to the
window. In other occasions only their inclination is adjustable. External shading
devices include shutters, awnings, overhangs and louvers (horizontal, vertical or a
combination of both, called Eggcrate) (Fig.2.8). Inter pane shading systems are
placed between the two panes that constitute the double glazing system; they can
be venetian blinds, roller shades or pleated paper (Fig.2.9). They are adjustable and

retractable from the interior.
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Fig.2.7. Heat gain through different types of glass and different types of shadings (Olgyay, A. & V., 1957, p. 71)
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Fig.2.8. Various types of Fixed external shading devices (Olgyay, A. & V., 1957, pp. 88 - 92)
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Fig.2.9. Isometric view of an Inter-pane
venetian blind system (Olbina, 2005, p. 96)

The function of shading devices can be summarized in the following: control
of heat gains during the overheated period, allowance of heat gains during the
underheated period, control of daylight levels and glare, control of view to outside,
and ventilation. The importance of each one of these factors varies according to
climatic conditions and according to the function of the building. For a house for
example, control of solar heat gains is very important during summer and winter but
for an office building and a classroom both heat gains, daylighting levels and
comfort are important (Givoni, 1969, pp. 213 -214).

Due to this fact we will examine the relation of the types of shading systems

to both thermal and visual comfort.
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2.4. Fundamental design methods and factors

Basic geometrical rules have been invented since ancient times. First, the
Roman architect Vitruvius (Vitruvii, 27 - 23 B.C.) in the sixth book of his treatise “De
Architectura”, describes a basic geometrical method to ensure that there is
sufficient daylight inside the building: “on the side that is lit we draw a straight line
from the edge of the wall that seems to obstruct it, to the space that has to be lit.
That space will be well lit if looking above that straight line we are able to see the
sky”. In general, he advised to place openings in areas where the sky vault can be
seen without obstructions.

Olgyay, A. & V. (1957) propose a basic method for the design of shading
systems. Their method consists of the following steps: Defining the period when
shading is needed and estimating the overheated and underheated period of the
year. The next step is to determine the positions of the sun for the time when
shading is needed according to the latitude of the area using the “sun path
diagram”. The third step is to determine the type and the position of a SD which will
interfere between the sun and the point of observation during the overheated
period. This includes the design of the “shading mask” of the SD and the projection
of that “mask” to the “sun path diagram”. A decision needs to be made regarding
the desired shading (either 100% or 50%). This part of the process can also be
reversed. Knowing the required “shading mask” one can determine the most
suitable shading device for it. The “mask” defines the type and the angle of the SD,
as well as its proportions. Various technically correct possibilities can be proposed
but in Architecture there is always a “line where the technical method ends and
creative expression takes over” (Olgyay, A. & V., 1957) (Fig.2.8).

A similar method to design a SD is proposed by Givoni (Givoni, 1969, p. 218).
He introduced a graphical method to depict the patch produced on the floor by the
sunlight entering a shaded window. The method is based on the use of solar charts,

the shadow angle protractors appropriate for the examined latitude and the design
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Fig.2.10. Graphical determination of solar radiation penetration through
a window and a fixed shading device as proposed by B. Givoni (1969, p. 228)

of the corresponding solar altitude and azimuth angle, in plan and section of the
examined opening — SD (Fig.2.10).

Shaviv (1975) and Radford (1981) introduced a method for designing fixed
external SDs using nomograms. The method allows variations in the geometry of the
sunshades. They follow the steps proposed by Olgyay with the use of a computer
that generates a “family” of solutions as an envelope which satisfies the prescribed
shading demands. Then a nomogram is derived of all possible solutions. The final
step is to generate different forms of sunshades according to materials, the
building’s functionality and its aesthetics (Fig.2.11).

The geometrical rules that are followed when designing a SD have been well
presented in literature. These are related to the climate and to the type of building
in terms of its activity, meaning whether the main activities happen internally or
externally. According to this plan articulation the shading period is decided, hence
the geometrical rules for the required SDs (Lechner, 2001).

Since the beginning of the 80’s, a number of computer programs have been
developed to determine accurately the optimal shape of exterior shading devices—
such as awnings, overhangs and eggcrated systems; these applications take into
account the sunlight under clear sky conditions. Bouchlaghem (1996) and Kensek et
al. (1996) developed a program called SHADING MASK, Etzion (1985) and Wagar

(1984) developed a program called SUNPLOT; both these programs contributed in
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Fig.2.11. Axonometric projection of L. for a
southern window and shading for the period
March 21 till October 21, for hours 08.00 — 16.00
in Tel Aviv (Latitude 32°N) — and alternatives for
different geometrical configurations of Sun
shades. (Shaviv, 1975, p. 140)

the production of models which are mainly concerned with the geometry of shading
devices and do not contain energy simulation algorithms (Dubois, 1997, p. 99).
These methods can be used as a first step towards the development of an
energy calculation program. Additionally they are very helpful for the designers at
the early design stage because they help visualize basic geometrical configurations
of shading devices that correspond to the shading period and orientation examined.
Choosing the right geometry for the shading device is a basic step to
optimise the efficiency of the proposed system. Various types of geometrical
configurations of shading systems can assure the avoidance of direct solar radiation,
for the same period of the year. The next step is to determine the optimum
geometry of the shading system in terms of thermal, solar transmittance and
daylighting performance. These depend on several factors that we are going to

present in the next few paragraphs.
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The balance between thermal and sunlight transmittance is the main goal of
shading. This is not easily achieved due to different and complicated factors upon
which this transmittance depends. For example Dubois (2001) argued that “it is not
necessary for exterior shades to provide 100 % shading for steep angles of incidence.
Most important is to be able to provide shading when the sun is in front of the
window”. She argues that in a smaller awning or one without covered sides the solar
radiation leaking on the side of the awning (at steep angles of incidence) was
insignificant with respect to annual cooling loads. Additionally the advantage of
smaller awnings is that light entering from the sides of the awning can provide
beneficial diffuse daylighting. The balance of thermal gains and daylight quality that
a SD can achieve is mainly the subject of the detailed design stage.

We have to point out at this stage that solar radiation consists of three parts:
direct, diffuse and reflected radiation (Fig.2.12). In order to incorporate the control
of all these components of solar radiation more complicated computer applications
are developed. They incorporate the complicated movement of solar radiation and
the dependence of solar absorption in relation to the angle of incidence. Details
concerning these two basic parameters of solar radiation will be developed in the

next chapter.

s E SKY RADf A e *ur
o‘pfus‘: D"""’O..y e
2
2 ‘%;
AR
?Af};
‘1
~
1 3
Ll 1
<
%, LIGHT
%, 7 | coLorep
-3 %, & SURFACE
e, = o R
o T Al o
% %, S | ReFLECTIVE
2, — Qf‘?o\p GLAZING
%, n ¥
SAND OF CONCRETE 2% |
i

Fig.2.12. Behavior of solar radiation (Lechner, 2001)
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Further on, in this chapter we describe the latest developed methods of
assessing shading systems, included in the International and European standards. At
the moment three main evaluation methods have been standardized: these are the
ISO International Standards 15099 (Thermal Performance of windows, doors and
shading devices, Detailed Calculations, 2003) manual and the EN 14500 (Blinds and
shutters -Thermal and visual comfort - Test and calculation methods, 2008) and
14501 (Blinds and shutters —Thermal and visual comfort - Performance
characteristics and classification, 2005). These manuals introduce measurement set
up and procedures to evaluate thermal, optical properties, performance
characteristics and classifications of the shading devices. In these manuals, only a
few types of shading systems are referenced.

In the International Standards 15099 (Thermal Performance of windows,
doors and shading devices, Detailed Calculations, 2003) manual, the optical
properties of the SDs are defined according to diffuse reflection and direct
transmission. Additionally the thermal properties are defined according to
convection and radiation of heat between glazing and SD, to the ventilation ability
and the SD “openness”. The thermal properties of the glazing and the relation of the
framing to the glazing are examined separately in order to calculate the opening
needed. Despite these definitions, there is no widely recognized procedure to
measure or calculate shading optical properties (Tzempelikos, 2008).

European Standards EN 14501 (Blinds and shutters —Thermal and visual
comfort - Performance characteristics and classification, 2005) introduce a number
of factors in SD design that influence thermal and visual comfort. Thermal comfort
interior conditions are categorized according to the solar factor and the shading
factor. Solar factor (g) is defined as ratio between the total solar energy transmitted
into a room through a window and the incident solar energy on the window.
Shading factor (F.) is defined as ratio of the solar factor of the combined glazing and
solar protection device (git) to that of the glazing alone (g). Both solar factor and

shading factor depend on the glazing and SDs’ properties. Visual comfort depends
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on opacity control, glare control, night privacy, and visual contact with the outside,
daylight utilization and rendering of colours. In order to quantify these quality
characteristics three main factors are introduced: normal to normal light
transmittance, diffuse part of light transmittance and diffuse to hemispherical
light transmittance.

Tzempelikos (2008) explains the importance of the above mentioned values in
the evaluation of shading systems. He points out that a basic difference between a
shaded opening and an unshaded glazing is that in the former, the incident solar
radiation may change direction while being transmitted or reflected at the surface
of the Shading Device. That is the reason why we need a full matrix of transmission,
to calculate forward and backward reflection and to calculate the absorption of each
component for every angle of incidence. The reflectance and transmittance of
transparent materials depends on the additional parameter of angle of incidence of
sun —rays. The reflectance is lower when solar rays are perpendicular to the glass
surface and it increases when the rays become more oblique. For Up to 60° of
incident angle the reflectance remains low; above 60° the reflectance increases
sharply and progressively with the incident angle (Givoni, 1969, pp. 212, T12.l).
Tzempelikos (2008) concludes that the properties of transmittance, reflectance
(direct-to-direct, direct-to-diffuse, and diffuse-to-diffuse) and absorption (direct and
diffuse) are required for every angle of incidence: In general these properties
depend on the wavelength of solar radiation that can be divided in visible and
solar/thermal range. When a solar beam is transmitted through or reflected from
the SD it is split into a direct and a diffused part and these parts continue their route
through the system. That is the reason why the calculation of the diffuse-to-diffuse
transmittance and reflectance and direct-to-direct transmittance and reflectance is
required (see Appendix).

According to Greek legislation (Law 3661/2008, that followed the EU Directive
2002/91/EC on the Energy Performance of Buildings and the I1SO 13790 (2008)) a
shading factor (SF) is used to evaluate shading systems and their effect in the

building in terms of solar radiation. It depends on solar obstructions and the
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position of the shading device used (if it is an overhang or a vertical element).
Another indicator that is taken into account in Greek legislation is the solar thermal
gain factor (gw): it incorporates the influence of thermal radiation; it is the average
value of the ratios of solar radiation passing through the opening to the incident
radiation falling to it during the examined period. The amount of solar radiation
absorbed by the framing and transformed as thermal gain to the interior, is very
little in comparison to that transmitted through the glazing to the interior; therefore
it is ignored. The solar thermal gain factor depends on the percentage of the surface
of the framing to the surface of the glazing within the opening and on the insulating
properties of the glazing (Technical Chamber of Greece and Ministry of
Environment, Energy and Climate Change, 2010, p. 1_66).

However, the above mentioned factors and geometrical equations are not
sufficient when detailed research is conducted to assess complex SD, like Venetian
blinds for example. In simulation models, reflected/transmitted light is usually not
calculated, and some values have to be taken from measurements, so the results are
not accurate enough. In these cases both experimental and simulation work is
needed (Tzempelikos, 2008).

In order to thoroughly understand the basic working mechanisms of Shading
Systems we will first describe solar radiation in relation to heat transfer (Chapter 3).
We will then describe the shading systems’ influence on daylighting (Chapter 4) and
how the contradicting factors of heat and daylighting can be balanced by the
geometrical configurations and the types of materials used to construct the shading
systems (Chapter 6). Additionally we consider shading systems as energy producing
devices and we will further on analyse their function in combination to their energy

producing character (Chapter 5).
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[ Shading Systems: their relation to thermal conditions

Although we cannot actually divide sunlight to heat and light, in this chapter
we are going to focus on the basic quality of shading systems which is to reduce
heat gains and ensure thermal comfort in the interior. We will analyze the quality of
solar radiation and how sunlight behaves in relation to the building. We will focus on
basic simulation methods that can be used in both early and late design stages of
shading devices (SDs) to predict energy needs in order to achieve comfortable

thermal and visual conditions in the interior.

3.1. Shading in relation to Solar Radiation

3.1.1. Direct, Diffused and Absorbed Solar Radiation

Solar radiation is divided into two types: direct and diffuse.
Diffuse radiation is the sum of scattered sky radiation and reflected direct radiation
and it is not very important in terms of heat gains. According to Olgyay A. & V.
(1957) the total incident solar radiation is the sum of direct solar radiation falling on
a surface and diffuse sky radiation scattered by the atmosphere and by reflections

from the ground and other objects (Fig.3.1).
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Fig.3.1. The angle of incidence of direct radiation (Ipy)
(Olgyay, A. & V., 1957, p. 57)

Diffuse radiation does not have directional beaming and it has different
intention for various orientations (Olgyay, A. & V., 1957, p. 56).

The reflected radiation from the ground and the surrounding surfaces
depends on their reflectivity or albedo. In some cases reflected radiation can
contribute to increasing heat gains. E.g. in buildings positioned near emissive
surfaces, like sand or paved areas: the result is high influx of heat. Reflected
radiation from the ground is slightly higher on walls facing away from the sun
(Givoni, 1969, p. 180).

The amount of diffuse and direct radiation varies with cloudiness. On a clear
day the amount of solar heat received from a surface is higher than the amount
received during a cloudy day and on a cloudy day the amount of diffuse radiation is
in turn higher than on a clear day. This does not mean that the resulting
temperatures are high during clear days and low during cloudy days. The effect is
rather more complicated: clear days in the summer do not mean warmer days
because of increased solar energy but clear sky in the winter marks a day of lower
temperature due to the fact that clear sky allows heat escape to the atmosphere.
Additionally cloudy days in the summer result in higher temperatures, due to the

fact that solar radiation cannot escape back to the atmosphere (Fig. 3.2).
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Fig.3.2. Solar radiation in relation to clearness of the
Atmosphere (Lechner, 2001, p. 71)

That is one of the reasons why the contour isolines representing the falling
total solar radiation projected on a map of an area do not run parallel to the latitude
lines, since the angle of incident sun rays changes. Other reasons are turbidity of
the atmosphere, topography and other local atmospheric conditions (Olgyay, A. &

V., 1957, p. 58) (Fig.3.3 and Fig.3.4).

Fig.3.3. Average daily sun energy received in January (left) and July (right image)
(Olgyay, A. & V., 1957, p. 58)
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530 13'20° 2025Wh/n? -
Fig.3.4. Example of a map: average daily direct irradiation over Europe in June.
(Scharmer and Greif (2000)., p. 56)

For Greece the contour isolines representing the falling total solar can be
seen in Fig. 3.5. We can see that the annual solar energy at horizontal plane is
exceeding 1.650 kWh/m2 (Kaldellis & Zafirakis, 2012).

Solar radiation is of our interest regarding two aspects: heat transfer and the
resulting temperature and heat absorbed by surfaces that can produce energy, such
as PV materials. This last property of solar radiation will be analyzed in chapter 5.

We can calculate the amount of heat absorbed by a surface when we know
the total intensity of solar radiation that falls upon it. This depends on the
absorption coefficient of the surface and on the angle of incidence of the solar
beam. The absorption coefficient can be calculated by measuring the incident and
reflected radiation, and the difference between these two is the amount absorbed
by the surface (e.g. using pyrheliometers).

Ashbel (1942) developed equations in order to estimate the intensity of
incident radiation on surfaces with different orientations and he showed that
southern walls receive maximum radiation in December and minimum in June.
Horizontal surfaces receive highest solar radiation in summer and less than a South
East or South West wall in winter. For inclined surfaces the intensity of radiation
depends on their direction and inclination (observation for Jerusalem, latitude 31.
47 by (Givoni, 1969, p. 183)).

This is one of the reasons why vertical openings are preferable for the

building’s envelope. They are much more easily controlled in the summer when
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solar heat gains are undesirable. Moreover, when SDs are used the control of solar

radiation can be even more effective.

WIND & SOLAR ENERGY IN GREECE
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Fig.3.5. Wind and solar potential in the Greek territory based on data from (HAPC, 2011)
(Kaldellis & zafirakis, (2012), p.2)

3.1.2. The influence of material and colour on the behaviour of solar radiation

The effect of the properties of windows and SDs upon the absorbed and
transmitted radiation is significant: Firstly because windows’ construction materials
transmit and absorb radiation and secondly because the shading device’s
construction materials produce and absorb radiation.

According to (Givoni, 1969, p. 188) the combined effect of Solar Radiation
and Ambient air is the Sol- air temperature and it depends on the absorbability of
the external surface, the intensity of incident solar radiation on the surface, the
overall external surface coefficient, the mean radiant temperature of the
surroundings and the external radiative surface coefficient. Sol - air temperature
includes three component temperatures: the first is that of the outdoor air, the

second represents the fraction of solar radiation absorbed by the surface upon
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which it is incident and the third represents the long wave radiant heat exchange
with the environment.

The absorbability of the external surface depends on the roughness of the
material and its colour. Typical values of absorption coefficients for different
materials are given in the bibliography (op.cit., p. 189). White smooth materials
have much lower absorption than matt black ones and this should be taken into

account for the design of shading systems (Fig.3.6).

New whitewashed surface 10-15
White oil paint 20-30
White marble 40-50
Medium grey 60-70
Bricks - Concrete 70-75
Glossy Black 80 -85
Matt Black 90-95

Fig.3.6. Absorption coefficient of various colours (%)
(Givoni, 1969, p. 189)

This is one of the main reasons why we examine already known geometries
of shading systems. Their basic difference is their construction material which is a
PV, black in colour and with a glossy surface finish. These properties alter the
performance of the shading system. Sol - air temperature is effected by the
properties of the material and differs for the examined shading systems due to their
integrated PV material in relation to conventional structural materials.

Another parameter affecting the absorption of solar radiation is the
transparency of the material under examination. The heat flow of an opaque
exterior wall is lower than the heat flow of a transparent glazing even if both are
shaded. The single glazing for example is 30 times more vulnerable to solar radiation
that an opaque wall. The exact relation depends on the latitude, the orientation,
and time of the year, angle of incidence and materials’ properties. We will examine
these parameters in the following paragraphs.

It is important to mention here that the material of the shading system is
crucial in the transfer of solar heat to the interior. For example according to (Givoni,
1969, p. 218) when a shading device is of large thermal storage capacity, such as

concrete sun breakers, their heating effect may continue long after sunset. This
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depends on the position of the shading system in relation to the building sides. If for
example the shading system is on the leeward side of the building the air passing
above it flows away, removing potential heat gains from the building.

In his book “Design with climate” Victor Olgyay (1963) was one of the first
researchers comparing so many types of shading systems in relation to their
material and colour. He concludes that for the venetian blinds system the use of
white colour adds 20% more shade protection than a dark color and the aluminium
blinds add 30%. For the roller shades, he concludes that off white shades gives 40%
more protection than dark color. Finally, concerning interior curtains the difference
between dark and light colour is not as wide. The light one is 18% more effective
than the dark one. The disadvantage of this assessment is that the author does not
give any definition of shading effectiveness as he uses it. He argues that “the
judgement of eye gives an approximate measure of the relation of colour to the
absorption value”. The definition of dark colour is light transmission lower than 20%
and for the light colour higher than 50%.

A huge variety of fabrics and draperies as thermal protection devices have
been examined by researchers after the 60’s. (Grasso et al., 1990) review the work
that has been done till then in relation to fabrics and draperies and conclude the
following concerning their material and color: Tightly woven fabrics are better
insulators. Drapery fabric weight and fiber content have little effect on thermal
insulation. Fabrics with light-colored backings provide better insulation and among
the important roller shade fabric characteristics, thickness, weight, and emissivity
included, roller shades laminated with metalized material show great potential in
reducing heat loss through windows.

Dubois (1997) reviewed these researches in relation to heat reduction and
concludes the following: a single glazing shading system reduces heat losses to the
interior between 58% to 25%, depending on the materials’s properties and
geometry (venetian blind, roller shade, draperies). More specifically, among others,
she is referring to Grasso & Buchanan (1979) that showed that roller shade systems
reduce heat losses by 25-30% while metallic coated roller shades reduce losses by
45%. Work at the Harwell Laboratory - Oxfordshire, England - Energy Technology
Support Unit (Energy Monitoring Company Limited, 1990) demonstrated that
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thermal effects of net curtains or venetian blinds are negligible while light curtains
reduce heat losses by 20% and heavy curtains by 40%.

In 2001 Dubois, expanding her research reviewed the progress on different
geometrical configurations of shading systems. According to the properties of the
materials used she concluded the following: for heat dominated climates the
potential for energy savings is much greater with a simple exterior shading device
with a low g value, e.g. a dark blue awning, than with any solar-protective glazing
assembly because the shading device can be removed during the winter and the

free solar heat gains can be utilized to offset the heating demand.

3.1.3. influence of the properties of glazing to the behaviour of solar radiation

3.1.3.1. Spectral composition of radiation

Another parameter that affects the transmitted solar radiation is the
material of the glazing used. The direct solar transmission of an unshaded ordinary
glass is over 88%, while that of a “darkened Glass” is 30% (Elstner, 2009, p. 505).

Within the spectral composition of solar radiation three are the main
sectors: the short wave, the middle band and the long — wave. Transfer of solar
radiation is focusing on the control of long —wave (infra-red) range (above 0.7
micron — heat). The short waves, the ultra- violet, have a therapeutic value but most
of this band range is blocked by the glass. The middle band, the visible one (0.4 — 0.7
micron), is welcomed to the interior, as long as it does not produce glare. The role
of the shading system is decisive in relation to the facade and its opaqueness or
transmittance, absorption or repellence.

The glass transmits radiation in a selective manner, permitting solar radiation
to penetrate into the building, be absorbed by interior materials, and elevate their
temperature. The heated materials in turn, emit radiation in the longer wavelength,
for which the glass is completely opaque. This process, called the “greenhouse

effect”, is the main reason why shading systems are needed.
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A basic characteristic that influences the thermal performance of a glazing is
the U-value. This is a measure of the heat flux through the window per unit surface
area and degree temperature difference between inside and outside. It is given in
W/m2K. It is sometimes called the dark U-value, since it only accounts for heat being
lost through the window (e.g. nighttime) and not for incoming solar radiation.

U — values of glazing are calculated in accordance with EN 673 and measure
in accordance with EN 674. For windows the U value is calculated in accordance to
EN ISO 10077. The formula used includes the surface of the glazing, the U value of
the glazing, the area of the frame, the extent of the glazing that takes into account
the thermal bridge between glass and frame (Elstner, 2009, p.503).

The standards demand calculation and labeling of window U-values, total
solar energy transmittance (or solar heat gain coefficient, SHGC as used in the US),
shading coefficient (older term introduced in the US), daylight transmittance, and
condensation. The computer tool WINDOW 5 was developed in Lund University to
facilitate calculations of window performance.

A basic variable of thermal transmittance of transparent elements is the
total solar energy transmittance of the window glazing: it is defined as the sum of
the directly transmitted energy (depending on the amount of light transmitted) and
the part of the absorbed energy which is transported into the room. The g-value (g
for gain) or SHGC (solar heat gain coefficient) expressed as a ratio is also denoted
here. It is usually only slightly lower than the corresponding light transmittance, but
can be significantly lower for a special solar control glass. For single clear float glass
the direct energy transmittance is approximately 83 % and total energy
transmittance is 86 % (op. cit.).

We have to mention at this point, (even though it is the subject of the
following chapter) that the principal parameter for the properties of glazing is the
transmittance of solar energy within the visible region: the light transmittance (T,
but the term LT also appears in bibliographical resources). For ordinary clear float
glass, approximately 90 % of the light that hits the surface at normal incidence is
transmitted. Approximately 8 % of the energy is reflected (R = 4 % at each surface),
and the remaining 2-3 % is absorbed as heat in the glass. The more window panes

are placed parallel, the lower is the transmittance (op. cit.).
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The reflectance of transparent materials depends on the additional
parameter of the angle of incidence of sun rays. The reflectance is lower when solar
rays are perpendicular to the glass surface and it increases when the rays become
more oblique. For up to 60° of incident angle the reflectance is low and above 60°
the reflectance increases sharply and progressively with the incident angle. (Givoni,
1969, pp. 212, T12.l) provide a table showing the heat absorption for various types
of glazing with incident solar angle ranging between 0 and 45 degrees (in fig. 3.4,

(Bulow - Hube, 2001, p. 61)) (Fig. 3.7.)
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Fig.3.7. The angle dependence of transmittance, reflectance and absorption
of clear float glass for incidence angle © (from the surface normal)
(Bulow - Hube, 2001, p. 61)

If the physical properties of the glass are known (thickness, refraction/
extinction coefficients, and absorption coefficient) the angle-dependent properties
can be calculated using Fresnel’s equations and Snell’s law of refraction (see
Appendix). For coated glass the calculation the behavior of light when moving
between media of differing refractive indices is becoming a more complicated task.

A crucial factor is how these physical properties are defined. When the
transmittance for a single glass is calculated or measured, it is necessary to weight
the results for each wavelength against a “standardized” solar spectrum. For the
light transmittance, D65 is a widely used spectrum. For the solar energy

transmittance, references to two solar spectra are given in the ISO 9050, and both
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of these are widely used by manufacturers in Europe (see fig. 3.8 (Bulow - Hube,
2001, p. 62). In the US, a different spectrum is used, ASTM E87-891, which
corresponds to 1ISO 9845-1:1992. Standardization work is in progress with the aim to
move from the spectra referred within 1ISO 9050 to the spectrum given in ISO 9845.
Care must therefore be taken when performance data on products from different
manufacturers are compared. Hopefully, this problem will eventually disappear
when everyone conforms to the same calculation measures and standards (Bulow -

Hube, 2001).

Solar spectral irradiance (W/m2,nm)

1400

1200 F--- R MOOH SOlZ!.l' source ‘ _

—— 1809845 Direct normal ‘ !

1000

800

600

400

200

0 500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Fig.3.8. Solar spectral irradiance for two spectra: Perry Moon and 1SO 9845
Direct normal irradiance, Tab 1, col. 2. The source for Perry Moon was found
in Optics5 from LBNL. (Bulow - Hube, 2001, p. 62)

This last characteristic of glazing is the main reason why the shading
coefficient is not the most accurate factor of solar transmittance of a combination of
shading systems in a glazing. It does not take into account the changeability in the
solar absorption according to the angle of incidence. This fact led to the
development of algorithms that relate solar radiation to solar angle. We will

describe this with more detail in Chapter 4.
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3.1.3.2. Types of glazing as shading systems

There are several types of glass, which are distinguished by their spectral
selectivity, their clarity, their absorbance or reflectance of heat and their colour:
grey or coloured glasses. The heat absorbing and reflecting glazing absorbs and
transmits infra-red radiation to a greater extent than ordinary clear glass. Heat
absorbing glass, absorbs more infra-red and at the same time transmits more the
middle - visible waves. The infra —red absorption is due to successive layers with a
primary layer of silver among the other ingredients of glass (low —e). There are
mainly used for reduction of solar heat gains and not for the shading. We are
mentioning them here due to the fact that they can serve one function of the
Shading Systems; the function that refers to the reduction of heat gains. Internal
solar gains are due to two factors: due to the direct transmission of visible and long
wave radiation to the interior and to the inward heat flow by convection and long
wave radiation from the heated glass surface (Fig. 3.9).

For assessing the energy performance of a glazing three values are important
to be used: Solar Heat Gain Coefficient (SHGC) or Shading Coefficient (SC), U-Value
(W/m2:-K) and spectral selectivity. Solar Heat Gain Coefficient (SHGC) is the ratio of
total transmitted solar heat to incident solar energy and U — value is a measure of
heat transfer through the glazing due to a temperature difference between the
indoors and outdoors. We will explain more in the next paragraph.

Spectral Selectivity refers to the ability of a glazing material to respond
differently to different wavelengths of solar energy, to admit visible light while
rejecting unwanted invisible infrared heat. High tech products on the market have
achieved this characteristic, permitting much clearer glass than previously available
for solar control glazing. A glazing with a relatively high visible transmittance and a
low solar heat gain coefficient indicates that a glazing is selective. Various types of
glazing in relation to their coating and their layering are presented in Fig. 3.10 and

are informed by the Design Builder Software.
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The heat reflecting glass has a very fine semi transparent coating upon its
surface. That coating is very sensitive, and that is the main reason why it is usually
integrated into a double glazing system with an air gap or protected by special
lamination. Coloured glazing can influence the interior thermal transmittance and
absorb more of the visible part of the solar spectrum according to its colour.

Printed glass reduces interior solar gains, and this reduction depends on the
density of the print; sand blasted and engraved glass increase the diffusion of solar
rays.

Other high technology glazing products that incorporate the additional
parameter of changeability according to the required interior conditions in relation
to the exterior temperature and sun position are the electro chromic, the
gazochromic and the thermo chromic glazing. Electrochromic glazing is coated with
an active layer of crystals, which alter their transparency and colour when a current
passes through them. Gazochromic glazing works in the same way, but in this case a
gas material is incorporated between the two layers of glazing (Ritter, 2007).
Thermo chromic and thermo tropic glazing function passively. When the
temperature exceeds a specific level, they change their transparency or their colour
(Kaltenbach, 2004, pp. 14 -25).

Photo sensitive glazings when exposed to solar radiation change their
texture and shape, so they can be more translucent to specific waves of solar
radiation. Their changeability is not reversible, so this property is used before their
final implementation to the opening (Kaltenbach, 2004).

Other methods of changing the original properties of glazing are the
positioning of specific materials that affect the deflection of light and are positioned
in between two plains of glass. These types of materials reflect, transfer and diffuse
the light. They redirect direct light outside and transmit the diffused light to the
interior. Such materials are for example the lighting meshes, reflecting vents,

prismatic sheets, and holographic glass of reflecting components (op. cit.).
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Glass with applied film ( 3.2mm width)

Monolithic Glass of 9.398 width from Optics5 from LBNL

Laminated Glass of 12.0904 mm width

Coated Glass of 2.5mm width
Fig.3.9. Spectral selectivity of different types from Optics5 from LBNL
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SHGC Direct Solar | Light U - value

Transmitio | Tranmissio | (W/m2K)

n n
Single Blue 6mm 0.62 0.48 0.57 5.778
Single Low E Clear 3mm 0.768 0.741 0.821 3.835
Single Reflective 6mm 0.321 0.16 0.201 4.975
Single Low E Clear 6mm 0.72 0.68 0.811 3.779
Double Glazing with Air 6mm/13mm 0.497 0.373 0.505 2,665
Double Glazing with Argon 6mm/13mm 0.494 0.373 0.505 2,511
Triple Glazing with Air 3mm/13mm 0.684 0.595 0.738 1.757
Triple Glazing with Argon 3mm/13mm 0.685 0.595 0.738 1.620
Triple Low E Clear with Air 3mm/13mm 0.474 0.358 0.661 0.982
Triple Low E Clear with Air 6mm/13mm 0.31 0.21 0.455 1.202
Triple Low E Clear with Argon | (.474 0.358 0.661 0.780
3mm/13mm
Triple Low E Bronze with Air 6mm/13mm | (0,154 0.07327 0.169 1.190
Triple Low E Clear with Air 3mm/6mm 0.569 0.478 0.711 1.833
Quadraple Low E Films with Krypton | (.466 0.338 0.624 0.781

3mm/8mm

Fig. 3.10. Types and properties of various types of Glazing (Design Builder)

All the above mentioned properties of glazing can be used as alternatives to

shading systems. A variety of researchers compared various types of solar protective

glazing with various types of shading devices. The comparison of switchable facades

(electrochromic and gazochromic) to external shading devices showed that they

have a similar potential for reducing cooling loads in both low and high latitudes.

The former have the disadvantage of obstructing view to outside. This research

refers to south climates (Rome) (Platzer, 2003). The potential energy savings due to

different control strategies of electrochromic glazing has been analyzed. These

systems proved to be insufficient for cooling dominated climates (Athens)

(Assimakopoulos et al., 2007).

We have to note at this point that when comparing different types of shading

devices, it is crucial that the same type of clear glazing is used.
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More research is needed to assess the impact of shading devices on the
window U-value with double, triple-pane and (low-e) coated windows. These effects

need to be included in energy simulation programs (Dubois, 2001).

3.2. Parameters of Shading Design in relation to thermal gains

3.2.1. The effect of window size to thermal heat gains

The size of the window is a crucial factor for the energy balance of the
building. (Bulow - Hube, 2001) argued that “large windows may lead to thermal
comfort problems and high energy costs during both winter and summer. Therefore,
window size may be reduced in order to meet demands of energy efficiency”.

When increasing the window size thermal comfort problems might occur.
When combining control glazing with a low emittance factor and low g-value and
rather high visual transmittance, the U-value of the window walls will be higher than
the U - value of the wall and won’t achieve pleasant operative temperature. This can
be achieved by decreasing the U-value of the window with the use of triple coated
glazing, for example. In order to decrease U-value, without decreasing the window
size, we can reduce the U-value of the glazing of the window (Bulow - Hube, 2001).

For small windows, overhangs were net energy “losers” because reductions
in lighting levels were too high (Dubois, 1997).

However, when lighting was not automatically controlled, cooling and
heating costs increased proportionally with window size (or Shading Coefficient, SC)
and utility costs were minimum at window size= 0 m2 (or SC = 0). North proved to
be the most beneficial exposure because the glass without a shading device offered
greater illumination relative to solar gain than glass with shading device (no shading
assumed on the north facade at all times) (Rundquist, 1991a) from (Dubois, 1997).

More specifically for south climates the type of glazing and the shading
system is much more influencing the cooling energy loads of the office unit, than the
window fraction on the facade. Especially for eastern and western windows cooling

energy loads changes regardless the window fraction. Additionally shading
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contributes to the energy performance significantly, regardless of the window size

and glazing technology used (Tsikaloudaki et al., 2012).

3.2.2. The relation between movable and fixed systems

The operational way of the shading system if it is movable or fixed is a crucial
factor that affects their performance in terms of energy savings for heating, cooling
and lighting the building. Various researchers have compared movable and fixed
systems in terms of their energy efficiency.

It has been proven that the efficiency of the movable shading systems in
north climates where the position of the sun is always low is higher and that fixed
shading systems block the useful winter sun beam. It is also proven that fixed
shading systems are more energy consuming than solar protective glazing but
removable or dynamic shadings are performing better than all of them for north
climates (Dubois,1997).

Furthermore Dubois (1997) studies of the impact of shading on annual
energy use have demonstrated that shading devices reduce the cooling demand in
buildings while increasing the heating loads due to loss of beneficial solar gains.
Optimal shading strategies are thus climate dependent: in heat-dominated
countries, fixed devices with medium to high solar transmittance and high thermal
resistance or systems that can be removed in the winter are more energy efficient.

The assessment between movable and fixed louvers concerning the energy
needs for heating, cooling and lighting for south climates has been done by
(Carbonari et al. 2002). They conclude that movable shading systems are not by
default more energy efficient, but that this depends on the climate where they are
installed. This evaluation is focused in three different south climates (Venice, Rome,
and Trapani). For the southern latitude (Trapani, 38 N) fixed louvers are more
efficient than the seasonal ones in contrast with the more northern latitudes of

Venice (45N) and Rome (41N).
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The performance of the shading strategy of venetian blinds (manual or
automatic movable, inclined and in different height positions) has been examined by
Weinold (2007) according to energy savings and to view contact with the exterior.
He concludes that the automatic cut — off system has proved to be the most
convenient in terms of energy savings for heating, cooling, and lighting.

When including the energy needs for lighting, the total energy savings that a
movable shading system can achieve, is significantly reduced. Tzempelikos &
Athienitis (2007) analyzed the impact of exterior movable roller shades on building
cooling and lighting energy demand. Substantial reduction of energy demand for
cooling and lighting could be achieved in perimeter spaces, depending on climatic
conditions, orientation, automatic or manual movable SD and automatic on/off or
dimming lighting system. The percentage of the reduction of annual energy
demands is high (50% for the city of Montreal) but is reduced (to 12%) if the energy
for electric lighting is included.

We conclude that fixed shading devices have proved to be more energy
consuming in north climates, in comparison to movable ones and to different glazing
filters. For these latitudes, even when integrating PV systems it is proved that
tracking louvers with integrated PV can generate up to 20% more energy than a
fixed module (European Commission 5th FWP - ENERGY Programme, 2003). There is
lack of data, for other types of SDs and for south climates. Additionally it is
worthwhile mentioning here that due to high sun radiation angles, fixed shading
devices for south climates do not necessarily obstruct view to outside, unlike solar
protective glazing.

Moreover the efficiency of movable or adaptive shading systems has been
qguestioned for public buildings due to the diversity and changeability of the users

(Guillemin, 2003)

3.2.3. The relation of shading to the building envelope

Another decisive parameter for the energy performance of the Shading

System is its position in relation to the envelope. Olgyay concludes that shading
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effectiveness varies according to its position in relation to the glass skin of a
building: Exterior shading devices are more effective, interpane shading systems are
less effective than exterior ones and worst performing are the interior shading
systems. He explains that an interior shading protective device can intercept the
solar energy that had passed the glazing and can control only that part of energy.
Some of the enery falling upon an interior device is absorbed, and some convected
and reradiated to the room (Olgyay, 1963, p. 70).

More specifically Olgyay (1963) took into account this definition of the shading
coefficient (we define it in paragraph 3.3.1) in order to categorize various types of
shading systems. He used a color with 50% of light transmittance for all types of
shadings that he assessed. The categorization went as follows (starting with these of
high shading coefficient): internal venetian blind system, internal roller shade
system, tinted glass, outside shade screen, outside metal blind, coating on glass
surface, trees, outside awning, outside fixed shading device, outside movable
shading device. This was a first attempt to evaluate different shading systems that
confirmed the superiority of the exterior shading system over the interior and inter-
pane ones and the superiority of the movable to the fixed shading systems. Later on
various researchers measured specific relations between different shading systems
that incorporated energy needs and daylight comfort as a basic parameter for their
evaluation.

Givoni (1969, pp. 216 - 218 ) examined the geometrical relation of the SDs to
the envelope and concludes that in Israel, external devices are much more efficient
than internal, and that the darker the colour of the external device the better its
efficiency. Considering interior shading devices, he concluded that the lighter their
colour, the better their efficiency (in these cases the windows are considered to be
closed). He summarizes the conclusions of some studies done in several institutions
in relation to the efficiency of various types of adjustable shading devices. In all
studies the Shade Factor of the shading system was computed or measured. He
concludes that external devices are much more efficient than internal and that the
difference increases as the color of the internal shade is darker and the one of the
external is lighter. This increase in efficiency of the external shading devices exists

only when windows are closed. Moreover, he assessed internal and external shading

83



Part Il — Shading Systems: their relation to thermal conditions

devices, with different inclination and material reflectivity for Israel, for a south west
facing window, according to the total heat gain using computer application (Givoni,

1969, pp. 215, Table 12II) (Fig 3. 11).

Clin (%6)
a Otsg 1/3 qu Oag Qin din (%)  experiment
al
0.2 63.78 23.46 81.90 169.32 42.8 &
_ 30° 0.4 50.16 21.90 151.86 223.92 56.6 54
g 0.6 21.12 19.62 218.94 259.23 65.6 =
% 0.2 44,76 23.64 88.92 157.32 39.3 40
- 45° 0.4 30.90 22.20 150.18 203.28 51.4 51
0.6 9.92 20.24 214.92 245.08 62.0 61
0.2 63.78 1.38 5.04 70.20 17.8 -
_ 30° 0.4 49.92 9.06 0.96 59.94 15.2 -
g 0.6 21.12 0.36 13.38 34.86 8.9 -
£ 02 4476 5.16 0.84 50.76 12.9 .
- 45° 0.4 30.90 0.59 9.01 40.50 10.2 11
0.6 9.924 0.038 21.59 31.89 8.1 -
Impinging radiation = 395 Kcal/h m?
Qg = radiation transmitted through the glass - shading combination after reflection between the slats
0, = radiation absorbed in the glass, of about 1/3 is transferred to the interior
i, = total solar heat gain

Fig.3.11. Partitional heat gain (kcal/h m2) through different types of shading and the corresponding
shade factors (%) (Givoni, 1969, p. 215)

Biilow-Hibe et al. (Bllow-Hibe et al., 2003) compare external products
(awnings, Italian awnings, venetian blinds, horizontal slatted baffle, fabric screens,
solar control films), interpane (between panes) and internal products (pleated
curtains, roller blinds, venetian blinds, solar control films) using the software tool
ParaSol and conclude that external shading devices perform the best in terms of
reducing cooling loads, internal products are the worst, while interpane products fall
between these two.

More specifically for office buildings, the advantages of fixed shading systems in

relation to movable ones are developed in paragraph 3.4.1.
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3.2.3. Relation between shading and Orientation

Some important basic rules concerning the relation between orientation and
geometrical configuration of the shading systems which further depend on the
geometry of the sun’s movement are being presented in this paragraph.

For south facing windows the horizontal overhangs are a very effective
solution providing protection in the summer when the sun is higher. Although less
effective there, the horizontal overhang is considered as the best solution also for
east, southeast, southwest and west orientations. In hot climates, north shading is
also needed and the vertical wings can work effectively due to the low altitude angle
when sun moves to the north. For east and west orientation, the problem is bigger
due to concurrent low altitude angle and vertical azimuth angle. The best solutions
are achieved with geometries that combine horizontal and vertical fins facing south.
The disadvantage of that solution is a restriction of the view from inside. The
dimensions and the detailed geometry of these devices are defined according the
specific latitude and the sun path diagram associated with it (Lechner, 2001, p. 210)
(Fig.3.12.).
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Best
Description name Orientation Comments

| Overhang South, East, Traps hot air, can be loaded
Horizontal Panel ~ West by snow and wind
Overhang Free Air movement. Snow or
i South, East, y :
] Horizontal louvers West wind load is small. Small
in horizontal Plane scale. Best Buy!

Reduces length of overhang.

Overhan . .
. & South, East, View restricted. Also
1] Horizontal louvers . . .
. . West availiable with miniature
in vertical Plane
louvers

Overhang vertical South, East, Free Air movement. No
Plane West Snow load. View restricted.

. . East, West, Restricts view. For north
\ Vertical Fin . .
North facades in hot climates only

Slant toward north. Restricts

Vi . -
view significantly

Vertical Fin slanted East, West

For very hot climates. View

Vii Eggcrate East, West . .
58 very restricted. Traps hot air
S — Slant toward north. View
A1 €8 East, West  very restricted. Traps hot air.

slanted fins .
For very hot climates.

From Architectural Graphic Standards, 8th ed., John R. Hoke, ed. Wiley, 1988

Fig.3.12. Example of fixed shading devices (Lechner, 2001)

Givoni & Hoffman (1964) have analyzed the efficiency of various types of
shading devices in different orientations using various calculations. They calculated:
a. the daily pattern of intensity of solar radiation falling upon an unprotected
window in the case of Israel (latitude 32°N). This can be calculated either by
tabulated data providing the relation of radiation according to the angle of incidence
of the sun or by using radiation calculators for a specific day of the year and in
relation to the examined latitude as developed by Olgyay, A. & V. (1957, p. 63)
(Fig.3.13), b. the percentage of the shade area, according to the type of shading
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system and according to the projection depth, c. the intensity of solar radiation on

the unshaded part of the window.

Fig.3.13. Spherical radiation calculation in a position where
the sun’s angles can be measured at 40° N latitude
(Olgyay, A. & V., 1957, p. 63)

The summary of the above mentioned values produced a diagram describing
the daily variation of the intensity of direct solar radiation falling upon a window.
These researchers were the first to conclude specific geometrical characteristics for
the shading systems of the examined windows in Israel (latitude 32°N). For east and
west orientation they concluded that the most efficient shading is the eggcrate type
with the vertical members oblique at 45° to south (or widely known Brise Soleil
system). Horizontal shading are much more effective than vertical due to the fact
that the latter obstruct winter sun and provide very poor shading in the summer.
For south west and south east orientation they concluded that horizontal shading is
more effective than vertical ones; specifically the eggcrated systems are considered
to be the best.

Specifically, for south climates the influence of the orientation of the facade
on the yearly energy consumption has been proven (Nikolaou, 2007). Horizontal

overhangs for south oriented windows and vertical wing walls for east and west
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orientations in relation to the building’s energy consumption for the weather of
Athens have been analysed using the software tool TRNSYS 16 and real
measurements. The average energy savings (heating, cooling, and lighting) are 8.7%
larger when south overhangs are used. In the case of east - west facing window with

vertical wing wall the energy savings are modest (1.4%).

3.3. Measuring the thermal behavior of shading devices: influencing factors and

methods used

331 Solar Radiation in relation to the examined area

Traditionally, there are two methods to calculate solar radiation: the
tabulated (or statistical) method and the diagrammatic (or graphical) method. Both
methods are described by Olgyay (Olgyay, A. & V., 1957, p. 58)

The tabulated (statistical) method is based on the amount of solar energy
received at normal incidence in relation to solar altitude (on dates that are given in
the tables) and on the incident angle to the examined surface, in order to reduce the
energy to its cosine function. The tabulated data are unique for each latitude and
day of the year and Olgyays (1957) refers to Ephemeris of the Sun and to
Hydrographic Office Bulletin (Table of Computed Altitude and Azimuth.
Washington,D.C., 1940; The American Nautical Almanac, D.C., 1957).

The diagrammatic (or graphical) method is based on the use of a radiation
calculator in relation to the latitude and the sun path diagram. The method was
developed by Friedrich Tonne (Tonne, 1951). Olgyay’s (1957) developed calculator
charts are based on the assumption that the magnitude of the direct and diffuse
radiation is a function of the solar altitude and the angle of incidence of the sun. The
sums of direct and diffuse radiation for each point are projected on a sphere as
isolines and correspond to vertical and horizontal surfaces. The direct radiation data
corresponds to Moons’s (1940) standards and the diffuse values to (Parmelee &

Aubele, 1950) ASHVE recommendations.
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Solar radiance measurements consist of global and/or direct radiation
measurements taken periodically throughout the day. The measurements can be
taken using either a pyranometer (measuring global radiation) and/or a
pyrheliometer (measuring direct radiation). In well established locations, this data
are collected for more than twenty years. An alternative method of measuring solar
radiation, which is less accurate but also less expensive, is using a sunshine recorder.
These sunshine recorders (also known as Campbell-Stokes recorders), measure the
number of hours in the day during which the sunshine is above a certain level
(typically 200 mW/cm?2). Data collected in this way can be used to determine the
solar insolation by comparing the measured number of sunshine hours to those
based on calculations and including several correction factors. A final method to
estimate solar insolation is cloud cover data taken from existing satellite images.
Fig.3.14 shows equipment for solar irradiance measurements. (Photograph from

David Pearsons) via NREL information exchange (http://pveducation.org).

Fig.3.14. Instrument for solar irradiance measurements) via NREL information
exchange (http.//pveducation.org/pvcdrom/properties-of-sunlight/measurement-of-
solar-radiation)
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Nowdays, these types of data are implemented in computer simulation
software and are specific for each location. We will describe them in detail in the

next paragraph (3.3.2.).

3.3.2. Factors and methods of Shading Systems’ thermal behavior

The efficiency of a shading device should be judged on its yearly
performance and on its relative balance between its shading performance and its
heating efficiency. According to (Olgyay, A. & V., 1957, p. 64) shading at overheated
times is twice as important as heat gain during the underheated season. He
calculates the shading performance using the following equations:

For the summer shading performance:

Sp = So/Ro - 100%, where:

Spis the summer shading performance,

Spis the energy in Btu absorbed during overheated times and

Rois the energy in Btu which falls the surface during the overheated period.

The yearly effect is expressed in heat efficiency (He) by deducting the Btu losses
during the shaded cold season (S,) from (Sg) values and writing the result in
percentage:

He = So-Su/ Ro - 100%.

The average value of the above mentioned calculated results, (the summer shading
performance and the yearly energy balance) is called the Shading effect ratio (Se)
and it is expressed by the following equation:

Se—(Sp+He) / 2 = (So—Su/2) / Ro - 100%.

In that way Shading Devices can be evaluated for different orientations and
localities. The effect of different materials, their color, reflection and heat transfer
are not being considered in this evaluation. A “Regional Shading Chart” can then be
created. It is a chart that shows the effective profile angle that shading should form

for all orientations and for a specific location.
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Another attempt to evaluate SDs according to energy transfer has been done by
Givoni (Givoni, 1969). He introduced the “shading factor”, which is the ratio of the
heat entering the shaded window to the heat entering an unshaded window. He
also introduced the comparison of actual indoor temperatures of different SDs with
those obtained without shading. He divides the solar heat gain in three components:
the part transmitted through the glass — shading combination, the part absorbed in
the glass and the part absorbed in the shading material. In cases where the direct
sun rays enter the window, a fourth component is used that incorporates the sun
penetrating the shading. Moreover, he measures the efficiency of the adjustable
shading devices that depends on their position in relation to the glass, on their color
and ventilation conditions. Besides the “shading Factor” he uses the measurement
of the thermal effect of the shading in order to evaluate the shading systems. In this
second approach the calculation of the thermal effect of the shading is achieved by
comparing the actual indoor temperatures obtained with different types of shading
devices with those obtained without any shading (Aghemo et al., 2008).

More analytically Solar Factor (SF) is the Ratio of total solar energy flux entering
through the glass to the incident solar energy. It is the total heat transmission of
direct solar transmission and that proportion of absorbed radiation that is re-
radiated into the building from the action of heat absorbing glass. It is also known
as Solar Heat Gain Coefficient (SHGC).

Another characteristic factor for evaluating the energy performance of a
fenestration system is “shading coefficient”. Shading coefficient (SC) is a factor that
can describe the efficiency of a shading system and it has been introduced by Olgyay
in his book (1963). This is the ratio of the total heat gain from the transmitted,
absorbed and reradiated energy by the shade and glass combination that enters the
examined window to the total solar heat gain due to transmission, absorption and
re- radiation by a single unshaded common window glass. “It is a dimensionless
number ranging from zero to one. Zero indicates that no solar radiation is passing
through”. The shading coefficient is calculated by dividing the solar factor by 0.87,
which is the solar factor of a 3 mm clear float glass. The position of the sun changes

and therefore the relation of the sunbeam vector to the glazing changes constantly,
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so the absorption and reflection relations change. For the calculation of the shading
coefficient these changes are not taken into account.

For a more complex SD a new coefficient is introduced: The new solar heat-
gain coefficient (SHGC). It incorporates thermal properties of glazing and framing
(Lechner, 2001).

According to ISO 13790 (2004) Shading factor (SF), is defined as:
SF=Fip-lp+Fag-lg+lan/ 1+ 1g+ lsn Wwhere:

F.p = sunlight fraction of the window in presence of direct radiation (-).

F..q4 = skylight fraction of the window in presence of direct radiation (=) and

lb, lg, 1z =direct irradiance, diffuse irradiance and irradiance reflected from the
albedo incident onto the glazed surface in (W/m?).

The solar heat gain is divided in three parts: the part transmitted through the
glass — shading combination after reflection between the slats, the part absorbed
within the glass and then transferred to the interior and the part absorbed by the
shading material which in the case of internal shading is distributed to the interior
and in cases of external shading is almost fully dissipated outdoors. When direct
solar beam heats the window, a fourth part is added that is the part penetrating
between the blinds.

Moreover various algorithmic relations and computer applications have been
developed to calculate the thermal performance of shading systems. Furthermore
Shaviv (1980) presented a computer method for determining the optimum “shading
coefficient” for different shading systems, based on Olgyay’s definition of the term.

Additionally, dynamic (hour by hour) computer programs were developed
for the assessment of solar radiation entering a building. Some of them take into
account the solar angle dependent properties of solar radiation. This is a parameter
that the shading coefficient does not take into account. Mc Cluney (1991) and
Prassard et al. (1992) observed this downside of the shading coefficient method, and
Dubois (1997) refers to them as few of the most praiseworthy researchers on the
subject.

However Papamichael & Winkelmann (1986), Furler (1991) and Pfrommer,
(1995) developed algorithms that can determine solar angle dependent optical

properties of glazing and can be used by computer models for more accurate results
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in the assessment of shading devices. These algorithms are appropriate for the
specific shading systems that they are studied for. Further on Cho et al. (1995)
developed a calculation module to connect with TRNSYS for the assessment of
interior venetian blinds and Pfrommer et al., 1996) developed a computer software
that calculates radiation flows through venetian blinds located outside and inside
windows, taking into account both the diffuse and direct part of solar radiation and
varying solar angles.

Advanced algorithms for windows and shading devices of arbitrary shape
have been developed at Lund University and implemented in the dynamic, whole
building energy simulation program Derob-LTH, for the simulation of heating and
cooling demands and indoor temperatures, (see Kallblad, 1998) (Dubois, 2001) . A
Steady-state program for the estimation of heating demands on a monthly basis, the
BKL-method, has been developed at the same University (Bulow - Hube, 2001).

The Advanced Window Information System (WIS) is a European software
tool for calculating optical and thermal properties of commercial and innovative
window systems, a big part of which are venetian blinds. One of the unique
elements in this software is the combination of glazing and shading devices. This
tool is particularly suited to calculate the thermal and solar performance of complex
windows and active facades (Van Dijk & Oversloot, 2003). The way in which WIS
treats the solar optical properties of a ‘layer-type’ shading device has been the basis
of ISO 15099,(2003): Thermal performance of windows, doors and shading devices
Detailed calculations (Tzempelikos, 2008).

Recently, computer applications were developed that can calculate in detail
the total solar radiation of exterior surface. One of them is the EnergyPlus software,
which incorporates features and capabilities of BLAST and DOE -2 software (Crawley,
2004). EnergyPlus can additionally take into account the reflected solar radiation
from exterior surfaces and calculate the radiance from heating and cooling systems.
This can be the reflected radiation from the surfaces of a shading device, from the
surrounding buildings or from the surrounding ground. It can also take into account
the sky condition that is represented as a superposition of four standard CIE skies
using the approach described by Perez et al. (1990). Further it can calculate the

shortwave radiation of an interior space. As we can read in the Engineering
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Reference of EnergyPlus (2012, p. 185) “The program determines the amount of this
radiation that is (1) absorbed on the inside face of opaque surfaces, (2) absorbed in
the glass and shading device layers of the zone’s exterior and interior windows, (3)
transmitted through the zone’s interior windows to adjacent zones, and (4)
transmitted back out of the exterior windows. The effects of movable shading
devices positioned on the exterior windows are taken into account. Most of this
calculation is done in subroutine CalcinteriorSolarDistribution in the Solar Shading
module”. Details about the equations used can be read in the Engineering Reference
of EnergyPlus.

A user friendly Software that can evaluate thoroughly the performance of
shading systems is Ecotect. This computer application was developed at Cardiff
University in 2000. It is a computer tool that can be easily used by architects and
designers in the early design stage but its accuracy in terms of solar heat gains has
been challenged. Due to the fact that in early design stages comparative and not
absolute values are needed, it is an appropriate computer application for
preliminary design ideas.

At the same time with the development of computer applications
researchers develop applications for more detailed approaches. In particular
(Alexander et al., 2005) developed modifications of the HTB2 software that was
originally developed by (Alexander, 1997) to simulate venetian blinds systems.
These modifications are concentrated in the Cavity Resistance algorithm and on the
surface connective heat transfer for more accurate prediction of solar transmittance
of inter-pane venetian blind systems.

Other more recently developed methods are the use of Complex
Fenestration Systems (CFS) of EnergyPlus and the three face method of Radiance
(Ward et al., 2011).

It is important to mention that the energy needs for heating and cooling not
only depends on the effectiveness of the shading system but also hinges on the

whole building layout, orientation, size and distribution of openings.
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3.4. The issue of energy savings through shading systems: the case of office

buildings

At this point, it is important to connect the performance of shading systems
with the operation of office buildings.

“Almost half of the energy consumed in Europe is used to run building...

The relation of outside and inside has increased in importance for our living habits,
as new materials and technologies have made it easier and less of an effort to
actualize those functions of the buildings that provide protection from nature. The
psychological gain that a transparent envelope offers, the seeing and the
experiencing of day and night, wind and weather, summer and winter, become
important components of open and exciting architecture in the twenty first century.
Thus it has become one of the responsibilities of our time not only to channel
natural daylight from an energy aspect, but also to integrate its influences on the
physical constitution and on the psyche into architectonic concepts.” (Hascher et al.,
2002, p. 50).

Hence the issue of shading of office buildings becomes extremely important
due to two reasons: firstly because we spend half of our life indoors in office
buildings and the relation with the outside becomes very important and secondly
because only through proper shading design can we simultaneously realise view
contact with the outside world and low energy consumption for heating cooling,
lighting.

When we observe a group of people busy with their ipads sipping latte sitting
together at a coffee table we can assume that they are working. The office is one
place where we work but there are other places to do this as well. Most of the
people need a working environment where they have a sense of security, a fixed
location where they continue where they left off the previous day and where they
can have a word with colleagues. (Stanier B. & C., 2011). The office work can be
done anywhere but the office conditions cannot be anyplace. The appropriate visual
and thermal conditions can be achieved passively by the appropriate design of the

facade and especially of the shading system.
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In previous chapters the parameters, factors and methods used for assessing
shading systems are presented. This research is focused particularly to office
buildings facades in terms of the required interior comfort conditions. We examine
the case of the single office cell with three working spaces as proposed by (Van Dijk,
2001) , (Fig.3.14) that belongs to a cluster of offices expanded in rows and columns.
In the next few paragraphs we will describe the evolution of office buildings facades
that influence the shading systems and explain the choice of the specific shadings

for the purpose of this research.

Corridor

staircase& ser- Office modules
vice spaces

Fig.3.14. Floor plan of the cluster of office units (Van Dijk, 2001)

3.4.1. evolution of office building’s facade through time in Europe and Greece

in particular

In this chapter we will develop the evolution of office typologies, since the
beginning of office work within an organized space and the parallel evolution of
office fagade and shading.

The history of office building started the 13th century with the development
of government’s buildings. In fact the typology of office buildings started to be
separated from other functions in the industrialization period due to the fact that
bureaucratic procedures were developed. Most of the office buildings were
following the traditional building typology and the offices were cellular offices

around an external or internal corridor (Fig. 3.15).
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The single office cell is the primary form of construction and the most
common type in the public sector. It actually consists of a row of offices with one or
two occupants, developed along the facade. All office desks are placed parallel to
the facade. For this reason the use of specific facade systems that can exclude direct
solar beams and at the same time achieve a comfortable visual and thermal interior
environment are required (Fig. 3.15).

In the beginning of the 19" century new construction materials started to be
used in buildings — like steel and Iron — but the typology of the facade has not
changed drastically till the end of the 2" World War. Basic requirement of light and
ventilation were obtained through openings in the facade. That lead to the
development of the first comfort regulation on 1924 (Roetzel & Tsangrassoulis,

2010).
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Fig. 3.15. Diagrammatic plan of office units
(Hascher et al. 2002, p. 103)

The period after 1945 is characterized by the use of nuclear power in the
building environment. Air conditioning for heating and cooling as well as artificial
lighting were introduced in the building sector and this resulted to the
transformation of the fagade envelope to a sealed structure that isolates the interior
from its physical environment. The open plan office building was developed as a
new internal configuration and the curtain wall facade was promoted due to newly
developed construction methods. On 1938 a new comfort code was developed that
incorporated air conditioning systems (op. cit).

The period after 70s is characterized by the development of new
technologies in the computer science and communication and these changes have

an impact in the office space requirements. The office work is based on the
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computer screen and the comfort requirements are taking on account these facts. A
new work flow was developed that lead to the generation of other types of office
spaces, more flexible, that foster collaboration. A new type of office configuration
that emerged is the “Landscape office”. It is based on the idea of a flowing space
that can accommodated different types of working processes for individuals and
team work. The “curtain wall” system and the separation of the supporting structure
to the envelope could collaborate very well to the above mentioned internal

configuration (Hascher et al., 2002) (Fig.3.16).

Fig. 3.16. Diagrammatic plan of open - plan offices
(Stanier, B & C., 2011)

A typical open- plan office can be seen in (Fig. 3.16). It has its origin in the US
large factory type working spaces. It was introduced in Germany in the 1960s
coinciding with the economic boom. The free layout of these offices requires specific
arrangements on their facade in order to achieve uniform comfort conditions. A
great effort is put in order for thermal and comfort conditions to be the same in
offices near the facade and those further from it (30 to 40 m). This means that
specific geometrical configurations, such as light-shelves for example, of semi-
transparent elements, are used in the fagade for distributing the light into the depth
of the space, in order to avoid problems with glare and to gain thermal radiation

After the energy crisis in 1973 and the Chernobyl disaster in 1986, the
sustainable development of the buildings and the environmental impact of them,
became an extremely important issue. New buildings technologies started to be

used in the facade that could better control the interior environment without
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additional energy usage. The parallel development of glass industry leads to the use
of coated glazing that could control better solar gains but could lead to the increase
of artificial lighting usage.

A combination of the above types is the group office, where space is actually
divided in larger and bigger groups than the unit cell. This allows for smaller spatial
dimensions and room depth that can provide natural light and sun through the
facade. This means greater facade area in relation to function area. The group area
can be subdivided in smaller areas with half-height furnishing or partitions (Stanier,
B. & C, 2011) (Fig.3.17). A continues “curtain wall” facade system could

accommodate all internal configurations.

Fig. 3.17. Credit Suisse Bank Zurich, 2011
(Stanier, B. & C., 2011)

Before the end of 90s the idea of the complete sealed facade started to be
guestioned due to the recognition of the “Sick building Syndrome” by the World
Health Organization. This ascertainment leads to the rejection of the isolation of
internal environment through the fagade and to the return of natural ventilated and
daylighted office buildings. New types of facades are emerging that are combining
environmental control and natural ventilation and lighting. Amongst them the
automatic and mechanically controlled double skin high tech facades are the most
common. In 1992 the new ASHRAE Standards were developed.

A more developed type of office is the combined type. It is the spatial

combination of the unit cell and the open plan office. The standard unit cells are
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lined up along one facade, while an open plan distribution of office desks is
developed along the other fagade. The requirements are not completely different
for the two facades. In both cases a minimum of 7 m of naturally lit and ventilated
spaces is needed through the facade. More detailed analysis is needed mostly

concerning specific daylight requirements for the specific subject units (Fig.3.18).

Basprechung,

Kombizone/
Mg

Fig. 3.18. Diagrammatic plan of combination offices
(Stanier, B. & C., 2011)

Nowadays the most popular office configuration is the “business club” that
the space does not belong to an individual but can be shared by different occupants
according to their needs. The reversible office is a common need that can be flexible
in plan and in the fagade. This lead to the use of lightweight materials in the interior
and the decrease of thermal mass of the building that lead to much more energy
needs of cooling the offices (Roetzel & Tsangrassoulis, 2010).

Additionally an important change in the new ASHRAE regulation is made in
2004: the differentiation of the natural ventilated buildings and the full air
conditioned building are governed by different standards (op.cit.). New facade
typologies are emerging that are taking into account the possibility of natural
ventilation and the mechanically heating and cooling systems.

In Greece the first office buildings are built after 1928 and are based on the
office cell organizational diagram. This organization is projected on the facade by a
repetitive window of a fixed size that assures basic natural ventilation and daylight
in each office unit. The glazing of the window was positioned at the inner side of the
wall so that the width of the upper part of the opening could work as shading.

Later on, architectural style in Greece followed the European nomenclatures
of the modern movement and the new modern office buildings possess a facade
liberated from the skeleton. The curtain wall was established in Greek architecture

ignoring the specific characteristics of the climate. High tech daylight distributing
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systems were used without any extra external shading protection devices — crucial
for the Mediterranean climate due to high thermal gains for almost six months per
year (Fig. 3.19). The first examples of the use of fixed external louvers and the Brise
— Soleil system as a shading protection from the summer sun were introduced in
Greece by the end of 60s. This feature can be seen in the multifunctional building of
T. and D. Biris in Galatsi (E. Venizelou), Athens and the Bank of Crete of K. Dekavalas

at Voukourestiou and Valaoritou Street in Athens (Philippidis, 1984).

Fig. 3.19. Agriculture Bank of Greece, Athens with the light —self.
The dark colour of the ceiling cancels the daylight distribution
(Baker & Steemers, 2001, p. 154)

A lot of buildings had been constructed till then with either fixed shading
systems or coated glazing. During 80s’ and almost till the end of 90s’ most of the
office buildings in Greece were actually following European aesthetical and
environmental standards. Large glazed coated single facades, that allow basic
natural ventilated and daylighting, are the common form of office building in large
cities. These facade systems could not achieve thermal comfort and the offices
required high amount of energy in order to air condition the building, especially the
long summer periods.

One of the first office buildings in Greece that followed the European
Aesthetical standards that were connected to the economic development and
reconstruction, that came to Greece some years later than Europe, was the Athens
Tower build between 1968 and 1971. The offices are distributed in the four facades

and in the center are the corridors and the elevators. All facades are having the
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same amount of coated glazing regarding the orientation without any additional
shading (Fig. 3.20). After this high rise office building similar, with lees floor levels,

started to come up in the most urban centers, all over Greece.

Fig.3.20. Athens Tower by 1.Vikelas, 1968 — 1971,
(http://en.wikipedia.org/wiki/File:Athens_Tower.jpg)

Greece has a Mediterranean climate. According to the relevant climatic data,
the annual cycle can be divided into a cold and rainy season (October to March) and
a warm and dry season (April to September). Temperatures on the Greek mainland
present intense contrasts mainly due to geographic factors. Greece is between the
average annual isothermal of 14.5 and 19.5°C. The extreme temperatures are close
to -25 °C (during winter in the mountainous and northern regions) and +45 °C
(during heat waves on the mainland). The climatic data above relate mainly to the
countryside. In urban environments, in which the majority of buildings are situated,
these data change as a result of the influence of the factors which make up the
urban climate (Landsberg, 1981).

The factors influencing energy performance of buildings in Greece, under the
particular climatic conditions, are more or less specific, similar throughout the
country and outlined (Papamanolis, 2006). It is indicative that the regulatory
framework of environmental design principles remains essentially the same since
1979. Unsuccessful efforts for its improvement have been done in the past. It is only

since October of 2010, that the application of a set of measures for the
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improvement of the energy performance of buildings in Greece started, in order to
apply the EU Directive 2002/91/EC (Papamanolis, Mandalaki, 2011).

Only after the EU directive office buildings in Greece started to adapt to the
specific urban climatic conditions of the region and taking into account shading
requirements (Fig.3.21, Fig.3.22). The implementation of the low that followed this
directive came to the force officially on 2010. Till then almost all office building

were following curtain wall glass facades that prevent heat gains through coated

glazing and obtaining thermal comfort through air conditioning.

Fig. 3.21. Folli — Follie Building in Athens, Ag. Stefanos, 2003, M. Kokkinou — A. Kourkoulas
(Hindrichs, 2009)
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Further non, movable Shading Systems were implemented in the Greek
office building as well - some of them with integrated PV systems. Examples of
buildings with movable shading louvers are AVAX offices of A. Tombazis in Athens
and ABB offices of N. Ktenas in Thessaloniki (Philippidis, 1984) (Fig.3.23 and
Fig.3.24).

Fig.3.24. ABB office building. N Ktenas, Thessaloniki
DOMES, 11/2007, New office building in Greece Il

Even if these systems have been extensively applied in Europe, they have not
met the same support in Greece. Givoni (1969) has argued in favor of the improved
performance of the movable shading systems for the climate of , that is very similar
to that of the south of Greece. The application of these types of systems has not
been expanded as one would expect. This is mainly due to three reasons:

1. Higher construction costs in relation to fixed shading systems, the requirement
of precise construction details as well as maintenance costs. Both are not easy to
obtain within the Greek construction market.

2. Lack of specialized designers that would promote these types of movable

structures and
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3. Lower user acceptance preference of automated movable systems especially in
buildings like offices where there is a high users’ turnover. On the other hand the
non automated systems would not be operated by all the users because for this to
happen technically, construction and installation costs would probably be higher
than the savings. The predominance of fixed to movable systems in architectural
applications is not the main subject of this research, but it is a fact that we took into
account when focusing the main objectives of this research upon fixed shading
systems.

We believe that office building cell is suitable for our study due to the fact
that it allows for controllable conditions. Our research is based on the comparative
analysis and not on the values themselves. In order to achieve the same fixed
parameters for comparing the performance of different SDs we took the office cell
as a basic unit. The performance of the SD is evaluated for this environment but the
results are generalized according to relations between different geometrical
configurations. The office unit examined with different SD has the same constant
properties in relation to interior surface, color and materials used. We will describe

the details in paragraph 3.5.1.

3.4.2. Energy savings through shading systems

The design of sun shades for windows is very important in Mediterranean
countries. The role of window is to permit natural illumination and allow view to
outside. The main issue in the design of the openings is to prevent as much
penetration of direct solar radiation as possible.

Shading systems can help reduce energy loads in many ways; first of all by
reducing the cooling loads during the summer period. Shading systems reduce direct
solar radiation entering the building therefore the energy needs for supplying air
conditioning systems are reduced.

In winter they can allow direct solar radiation. Depending on the orientation
and the latitude, a well designed shading system can allow solar gains during winter.

Especially in the case of Mediterranean climate, characterized by a high

position of the sun in the summer period and low in the winter period, the design of
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south facing shading systems can be effective, even for fixed shading systems. The
balance between solar gains in the winter and solar exclusion in the summer in
relation to reduction of daylight determines the efficiency of the shading system.

Shading systems can reduce daylight availability but at the same time
depending on their design, they can increase the distribution of daylight in the room
(light shelves or other daylighting systems). This fact is crucial in order to increase
savings in the use of electric light. In chapter 4 more details will be presented.
Daylighting systems are strictly not the subject of this research.

The reduction of the interior temperature that shading systems can achieve
is very important for thermal comfort. Thermal comfort conditions are crucial for
the health, the productivity and the sense of well-being of the users, especially in

office buildings.

3.4.3. Thermal Comfort conditions

It is important at this point to define thermal comfort conditions as we will
incorporate those in our research. Thermal comfort can be defined in two ways:
connected to measured and non measured parameters.

Firstly thermal comfort can be defined as a specific combination of air
temperature, relative humidity, air motion and mean radiant temperature (Lechner
2001). “Thermal comfort occurs when body temperatures are held within narrow
ranges, skin moisture is low, and the body's effort of regulation is minimized (after
ASHRAE 1997). Certain combinations of air temperature, relative humidity (RH), air
motion, and mean radiant temperature (MRT) will result in what most people
consider thermal comfort. When these combinations of air temperature and RH are
plotted on a psychrometric chart, they define an area known as the comfort zone.
Since the psychrometric chart relates only temperature and humidity, the other two
factors (air motion and MRT) are held fixed. The MRT is assumed to be near the air

temperature, and the air motion is assumed to be modest.”
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A basic tool to define these parameters is the psychrometric chart. The area
defined in the chart as shown in fig.3.25 is the combination of all the above

parameters and defines the ideal thermal environment for the human body.

RELATIVE HUMIDITY

ABSOLUTE HUMIDITY (HUMIDITY RATIO)
POUNDS OF WOISTURE PER POUND OF DRY AIR

TEMPERATURE °*F

Fig. 3.25. Psychrometric chart (Lechner, 2001)

There is another definition for thermal comfort that includes non measured
parameters and is according to ASHRAE: the condition of mind which expresses
satisfaction with the thermal environment (ASHRAE n.d.). The condition of mind is a
completely non predictable condition and it depends on non measured parameters
dealing with the type of user, his level of education, the relation with his colleagues
and superiors, time of pressure etc.

A basic “rule of thumb” can be found in basic diagrams proposing limit
temperatures of comfort according to the activity within the space. In Greece, after
the implementation of Energy Efficiency Building Regulation Low that followed the
EU Directive 2002/91/EC on the Energy Performance of Buildings, these values have

been recorded as in Fig.3.26.
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Type of Building Temperature °C Relative Humidity
Winter Summer Winter Summer
period period period period

Single Family House - |20 26 40 45

Multy story housing

Hotel all seasons 20 26 35 45

only summer period 20 26 35 45

only winter period 20 26 35 45

Hostel all seasons

only summer period 20 26 35 45

only winter period 20 26 35 45

Boarding house 20 26 40 45

Hotel or Boarding | 20 26 35 50

Bedroom

Resaurant 20 26 35 50

Patisserie - café 20 26 35 50

Bank 20 26 35 45

School 20 26 35 45

RetailCenter 19 25 35 45

Office 20 26 35 45

Library 20 26 35 50

Garage 19 25 35 45

Fig. 3.26. Optimum temperatures for different activities (Energy Efficiency Building Regulation Low,
2010)

For the purpose of this research we will focus on the first definition of
thermal comfort in order to assure some invariant parameters that can lead to
comparative results. We consider the energy needs of an air conditioning system to
provide for temperatures between 18 - 26 °C and we assume that relative humidity
is kept between 20 to 80%, air velocity (20 fpm to 60 fpm) and mean radiant

temperature near air temperature, following the psychrometric chart.

3.5. Experimental work with shading systems — Simulation of energy needs for

heating and cooling

In order to evaluate the performance in energy savings of different shading
geometries for the Mediterranean climate, we did experimental and simulation
work. The experimental work is divided in three areas (as we can see in the
Methodological diagram in Fig.1.1 in chapter 1). The first area concerns the

determination of best performing systems in terms of energy needs for heating and
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cooling the shaded space. We examine both the energy needs for heating the space
and the energy needs for cooling the space in order to achieve temperatures
between 18 and 26° C, for office hours of 9:00 to 17:00 for five days per week.

The other two areas will be presented in the next chapters and concern the
visual performance of the shading system examined and the potential energy
production through the integrated PVs on them. A balance between the reduction
of daylighting levels and the replacement by electric light and the electricity
produced by the PV is being achieved.

In the present chapter we focus only on thermal and cooling loads.

3.5.1. Properties of the reference office unit

The bibliography research conducted concerns shading systems that can be
used for south orientation (Neufert et al., 2002) and then these systems were
geometrically adapted to the latitude of Chania, Crete. The basic steps that Olgyays
(1957) proposed are followed for their design. The determination of 100% shading
for the overheated season (between June and August) and then the determination
the times of the day that the 100% of the shading is needed are the two basic steps.
We summarized that between 11:30 to 13:30 solar time we need full exclusion of
the direct solar radiation. These where determined using the weather data of
Chania, Souda that were implemented in the software Ecotect and EnergyPlus, in
order to conduct the simulations.

Then the use of sun path diagrams (see Appendix) helped us to determine
the specific geometry of the fourteen shading systems that we examined. These
geometries have been designed in Ecotect and were tested in the beginning in the
shadow display mode in order to confirm the exclusion of direct solar radiation
between 1% of June till the 24rth of August from 11:30 to 13:30 solar time.

Due to the symmetrical movement of the sun (as we can see in the sun
charts), and because exclusion of direct solar radiation is very important during

August, the shaded period was expanded to the 18" of April. One of the main
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problems of fixed shading systems is the exclusion of direct solar radiation in periods
when it might be useful.

We used the parameters proposed by the SWIFT project, Switchable Facade
Technology, in the Reference office for thermal, solar and lighting calculations for
the examined office unit. The reference office building is a middle-size office
building with office units aligned on two facades, separated by a central corridor,
with staircase/service spaces at both ends of the building (Van Dijk, 2001) (Fig.3.9).

The office unit is repeated horizontally to form one floor level and vertically
to from all storey levels. We did not take into account the seven storey levels and
the fifteen repeated units per storey because this would confuse the results of the
performance of shading device. When calculating the energy production we did not
take into account the overshadowing between the repeated shading systems, in
order to avoid using dissimilar examined parameters. The longitudinal axis of the
building is oriented east — west so that one series of office units is facing south and
the other north. We examine shading systems with south facing devices.

The building is located on a flat terrain with no shading from adjacent hills,
buildings or trees. We assumed a ground reflection for incident solar radiation of
0.20.

The office unit has net dimensions of 5.4 m to 3.5m with the short edge
facing south as proposed by Van Dijk (2001). The height of the office unit is 2.9 m,
and not 2.7m as proposed by Van Dijk, in order to be adapted to the typical floor
height of Greek office buildings (Fig.3.27).

. 7 7
i L
I e
—_
—
L 7 -

Fig. 3.27. Floor Plan of the examined office unit
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The proposed window examined is taking into account the properties of the
window proposed by Van Dijk, but has different geometrical proportions. It is a
single window with net dimensions of 2.4m x 1.9m (width x height). In order to
improve the validity and reliability of the results, another window is examined in
parallel, its dimensions being 3.3 x 1.9m (width x height). The ratio of the window’s
surface to the floor area is either 24% (Van Dijk, 2001) or 33%. The ratio of window

to facade area is 44.92% in the first case and 61.77% in the second one (Fig. 3.28).

Fig. 3.28. Two window sizes examined (44.92% and 61.77% WWA)

The two types of window openings are examined for two latitude points, for
Greece: Athens (37.58° N) and Chania, Crete (35.30° N). Both are coastal areas,
typical examples of Mediterranean climate. This climate is characterized by mild
winters with high solar radiation long daytime and by hot summers. The extreme
positions of the sun are about 77° high in the summer and about 30° high in the
winter at 12:00 solar time for a south facing plane. Both latitude points lie between
the middle parallels of Mediterranean Sea. Demands for cooling, increase during
summer due to high temperatures and the significant seasonal rise of population
because of tourism.

The examined Shading systems are compared to a single, double glazed
window type without shading (Ismail & Herniquez, 2003). The characteristics of the
glass used for all shading systems examined, are similar to a typical double glazed
aluminum frame window with thickness 0.042 m (glass, void, glass) and visible
transmittance 0.898, total solar energy transmittance 0.837 and U-value 2.7 W/m2k.

Regarding the quality of the interior materials, all five surfaces of the
reference room are considered to be adiabatic. Only the wall on the facade that

incorporates the window is thermally conductive and through this wall, there is heat
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exchange with the outside. The materials used are the following: a concrete floor
with carpet and external insulation, a suspended concrete ceiling and interior
framed plasterboard partitions (considered as adiabatic), external double brick wall
with insulation and U-value = 2.700 W/m2k, density 1030.42 kg/m3, and a double
glazing as described above. The reflectance of the material used is 0.85 for the
ceiling, 0.65 for the walls and 0.20 for the floor — these parameters are used for the
lighting analysis. Internal gains from lights, appliances and people have been
excluded from this research.

More details concerning the proposed positions of the occupants, the
position of the luminance and interior furnishing that we took into account are
going to be presented in the next few chapters because they mainly influence the
daylight evaluation parameters.

For the evaluation of the shading systems and the comparison of their
performance in relation to an un-shaded double glazed window we used the
validated software EnergyPlus. The weather data for the city of Athens are imported
from the website of EnergyPlus software. The input in the computer application of
the weather data for the city of Chania is a work that has been done at, at the
Renewable and Sustainable Energy Laboratory of the department of Environmental

Engineering, Technical University of Crete (see Appendix).

3.5.2. Thermal behavior of the examined space

In this paragraph we focus to the thermal behavior of the examined space. In
the case of the office unit that we examine heat transfer occurs through the external
wall and through the glazing and frame combination. The rest of the walls, roof and
floor are considered to be adiabatic.

We will further on briefly describe the way that Energy Plus measures heat
transfer from a shaded window. EnergyPlus calculates the solar radiation incident
on the outside of the window from the sun, sky and ground. Direct solar from the

sun is determined from measured direct normal irradiance from the weather file
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and calculated incidence angle. Ground diffuse solar is determined from total solar
incident on the ground, ground solar reflectance and view factor from window to
ground. In general the EnergyPlus calculates solar radiation incident on window,
total horizontal solar radiation, outside air temperature, inside temperature. Glass is
considered to be opaque to long wave radiation and the glass layers are extremely
thin so that heat storage can be neglected. Additionally glass face are isothermal
and the short wave radiation that is absorbed in the layers can be equally
distributed in the two layers of the glass pane. Shadows from shading devices and
other obstruction are taken into account: For each window EnergyPlus calculates
the shadowing of solar radiation caused by setback, overhangs, neighbouring
buildings and other obstructions (Winkelmann, 2001).

Furthermore the fluctuation of the solar-optical properties (T, A) of the
conventional glass used in construction, without coating is used in the calculations
taking into account the angle of incidence and the thickness of glass. Finally, the
reflection coefficient is calculated from the equation:

p=1-t-o (ASHRAE, 1981)

3.5.3. Description of Shading Systems Examined

We designed thirteen basic types of shading systems according to
geometrical specifications for the latitude of Crete so as to exclude direct solar
radiation till the 30" of August at least between 11:30 to 13:30 solar time for a
south facing window. For some systems the exclusion of direct solar radiation covers
a wider period of the year. This does not mean that these systems can be
considered to work better than others because the reduction of cooling loads means
at the same time increase of heating loads for the cold season.

The specific geometrical configuration of the systems is presented in the
following figures. The examined systems are basically divided in two main groups:
The facade systems are obstructing view to outside and the non facade systems

allow the transparency of the facade. They are the following:
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Shading systems that allow transparency:

1. Canopy horizontal: is a 1m width canopy in order to provide 100% shade till 13:30
solar time in August (Fig.3.29).

Shading System Plan Section Front View

Canopy Horizontal ) [ U ’ “

Fig. 3.29. Plan, section and Front view of canopy horizontal shading System

2. Canopy horizontal double: is composed of two canopies of 0.63m width, placed

in the upper part of the window in order to provide 100% shade till 13:30 solar time

in August (Fig.3.30).

Shading System Plan . Section Front View

Canopy Horizontal H N H
Double ] Y, . |

Fig. 3.30. Plan, section and Front view of canopy horizontal double shading System

3. Brise Soleil full fagade: is composed of four elements around the window, two
horizontal and two vertical with 1.00m width in order to afford 100% shade all day
long till the end of September (Fig.3.31).

Shading System Plan Section Front View

L[—
Brise Soleil |

Full Facade )

Fig.3.31. Plan, section and Front view of Brise Soleil Full Facade shading System
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4. Brise Soleil Semi facade: is almost the same as the previous one with two basic
differences in the position of the horizontal element which are placed near the
edges of the window and their width is 0.87m in order to provide 100% shade all
day long till the end of September (Fig.3.32).

Shading System Plan Section Front View

_L':
Brise Soleil
Semi Facade X ( )

Fig.3.32. Plan, section and Front view of Brise Soleil Semi Facade shading System

5. Surrounding Shade: is composed of a horizontal and two vertical triangular
elements. The horizontal element has 1.78m width in order to afford 100% shade all

day long till the end of September (Fig.3.33).

Shading System Plan Section Front View
F
Surrounding
Shading ‘

Fig.3.33. Plan, section and Front view of Surrounding shading System

6. Canopy Louvers: is composed of a canopy of 1m width with inclined louvers of

16° in order to provide 100% shade till 13:30 solar time in August (Fig.3.34).

Shading System Plan Section Front View

Canopy \

Louvers

Fig.3.34. Plan, section and Front view of Canopy Louvers shading System

7. Canopy Inclined Single: is composed of an inclined canopy with inclination of 24°
and 0.89m width in order to ensure 100% shade till 13:30 solar time in August
(Fig.3.35).
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Shading System Plan Section Front View

Canopy Inclined ' \

Single 4 < )] ‘

Fig.3.35. Plan, section and Front view of Canopy Inclined Single shading System

Facade Shading Systems that obstruct view to outside:

8. Canopy Inclined double: is composed of two inclined canopies with inclination of
30 ° and 0.62m width in order to ensure that there is 100% shade till 13:30 solar
time in August (Fig.3.36).

Shading System Plan Section Front View
Canopy Inclined ‘ II Y ~o |
Double g A ,

Fig.3.36. Plan, section and Front view of Canopy Inclined Double shading System

9. Brise Soleil Semi Fagade with Louvers: Is the same as the Brise Soleil Semi facade
system with additional louvers of 0.30m width on its fagade in order to ensure 100%

shade all day long until the end of September (Fig.3.37).

Shading System Plan Section Front View

Brise Soleil Semi L I

Facade Louvers

Fig.3.37. Plan, section and Front view of Brise Soleil Louvers shading System

10. Louvers Vertical: is composed of vertical louvers of 0.20m width and 0.15m axial
net distance between them in order to provide 100% shade till 13:30 solar time in

August (except at 12.00 solar time) (Fig.3.38).
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Shading System Plan Section Front View

[T

Louvers Vertical

|£ }

Fig.3.38. Plan, section and Front view of Louvers Vertical shading System

11. Louvers Horizontal: composed of horizontal louvers of 0.10m and net axial
distance 0.08m in order to afford 100% shade all daylong till the end of October
(Fig.3.39).

Shading System Plan Section Front View

Fig.3.39. Plan, section and Front view of Louvers Horizontal shading System

Louvers Horizontal

12. Louvers Horizontal inwards inclined: composed of louvers inclined at 46° and
width 0.20m in order to ensure that there is 100% shade all daylong till the end of
October (Fig.3.40).

Shading System Plan Section Front View

I’Fm
Louvers Horizontal

Inwards Inclined

Fig.3.40. Plan, section and Front view of Louvers Horizontal inwards inclined shading System

13. Louvers Horizontal Outwards Inclined: composed of louvers inclined at 57° and
width 0.20m in order to providel00% shade all daylong till the end of October
(Fig.3.41).

Shading System Plan Section Front View

Louvers Horizontal 7 )

Outwards Inclined N |0 g
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Fig.3.41. Plan, section and Front view of Louvers Horizontal outwards inclined shading System

Additionally in order to incorporate the holistic parameter of the integration
of PV systems to the design systems we assumed a width of 3cm for the cases of
louvers, as a worst case scenario. In the case of the rest of the shading systems we

assume a skeleton of 8cm that supports the PV modules.

3.6. conclusions - The balance between reduction of cooling and increase of

heating loads

As expected, according to thermal simulation concerning cooling and heating
loads, there are some differences between the two latitudes examined, due to
different sun position. There are even some differences between the same latitude
point and different window sizes due to new geometry that is actually needed for
different window sizes. This geometrical adjustment was not made in this research
because it would have confused the results.

The SDs that seem to be the most efficient in terms of energy savings for
both latitudes and both window sizes are Surrounding shading, some of the systems
with Louvers depending on the relation of the inclination to the examined latitude
and the Brise=Soleil full fagade or semi facade depending on the latitude and the
window size. Some of these systems do not block reflected sun beams entirely and
at the same time they allow communication with the outside. The systems of
Louvers horizontal inclined or not and the Brise—Soleil semi facade louvers have
proved to consume energy mostly for heating purposes. These, are systems that
block direct and reflected sun radiation and it is obvious that they can be efficient
enough in terms of cooling loads, needed most of the year, but at the same time
they block beneficial solar radiation for the winter. We will discuss their
performance in relation to daylighting in the next chapter.

Additionally, it is important to mention that despite having SDs there is still
energy needed to cool the office unit for all the cases of the examined shading

systems (Fig. 3.42).
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Fig.3.42. Energy consumption for heating and cooling the office unit
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The energy used for cooling is approximately the same with the energy used
for heating for all shading systems except for the case of Brise — Soleil Full Facade.
This system even if it is among the most energy saving system, it consumes the most
for heating the space, probably due to exclusion of direct sun light during the winter
period. Further research needs to be done for this type of shading system in order to
decrease the energy needs for heating the space that it shades, maybe by changing
its wings inclination or by increasing its permeability to sun radiation according to
different material properties (Fig. 3.43 — 3.44).

If we look in a more detailed way the energy needs of each space shaded by
a different SD we can see that that for both Chania and Athens when the energy
needs are high this is due to cooling loads, meaning that the shading system does
not perform well: when the shading system is not appropriate designed the energy

needs of the space are changing drastically.
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Fig. 3.43.Yearly Energy needs per m2 for office units with different shading systems in Athens
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Chania - 61,77% window to facade area
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Fig. 3.44.Yearly Energy needs per m2 for office units with different shading systems in Chania

It is remarkable to see that the same systems are amongst the best performing
for both latitudes points but their exact order is changing slightly according to the

latitude (Fig. 3.45).
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Fig. 3.45. Yearly energy needs of the office unit according to different latitude (Athens and Chania)
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@ Shading Systems: relation to daylighting

When examining ways to utilise solar radiation we should do this in parallel
with studying the availability of daylight. Nowadays we use shading systems to
decrease the incoming solar radiation. At other times the interior daylight levels
decrease and the use of electric lighting consequently increases which results in
demand for extra energy and increasing thermal loads indoors (Koster, 2004).

There is a quantitative difference between the energy loads released from
the electric lighting (depending on the type of light-bulb used) and the energy from
the sun used to illuminate the interior space. Sun radiation provides about 100
lumen per W while an electric light-bulb gives us only 50 lumen per W. So in order to
achieve the same levels of illumination, more energy loads are released when we use
electric lighting. This is one of the main reasons why the controlled use of daylight
can lead to additional energy savings: because apart from electricity savings from
reduced use of artificial lighting we save energy due to less need of energy for
cooling (op.cit.).

For buildings predominantly used during daytime, (e.g. offices) using large
amounts of energy to provide artificial illumination makes little sense financially. For
this reason the implementation of a shading system is crucial in order to reduce the
energy needs for electric lighting, and as we showed in chapter 3 to reduce the total
energy needs.

In the previous chapter we showed that some shading systems are better in
reducing the energy loads for heating and cooling. In this chapter we will examine
the behaviour of 13 shading systems and their relation to daylight in terms of its
quantity and quality. With reference to daylight quantity we will further on estimate
the energy savings from the reduction in the use of electric lighting. In terms of
daylight quality we will evaluate the systems in terms of the visual comfort they
afford. Daylight quality is valuable in the office space as it indirectly contributes to

energy savings (see 4.2.1).
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4.1. Fundamentals of daylight: illumination, luminance, behaviour of light

Before we talk about the relation of shading systems with daylight, it is
necessary to clarify some basic terms of light and daylight.

Light is defined as that portion of the electromagnetic spectrum to which our
eyes are visually sensitive. An illustration of the rate at which a light source emits
light energy could be the rate at which water is sprayed out of a garden hose. The
guantity of light a light bulb emits in all directions is represented by the lumen value
(Lechner, 2001).

The lumens from a light source will illuminate a surface. A meaningful
comparison of various illumination schemes is possible only when we compare the
light falling on the same areas. llluminance is, therefore, equal to the number of
lumens falling on each square foot of a surface. The unit of illumination is the foot-
candle. For example, when a light of 80 lumens falls uniformly on a 4-square-foot
table, the illumination of that table is 20 lumens per square foot, or 20 foot-candles.
Illumination is measured with foot-candle meters, also known as illuminance meters
or photometers (op.cit).

The terms brightness and luminance are closely related. The brightness of an
object refers to the perception of a human observer, while the object's luminance
refers to the objective measurement by a light meter. The perception of brightness is
a result of the object's actual luminance, the adaptation of the eye, and the
brightness of adjacent objects. Although the words are interchangeable most of the
time, under certain conditions there is a significant discrepancy between what we
see (brightness) and what a light meter reads (luminance). Luminance is the amount
of light that is reflected off an object's surface and reaches the eye. The luminance of
an object is a result of the following: the illumination, the geometry of the viewer in
relation to the light source, the specularity, (also referred to as mirror-like

reflection), of the object and the colour, (or reflectance), of the object. Light emitted
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from glowing or translucent object is also called luminance. Thus, we can talk about

the luminance of a table, an electric light bulb, or a translucent window (op.cit).

The behaviour of light after its emission from a light source and its incidence
within a space can be described as follows: some of it is transmitted, some of it is
absorbed by the surfaces of the space and transformed to heat and some of it is
reflected and diffused.

The reflectance factor (RF) indicates how much of the light falling on a
surface is reflected. To determine the RF of a surface, we divide the reflected light by
the incident light. Since the reflected light (brightness) is always less than the
incident light (illumination), the RF is always less than one, and since some light is
always reflected, the RF is never zero. A white surface has an RF of about 0.85, while
a black surface has an RF of only 0.05. The RF does not predict how the light will be
reflected, only how much of it. Very smooth polished surfaces, such as mirrors,
produce specular reflections where the angle of incidence is equal to the angle of
reflection. Very flat or matte surfaces scatter the light to produce diffuse reflections.
Most materials reflect light in both a specular and a diffuse manner. The diffusion
does not affect the quantity of light transmitted (both clear and frosted glass
transmit about 85 percent of the incident light) but it affects the quality of daylight
distribution in the room (op.cit).

Another basic characteristic of the reflection of light is the spectral selection
(colour) of it. This is not a subject of this research, and we shall not describe it here.
In paragraph 3.1.2 we described the relation of colour to the behaviour of solar

radiation in relation to thermal gains.

4.2. visual comfort Aspects

In the next few paragraphs we shall describe the relation of the resulting
daylight to the perception of space in order to describe the fundamental function of

the shading system to affect visual conditions and consequently energy savings.
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4.2.1. relation of light to visual perception

Vision is the ability to gain information through light entering the eyes. Our
eyes convert light into electrical signals subsequently processed by the brain. The
brain's interpretation of what the eyes see is called perception.

To accommodate the large range of brightness levels in our environment, the
eye adapts by varying the size of the pupil with a muscle called iris, as well as by
changing in the sensitivity of the retina. However, it takes about an hour for the eye
to make a full adaptation, and, in the meantime, vision is not at its best. Rapid and
extreme changes in brightness cause stress and fatigue. However, the eye is very
well accustomed to the gradual changes of brightness which are associated with
daylighting. A gradual change in environmental brightness is not a liability and might
even be considered as an asset because changes are more stimulating than static
conditions.

In a previous paragraph we defined luminance as the absolute value of
brightness as measured by a photometer (light meter). A human being, however,
judges the brightness of an object by comparing it with the brightness of the

immediate surroundings (Lechner, 2001).

4.2.2. Daylight quantity and quality - Glare

The subject of the quality of the illuminated environment is a rather
complicated subject related to various parameters, e.g. relation of horizontal to
vertical illuminance, changeability of the brightening environment, task of the user,
etc. We shall present some of these parameters in the following paragraphs.
Moreover, we shall use some of these parameters to access different shading

systems.
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One of the most important factors when assessing daylight quality is glare.
Glare is "visual noise" interfering with visual performance (Lechner, 2001). It
incorporates a variety of other parameters and depends on them. Glare is
dependent on the length of time the glare source is present, the luminance ratio
between glare source and its surroundings and the requirements of the visual task to
be performed.

According to CIE glare is “the condition of vision in which there is discomfort
or a reduction in the ability to see details or objects, caused by an unsuitable
distribution or range of luminance or extreme contrast” (Baker et al., 1993).
According to the light source two kinds of glare exist, direct and indirect, and each
can have very detrimental effects on the ability to see. Direct glare is caused by a
light source sufficiently bright to cause annoyance, discomfort, or loss in visual
performance. The closer an offending light source is to the centre of vision, the
worse the glare. For this reason, windows are often a serious source of glare.
Indirect glare can be either reflected or caused by veiling reflections. Reflected glare
is caused by shiny or glossy surfaces reflecting images of light sources to the eyes.
Veiling reflections occur when small areas within visual range reflect light form a
bright source; this process/reflection reduces contrast between the focus of vision
and its surroundings (op. cit).

It is important to mention that according to the effect upon human
perception there are also two types of glare: disability glare and discomfort glare.
Disability glare is the glare that lessens the ability to see details and it does not
necessarily cause visual discomfort. Discomfort glare occurs when the presence of
an excessively bright source in the visual field causes a state of discomfort. The
source may appear bright in relation to darker surroundings (op. cit).

Shading systems which can reduce glare and increase the diffuse light
distribution are preferable, especially for working spaces. The best performing
systems are those that block or redirect direct solar beams (preferably towards the
ceiling) and distribute the diffuse light, (e.g. special section venetian blind systems).
When using screens as shading systems, their transmittance should be carefully
selected. That transmittance depends on the window to wall ratio, on window to

floor ratio and the required set of tasks to be performed in the interior. When high

127



Part Il — Shading Systems: relation to daylighting

transmittance screen is used (transmittance more than 25%) the lighting levels could
be too high to allow work on computer screens and when low transmittance screens
are used (transmittance lower than 10%) the lighting levels could be too low to allow
comfortable office work on paper or on screens (Dubois, 2001).

According to a research conducted by Collins (1976), when individual subjects
were examined, 50% accepted a minimum of 25% of glazing-to-wall area ratio
(GWAR) and 85% accepted 35% of GWAR. That research also showed that the
acceptable window size in relation to room dimensions was affected by several
parameters such as view of content, distance from window, window height and
visual angle. Keighley (Bulow - Hube, 2001) postulate that window size less than 10%
is unsatisfactory and that satisfaction increases for WWR of 20% and above.
According to a Danish research (Christoffersen, 1995) the optimum acceptable
window size is the 30% of GWAR.

We should mention here that glare mainly appears in overlit spaces. When an
external fixed shading system is used, extensively widely used system able to control
glare is the interior movable roller shades. These systems reduce daylight levels
evenly within the whole of the room and consequently they significantly contribute
to the increase of the energy loads due to increased need to use electric lighting.

In order to evaluate different shading systems it is essential to assess them in
relation to glare. A quantitative assessment of glare discomfort is the Daylight Glare

Index (DGI) (see more in 4.3.3).

4.2.3. Light, health and psychology

Apart from energy savings and daylight quality in the working environment,
daylight is an important parameter affecting our health and well being. Humans rely
on exposure to daylight to activate a wide range of physiological functions. These
depend on the intensity of daylight exposure and more specifically to the ultraviolet

(UV) component of daylight. Large amounts of strong light are needed each morning
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to prompt the pineal gland to switch off production of melatonin (the “sleep”
hormone) (Baker & Steemers, 2001).

The major parameters affecting daylight in a room are the size, shape and
position of windows and the room depth. Other important parameters are the
transmittance of the glazing and any external obstructions such as shading devices,
opposing buildings or vegetation. Generally, tall windows compared to wide
windows of the same size admit the light deeper into the room. Dividing the window
area into several surfaces, preferably on opposing walls, is often considered
preferable since it gives a more even and pleasant result (better illumination) (Bulow
- Hube, 2001).

Light also has an effect on behaviour and emotions as indicated by the work
of Killer et al. (1999) and (Killer & Lindsten, 1992). A research by Boyce & Kennaway
(1987) showed that illuminance levels as high as 2500 Ix did not suppress melatonin
to daytime levels, which contradicted Lewy et al. (1980) who concluded that bright
artificial light of 2500 Ix was able to suppress melatonin to daytime levels and that
500 Ix was insufficient to do so while 1500 Ix provided an intermediate amount of
inhibition of melatonin secretion (Dubois, 1997). On the other hand this large
amount of light proved to cause uncomfortable visual conditions and glare.

This is the main reason why we believe, shading systems enabling morning
daylight penetration and allowing some degree of user initiative are more preferable
in office buildings. These are mainly external fixed shading systems with movable
interior blinds or roller shades. The external fixed shading system protects from
direct sunlight during peak hours in the overheated period while the interior
movable system allows the control of discomfort glare during the underheated
period when the sun is low and during the hot season during hours that fixed
shadings do not protect from direct solar radiation. Due to the above mentioned
facts all shading systems examined are fixed external shading systems (described in

par 3.5.3).
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4.3. Evaluation of visual comfort

4.3.1. Task of the user

In order to evaluate different shading systems according to their effect on
visual conditions, the basic requirements in relation to daylight and the function of
office buildings should be clarified. A basic parameter considered when comparing
different daylight environments is the task of the user.

Many factors affect the performance of a visual task (i.e. a task where
visibility is important). Some of these factors are inherent in the task, some describe
the lighting conditions, and the remainder reflects the condition of the person
performing the task. An increase in brightness during the task initially results in a
significant improvement in visual performance, but additional increases vyield
increasingly smaller benefits. The "law of diminishing returns" explains the nonlinear
relationship between brightness and visual performance. Increasing the illumination
from 0 to 50 foot-candles, will result to an increase of brightness and the visual
performance will improve by about 85 percent; a further increase of 50 foot-candles
will improve the visual performance only by 5 percent (Lechner, 2001).

The most complete work in relation to SDs and their visual performance has
been done by Dubois (2001) and (1997), who compares different types of SD
geometries. This research incorporates the colour of the SD and the task of the user
(traditional visual task or computer related one) as additional parameters. Results
showed that for south orientation, the overhang, white awning and horizontal
venetian blinds generated work space illuminance levels more suitable for offices
where traditional visual tasks are carried out. The 45° venetian blind, white screen
and blue awning provided work space illuminance levels suitable for offices where a
combination of paper and computer work is carried out. The study incorporates a
variety of SDs. However systems such as Brise-Soleil or double awnings or venetian
blinds with different inclinations were not studied.

Bllow - Hiibe (2008) also examined the importance of the user task (visual or

computer) when evaluating the performance of shading systems. They proved that
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Venetian blinds systems are applicable in both visual and computer based tasks.
They proposed an exterior shading system for south and west orientation
(positioned in the upper part of the opening) with slats; this can only work well
between mid-April and the end of August if it is in a fixed position and during both
winter and summer if it is movable (Blilow - Hiibe, 2008).

Consequently, the user task is one of the most important parameters that
greatly influence the evaluation of visual comfort conditions, especially concerning
the detailed design stage of a building. Various factors and methods exist that can be

chosen according to the evaluated environment.

4.3.2. methods and Factors/Variables of assessment of daylight levels

Another parameter influencing the result is the method and the variables
used to measure daylight levels; there might be discrepancies between results when
using different methods or different variables.

The daylight component can be measured in lux. But this is not a comparable
number because it depends on the outdoor illuminance from the diffuse sky that
varies according to the period of the year and the sky condition in a specific place.
Additionally, due to the adaptive properties of human vision, the absolute values are
less important than comparative values.

Another more relative value used to describe daylight levels is the ratio of the
illuminance inside the room over the illuminance outside. This ratio, usually
expressed as a percentage is called daylight factor (DF). Daylight factor is the ratio of
the illuminance at a specific point in the room, over the illuminance measured
simultaneously outside, under overcast sky. The disadvantage of this variable is that
it can only be measured under overcast sky conditions. Rooms or interiors of offices
with a DF in the range of 1% to 5% can be considered to be sufficiently illuminated
by day light (Baker & Steemers, 2001).

When considering the daylight performance of an examined room over a year
a new variable/factor called the Daylight autonomy (DA) can be used to predict

daylight levels. A basic difference in relation to daylight factor is that DA is not based
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upon a specific sky condition but is dependent on all possible sky illuminance levels
throughout the year according to the weather data of the area. Daylight autonomy
describes the percentage of hours that the illuminance of the space is over a
prescribed value (for example 500 lux for offices where both computer and paper
task is carried out). Daylight autonomy has two basic disadvantages: it disregards the
illuminance levels lower than the given prescribed values; these low levels can be
useful for some other types of work (e.g. for computer work) or for some types of
users. The second disadvantage is that DA does not give any information on daylight
quality, because it does not take into account instances when the daylight levels are
over the comfort range (very high) (Meresi, 2010).

In the previous paragraph we described the different factors used when
measuring daylight levels. In the next paragraph (4.3.3) we will describe some
additional basic factors that can be used to assess daylight quality. These factors can
be calculated using either physical scale models or simulation applications and in
some cases mock — up scaled down models.

We examined the methods used to assess both daylight quantity and quality
due to the fact that they are interdependent; Earlier on we presented an example:
we showed that DF shows the levels of daylight in relation to the outside
illuminance.; due to the fact that it is a ratio value it relates to the outside
illuminance; DF is a value of visual comfort similar to contrast of background to the
task object.

Another example concerns DA. DA also expresses daylight levels and daylight
distribution in the average period of the year. Daylight distribution, is more a quality
value of daylight due to the fact that it describes daylight levels in the whole of the
space and section of the examined unit and it describes the relation of daylight
between the front and the back of the room and between desk and eye (we are
interested in these different daylight levels in office buildings). There are no specific
values that these differences between daylight levels should adhere to, but they can
express the quality of the day lit environment (e.g. an evenly day lit space creates a
calmer temper for its users than a space with sharp daylight variations, but the latter

creates a stimulating and maybe more interesting environment).
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4.3.3. Methods and Factors/Variables during assessment of daylight quality

In paragraph 4.3.2 as well in paragraph 2.4 we showed that there are some
basic factors/variables when we assess the performance of a shading system in
relation to interior daylight conditions. Factors that we described in this chapter are
based on basic geometrical rules that can be used by architects — practitioners.
Further on, regarding the detailed analysis of the resulting daylight quality various
factors have been developed which attempt to quantify daylight quality. Most of
them require special knowledge of computer applications or advanced mathematical
skills elusive to most practitioners. Nevertheless this specialized knowledge is a well
known practice for experts and researchers who analyse daylighting in space. These
factors are presented in this paragraph as well as the methods that can be used to
measure the quantity as well as other quality factors. An important examined
factor used for calculating daylight performance it the daylight coefficient. It is
defined (Tregenza & Waters, 1983) as the ratio between the luminance of a patch of
sky and the illuminance within the building due to light from that patch. The use of
daylight coefficient has been proposed by other researchers as an accurate method
to predict daylight levels in relation to the luminance distribution of the sky
(Reinhart & Herkel, 2000). The accuracy of the daylight coefficient depends on the
division of the sky dome (Tsangrassoulis et al., 1996).

A new method has been developed using a simplified algorithm to assess the
indoor natural illuminance on a prefixed point with external fixed shading devices
(overhangs and vertical fins). The method is based on the split of the internal
illuminance into two components, linked to direct diffuse solar radiation
respectively. A reflected component is also incorporated into the calculations,
according to a ground reflectance component. The occurring simplifications depend
on the detailed use of the equations developed to measure the luminous efficacy of
the sun for each shading system examined (Gugliermetti & Bisegna, 2006).

In order to quantify discomfort glare a new factor is introduced by Baker et
al. (1993): the Daylight glare Index (DGI). First the “glare constant” G has been

introduced.
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Itis G = K P (L"® w®®)/ Ly, where:

K is a constant depending on the units employed

P is a position factor depending on the position of the source in relation to the line of
sight

L is the luminance of the source

Ly is the field luminance

w is the solid angle subtended by the source

For artificially lit rooms, the IES (llluminating Engineering Society) has defined Glare
Index (Gl) as:
Gl =10 |Og10 G

The IES suggests limiting values of Gl for different environments according to
the function of the building (Baker et al., 1993, p. 2.17). More specifically we
introduce a new variable: the Daylight glare Index (DGI) is related to daylit
environments. The DGl is related to the IES Glare Index for artificial Lighting (Gl) and

is given in the equation:

DGI = 2/3 (Gl + 14) for values up to 28

The above equation expresses the fact that there is greater tolerance to glare
from the sky than to glare form artificial light, for the observer. (Baker et al., 1993, p.
2.18) (Fig.2.1) presented a table describing acceptable and unacceptable DGI values.
Three broad categories were introduced: environments where no glare at all is
permissible and the acceptable glare index has a limit of up to 16, environments
where glare is kept to the minimum acceptable, with a glare index maximum of 24
and environments where different degrees of glare are uncomfortable, and glare

index limits are above 24 (Baker & Steemers, 2001, p. 178).
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Glare Citerion | DGI DGPS
Imperceptible Below16 |0
Perceptible 16 - 20 0-2
Acceptable 20-24 2-4
Uncomfortable | 24 -28 4-6
Intolerable Above 28 | Above 6

Fig. 4.1. Limits of acceptable DGl and DGPS
(Baker et al., 1993, p. 2.18)

Nazzal (2005) defined a new method to evaluate discomfort from unwanted
glare. Previously developed methods only assess horizontal illuminance when
assessing users’ levels of comfort: this is unsatisfactory. The use of CCD (Charge-
Couple Device) cameras to measure discomfort from glare is not accurate enough
due to the fact that the resulting luminance value changes with shutter speed, and
there is a substantial difference between the spectral sensitivity curve of the CCD
camera and that of the human eye. In real environments many different lighting
stimuli appear simultaneously, something that unfortunately cannot be replicated in
the laboratory as yet (Dec 2012).

Discomfort from glare represented by the daylight glare index (DGI) can be
measured mathematically and accurately with the proposed method. DGI takes into
account the source luminance, the window luminance, the background luminance
and the adaptation illuminance used; the latter is defined as the illuminance of the
surroundings including reflections from internal surfaces. DGI can also be used when
direct sunlight heats the window. The method can be applied to different shading
systems. However, further studies with a large number of daylighting systems are
recommended to generalize the conclusions (op. Cit.).

Daylight glare probability (DGP) is a recently proposed discomfort glare index.
This was proposed by Wienold and Christoffersen from laboratory studies in day lit
spaces using 72 test subjects in Denmark and Germany (Weinold & Christoffersen,
2006) (for detail see Appendix).

For visual comfort conditions Weinold (2007) introduced a simplified glare
measure, the “Daylight Glare Probability simplified (DGPs)”. He validated DGP for
situations when the sunlight does not fall directly on the eye. DGP is the simulation

of vertical illuminance at eye level. When evaluating the contrast of the computer
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screen only the veiling luminance is taken into account, due to the fact that Daysim
cannot take into account self-luminant surfaces (Weinold, 2007).

As we showed in a previous paragraph glare is caused by a significant ratio of
luminance between the object (which is looked at) and the glare source. Factors such
as the angle between the object and the glare source and eye adaptation have a
significant impact on the experience of glare.

The Adaptation luminance (Ladapt) introduces a new method to assess glare. It
cannot usually be measured directly with simple and inexpensive instruments, but
can be measured by dividing the illuminance at the focal plane of the eye of an
observer (Eeye) With 7T (Lagapt = Eeye / 1) (Cuttle, 2003).

A novel parameter which can describe daylight levels and daylight quality is
the Useful Daylight llluminance (UDI). UDI enables us to detect areas that fall in the
range of visual comfort (100 — 2000 Ix). Hence UDI can be used at a ‘point by point’
basis instead of being used to evaluate the whole space. This detailed measure,
allows us to spot the problematic areas which can subsequently be improved by
altering some of the parameters involved in the shading design (Ajmat et al., 2005),
(Nabil & Mardaljevic, 2005).

When evaluating daylight conditions in the interior of a room, if we use e.g.
only daylight levels values such as DF or lux, we might arrive to misleading
conclusions (e.g. when evaluating different shading devices the one that allows the
highest levels of daylight could appear to be better). However when we incorporate
UDI in the equation we can see that these devices providing the highest percentage
of UDI perform better than the ones affording higher daylight levels (Nabil &
Mardaljevic, 2005). This fact supports the argument that we should evaluate the
examined shading systems in relation to both daylight autonomy (DA) and to Useful
daylight llluminance (UDI) values.

Johnsen et al. (2006) proposed the use of well known parameters when
assessing daylight quality, such as the relation of the glazing area to the frame of the
window, the horizontal illuminance and daylight factor in combination with
additional novel variables used to assess daylight quality: Cylindrical illuminance
(sunny sky conditions), llluminance on cube, vertical-to-horizontal illuminance,

Luminance distribution, Luminance in the field of view, Daylight Glare Index,
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Luminance Difference Index (a measure of light variation in space) and Scale of
Shadows (the latter was developed by Frandsen it is a systematic description of the
relation between the light source and the object.

An overview of different factors used to evaluate different daylight qualities

can be seenin Fig.4.2.

Daylight Metrics Daylight Parameter
DF . .

illuminanace
uDI
DGI

Glare

DGP

luminance ratio in the field of view distribution

altitude of illuminance vector

ratio of vector to scalar directionality of light
illuminance (Ev/Es)

colour rendering and colour
appearance of light

flicker

Fig. 4.2. Basic factor and metrics of daylight quality
(Cantine & Dubois, 2011)

The use of genetic algorithms is a rather complex way to design of SDs. These
algorithms can incorporate more parameters than simply the geometry; they have
been developed for the design of slat-type blinds. These algorithms are actually the
evolution of the nomograms. The method incorporates three types of parameters:
the dimensions of blinds, their material and the 2D light intensity distribution (LID);
the latter is the value of luminous intensity in a section perpendicular to the plane of
blinds. Different ways of designing SDs can be experimented with by the method of
trial and error according to the required distribution of light intensity (Tsangrassoulis
et al., 2006).

An important factor, when we assess daylight levels and quality afforded by
different shading types, is the measuring tool used. Daylight levels can be measured
by various computer simulation tools and applications, and they can be measured in
physical scale models in real sky or artificial skies, in mock - up models or finally we
can measure daylight levels in the real researched building. The accuracy of the

results varies according to the method used.
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Finally, it should be noted that the aforementioned methodologies do not
concern the evaluation of thermal comfort conditions. Due to the fact that this
research is mainly focus on daylight levels we will only describe different methods

used to evaluate thermal comfort in combination with daylight.

4.3.4. combined methods to assess thermal and visual comfort

In this chapter we shall examine the thermal behaviour of lighting in relation
to daylight levels. The methods presented attempt to relate outdoor daylight levels
with thermal gains.

A European software tool (named WIS) was developed to enable us to
measure the lighting and thermal transmittance of transparent elements for direct
and diffuse light (Van Dijk & Oversloot, 2003). The tool uses an algorithm informed
by the International Standard 15099 (2003) for windows, doors and shading devices.
This tool/algorithm is suitable for use with a variety of multi layer glazing and
shading devices.

An existing simplified thermal simulation tool called Building Calc and a
daylight simulation tool called Light Calc (Nielsen, 2005a) formed the starting point
for the work on combined methods. A new simulation method to predict thermal
performance of buildings with shading devices using a hybrid dynamic
lighting/thermal model has been developed by Ajmat et al. (2005). In this method
the irradiance predictions coming from ray tracing calculations on virtual photocells
provide input to a simplified model which estimates thermal response and calculates
the energy loads (cooling, heating, electric lighting) as well as the carbon dioxide
emissions. For south oriented openings in Guangzhou the system with vertical blinds
inclined at 45 degrees proved to be the most energy efficient.

An integrated evaluation of SDs according to both their visual and thermal
performance has been proposed. This is called “Decision making framework” and it
sets the parameters used by an algorithm in a computer simulation tool to help

select the most appropriate SD. The method is mostly appropriate for blinds systems
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(Olbina, 2005). It incorporates a variety of factors: heat transfer, HVAC conditions,
facade type, and position of SD relative to the facade and thermal, visual, acoustic
and aesthetic performance of SD, cost and control strategy of SD. The research also
incorporates all standards and codes used for fagade: standards for window size, for
daylighting, for electric/artificial lighting, for shading, for controls. A new SD with
blinds is proposed.

Hviid (2008) presented a simple building simulation tool based on algorithms,
used for combined daylight and thermal analysis; this is the Adeline computer
simulation software that can perform in both directions but it disregards the
interactivity between daylight, lighting, solar shading and the thermal performance
of the building. Another approach is the software Radiance in combination with a
thermal simulation program and implemented in ESP-r.

All of the above mentioned methods are considered to be accurate enough. A
basic criterion that we use in order to find the most appropriate one is the type of
the examined systems (if facade of transparent systems is evaluated) and the stage
of the design. Due to the high degree of information these methods are basically

appropriate for the final design stage.

4.3.5. Comparison between simulations, measurements in physical models and

measurements in real buildings in relation to daylight inside the building

Each method has its advantages and its limitations.

Regarding simulation methods there are two approaches which can be used
for an accurate estimation of the luminous environment in the interior of a building:
the ray-tracing and the radiosity method.

There are several differences between the two. When using the ray — tracing
method rays are emitted from a light source towards the surface points and towards
the opposite direction. Radiance is one well known computer application that is
based on ray- tracing rendering. Regarding the visualization of the results, ray-tracing
is a view-dependent process. This means that when the viewer’s position changes,

we have to repeat most of the process. In the radiosity method the space is
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considered as a mesh with lambertian reflectors, which reflect light to all directions
regardless of the viewer’s position. Each patch receives and reflects back light. This
method cannot simulate specular reflections and this is one of its main
disadvantages. Some computer applications have been developed using the
radiosity method e.g. Superlight. Radiosity is the exact opposite of the ray-tracing
method. Calculations are based only on the geometry of the environment.
Additionally we should mention that ray-tracing in a more accurate technique than
radiosity (Tsangrassoulis et al., 1996).

A theoretical and experimental analysis of daylight performance for various
shading systems has been carried out by the aforementioned researchers using the
daylight coefficient, in order to calculate the illuminance in the interior of a room
under various sky luminance variations. The analysis compares three methods: the
existing radiosity method, the ray-tracing method and the PASSYS test-cell (Passive
Solar Systems and Component Testing: a European project (Hahne & Pfluger, 1996)).
“PASSYS test-cell of the University of Athens, located at the National Observatory of
Athens (NOA) was used. This test-cell is 5 m long, 2.7 m wide and 3 m high from floor
to ceiling and is installed with the narrow side facing south”. Two types of shading
systems were examined in vertical and horizontal position: the perforated metal
sheet and the sand blasted glass. The proposed method can be used for more
complex shading systems (complicated geometry and materials). The error of the
proposed method depends on the prediction of horizontal illuminance and the
number of sky divisions. This error of the horizontal illuminance prediction is smaller
at high sun angles and larger at low ones (op.cit.).

Bourgeois and Reinhart (Bourgeois & Reinhart, 2006) presented the results of
a Radiance-based comparison between the validated Daysim daylight coefficient
model and a proposed standard model for dynamic daylighting simulations (DDS).
The results showed that DDS outperforms Daysim, especially in cases where sensors
are subjected to sudden changes of exposure to solar radiation.

Rubin et al. (2007) compared the ray-tracing and radiosity technique when
measuring daylight quality. Directional-hemispherical transmittance and reflectance

are in excellent agreement when they studied slat shadings in all conditions.
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Tzempelikos (2008) presented a review of developed computer methods of
assessing the optical properties of SDs. He examines the ability of the ASHRAE, the
ISO 15099 method and the Energy Plus software to assess Venetian blinds, Roller
Shades and Draperies. In all methods certain simplifications are made. Direct to
diffuse transmittance may not be modelled accurately with EnergyPlus. On the
contrary Ray-tracing techniques can provide more accurate results.

Regarding physical model methods (Cannon - Brookes, 1997) have
experimented with small scale models to estimate lighting levels. Physical scale
models are a reliable tool to simulate natural daylight. The lighting models
overestimate the illuminance levels in comparison to the actual illuminace levels in
real buildings. Mardaljevic (2001) concluded that scale models generally over-
estimate illuminance by a significant margin in overcast sky conditions. For non
overcast skies the difference between the estimated illuminace of the model and the
measured illuminance in the real building performance is still significant.

Hence, the illuminance estimated by the physical model is about 60% greater
than the illuminance measured in a real building. Under real clear sky the estimated
illuminance by the physical model is 100% to 250% greater compared with the
measured illuminace of the building. “This is due to the way the model is constructed
and the positioning of the sensors in areas where illuminance changes rapidly and
due to the uncertainty of the illuminance of the real sky characterised by rapid
changes with dark or small light clouds or changes due to snow falling; these changes
in illuminance cannot be imprinted in the sky scanner. The differences of illuminance
at the back of the room are due to intereflections which are too complex to be
simulated; it is much harder to simulate interreflections than the direct illuminance”.

For these reasons, the International Daylight Measurement Program (IDMP)
was introduced, as a new benchmark for the validation of illuminance prediction
techniques. Fifteen standard skies were established for daylight researchers and
were described in 1ISO 15469:2004. These standardised types of sky can represent all
possible weather conditions (CIE standard general sky, 2003). They include CIE
standard overcast sky - CIE clear sky as previously adapted (CIE standard overcast

and clear sky, 1996), (Meresi, 2010) (Fig.4.3).
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c

Fig. 4.3. Sky vault photos illustrating
the brightness distribution for

(a) clear sky, (b) partly overcast sky,
(c) fully overcast sky,

(Baker & Steemers, 2001)

In 2004 it was concluded that the differences in illuminance levels between
models and simulation are due to the difficulty to simulate the overcast sky
accurately (Mardaljevic, 2004).

Additionally, when the physical models are tested in real sky conditions, it is
very difficult to distinguish the sky from CIE skies, especially in the cases of overcast
and intermediate sky. For this reason a sky scanner should be used to monitor sky
luminance so that specific sky conditions can be identified in relation to the fifteen
standard skies (op.cit.). Even in these cases of monitoring accurate sky there are
observed inaccuracies due to imprecision in the sky’s representation by the model
when using the operational mode of the lighting simulation program. Mardaljevic

(2001) reported that the accuracy in predictions for lighting when we use simulations

142



Part Il — Shading Systems: relation to daylighting

under real sky conditions is far greater than that reported by Cannon-Brookes
(1997), when sky scanners are used.

It is very helpful to test the physical model in both overcast and clear sky. As
waiting for the specific types of skies would cause delays, experiments in artificial
skies could be done. The electric light bulbs of artificial skies can be controlled by a
computer in order to simulate the CIE standard skies. The dominant weather type in
Northern Europe is the overcast or partially overcast days. Clear sunny days are rare,
(see measured solar radiation data for Lund). Therefore, the diffuse sky is the main
source for lighting a room; there is not really much direct sunlight. In order to
perform accurate calculations of daylight, the luminance distribution of the sky must
be known. Since measurements of sky distributions are not yet commonly available
in more than a few sites worldwide, we usually resort to using standardized sky
distributions (Bulow - Hube, 2001, p. 83).

Accuracy can be achieved in the physical models if the sky and the
surroundings can be replicated in detail. Errors committed in the replication of real

sky conditions are a source of inaccuracy of the results when using physical models

(Fig.4.4).
PHYSICAL PHYSICAL
MODEL MODEL
REAL BUILDING REAL SKY ARTIFICIAL SKY SIMULATION PAPER
Low High High Cannon-Brookes (1997)
Low High Middle Mardaljevic, 2001
High Middle Low Mardaljevic, 2004

Fig.4.4. Comparison of visual assessment methods' value - in terms of prediction
of Daylight levels

4.3.6. Subjective factors

In previous paragraphs we described different factors and methods that can
be used by researchers and to some extent by practicing architects to assess the

daylight environment. In order to apply these types of research to real buildings and
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to build architecture it is necessary to study the connection of the buildings to the
user’s behaviour. This connection will reduce the possible errors of the results.

An important problem and source of error is the absence of subjective
parameters within the calculations. The coexistence of measured and behavioural
studies to confirm the conclusions about visual comfort for different SDs is
supported by (Veitch, J.A. and Newsham, G.R., 1995). The luminance within the field
of view plays a major role and should weight more in the overall assessment of
daylight quality than the horizontal illuminance or the illuminance uniformity.
Researchers have pointed out that one of the difficulties when assessing visual
comfort — and in particular discomfort glare — is the large variation of responses
usually found when interviewing buildings’ users (Osterhaus, 1996 & 2001). Velds
(2000) used two methods to evaluate daylighting systems: Visual Comfort Evaluation
method and the User Acceptance Studies in order to overcome confounding factors
in measures and subjective parameters. She concluded that older subjects (50
years) preferred more contrast level (5000Ix) than younger ones (2000Ix).

The introduction of a series of important unmeasurable (“soft”) parameters
used to evaluate lighting quality, in sunny skies when there are more problems with
glare , was proposed by (Schuster, 2006). SDs were assessed according to different
levels of acceptance in terms of space perception, feeling of brightness, the “visual”
protection function, the role of individual control and the feeling of enclosure of the
user. The feeling of openness can be achieved in brighter spaces and effective light
directing systems can supply this feeling, (e.g. venetian blinds placed in the upper
part of the window plane).

Moreover, Osterhaus (2009) outlines the need for a systematic study of
discomfort glare that will connect previous research with the current research and
will incorporate the perceptions of glare in different samples of representative
populations.

Frontczak & Wargocki (2011) proved that thermal and visual comfort
depends on different subjective parameters and they proposed that in order to
evaluate the environmental conditions user acceptance studies should be done,
using questionnaires. More specifically results of their studies showed that thermal

comfort was influenced by the level of education, the relationship with superiors
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and colleagues and time pressure, but not by gender, age, body build, fitness, health,
self-estimated environmental sensitivity, menstruation cycle, pattern of smoking and
coffee drinking, job stress or hours worked per week. On the other hand Visual
comfort was affected by occupants’ age and type of job, but not by job satisfaction,
relationship with superiors and colleagues or job stress.

Antoine Guillemin (2003) managed to use genetic algorithms to incorporate
users’ wishes to adaptive shading systems. He concluded that adaptive systems are
inappropriate for public buildings due to the diversity of users with conflicting
preferences.

We showed that in order to estimate visual comfort conditions both
simulations and measured results are necessary, especially for complicated Shading
systems. Regarding visual comfort conditions we concluded that: Glare is a
complicated concept/variable due to the changeability and complexity of daylight
and the way that illuminance between the subject, the background and the opening
interact with each other. Consequently, a series of additional parameters related to
vertical, horizontal and cylindrical illuminance should be measured.

The coexistence of measured and behavioural parameters is important in the
evaluation of visual and thermal performance of SDs. The mathematical predictions
(the algorithm to be used) for computer simulations have evolved in order to
incorporate both measured and behavioural aspects of visual and thermal comfort.
Due to the diversity and changeability of users of public buildings no selected SD

would meet everyone’s requirements.

4.4, The influence of daylight parameters in the design of SD

As we showed in paragraph 2.1, some of the basic objectives of a SD are to
prevent sunlight from falling directly onto occupants or to surfaces that may be glare
sources to the occupants (Baker & Steemers, 2001). These requirements are
essential in office buildings and might lead us either to change the geometry of the
device or use a different secondary system. Both solutions could be effective

according to the desired aesthetics of the building.
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The task of the shading systems we examine is to completely prevent direct
summer sun between 11:30 to 13:30 and partly prevent the sun during most of
summer working hours (9.00 to 17.00) in the case of Crete, Chania. We examine
glare prevention in the underheated period using different interior furnishings and
different occupants’ places in the office room to those proposed by Van Dijk (2001).
We will use this new interior configuration for our research (Fig.3.20).

In order to prevent glare during the overheated period we examined a
different interior furnishing and occupants places of the office room than those
proposed by Van Dijk (2001). We will further develop the specific SDs examined in

relation to glare avoidance.

4.4.1. control of daylight and shade using one or separate SDs

We have carried out a full research in relation to daylight quality and quantity
that different types of SDs mainly define in offices and classrooms. The system of
externally used venetian blinds has proved to perform better in terms of visual
comfort, especially when used in the upper part of the window, for north climates.
The performance of the system for overcast sky is very low, and this is the reason
why movable systems are preferable. These results are location and climate specific.
Further research in the area of interest needs to be done in order to arrive to specific
conclusions regarding the best performing SD.

Dubois (2001) examined different shading systems in terms of daylight quality.
She mostly examined systems that are at the same time daylight controllers and
shading systems (black, brown, grey and white screens with different transparencies,
white and blue awnings, horizontal or inclined Venetian blinds). The results generally
indicated that the venetian blind may be the best daylight control device. Also, a
screen with a transmittance of at least 15% may also be acceptable but the
transmittance should not be higher than around 25% and not lower than 10 %,
especially in offices where the work is mostly computer-based.

She argues that externally installed shading systems, like awnings and

canopies, do not solve the daylight glare problem for office buildings, especially
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during winter when the sun is low. This problem exists especially in high latitudes
where the sun is almost as low as merely above the horizon in winter. In these cases
an additional shading is needed, one that can cover the window plane, and can be
movable, like venetian blinds or screens. An optimum solution is the combination of
an external shading device with low g-value (an awning), with an internal shading
device with high g- value (venetian blind). This combination is advantageous because
of the reduction in daylight glare of the awning during summer, when additional
heating factors should be limited and because of the same effect of the interior
shade during winter when the passive heating is desirable.

Velds (2000) proposed venetian blind system placed in the upper part of the
window as an efficient system in terms of daylighting and shading, especially when it
is movable. The system cannot work with overcast sky and this is the main reason
why it is more efficient when movable.

We conclude from the above mentioned researches that two types of
systems are preferred so as to achieve better visual and thermal comfort: the first
one is a fixed external system in combination with an internal movable (retractable
of adjustable according to the definition of (Baker & Steemers, 2001, p. 110) and the
second one is a movable external shading system. Due to many reasons such as wear
and tear and due to cost, fixed external shading systems are preferred from the

users and the designers according to different researchers (see paragraph 3.4.2).

4.5, Energy savings through artificial (electric) lighting

An important aspect of daylight quality is the energy balance between
daylight and electric light needs. In order to achieve substantial energy savings it is
not enough to ensure that a large amount of daylight is admitted into the building.
An appropriate lighting control system is essential.

There are various daylight control systems which increase daylight levels in
the back of the room and at the same time afford satisfactory visual comfort levels,

as described in previous paragraphs. These systems, even though they can ensure
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better distribution of daylight and consequently higher energy savings through the
reduced need to use electric light, are not the subject of this research.

Ways to use shading devices and artificial lighting need to be studied by
means of measurements in physical models and through computer simulations in
order to achieve an optimum balance between energy used and quality of the
interior environment (Dubois, 2001).

In this research we assess external fixed shading systems with integrated PV.
The electricity needs are an important factor for this assessment because we will use
the electricity produced from the PV, to satisfy these needs. Even though these
systems are not designed to increase lighting levels they influence the day lit interior

environment.

4.5.1. Relation of energy savings to the electric system adopted (dimming or

on/off)

Case studies have shown that in conventional day lit buildings the choice of
control can make 30-40% of difference to the resulting use of electric lighting. To
make this happen the system should work effectively.

Lighting control systems can be either a manual on/off system or a centrally
managed light responsive dimming system including scheduling and occupancy
detection.

Human occupants are poor light control detectors due to the fact that they
are able to recognize insufficient light, but they cannot recognize too much light or
“more light than necessary”. Characteristic good example of this is the fact that
when people enter their office in the morning and the lighting levels are low they
switch on the lights and then they do not turn them off during the day when the
daylight levels are generally higher. They may only switch them off when they leave
the space. This occupancy behaviour proves the ineffectiveness of the on/off system
as an energy saving lighting system (Baker & Steemers, 2001).

When using a continuous electric light dimming strategy whenever the

daylight luminance falls below the required level during the lighting demand period,
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the shortfall must be provided by electric lighting. If only an on/off control were
used, the electricity needs for lighting would be much higher (Vartiainen, 1998). The
demand for electricity due to artificial lighting in each reference office is directly
calculated as a function of different shading devices, using the daylighting simulation
formula: E_ = Pi- t, A (1 _ DAR) where the P, is the installed light power (W/m2), t, is
the number of working hours in a year, A is the floor area in m2 and DAR is the
daylight autonomy ratio defined as the fraction of working time in a year during
which sufficient daylight (more than a pre-specified set point, for example 500 Ix) is
available on the work plane surface (Tzempelikos & Athienitis, 2007).

On the other hand fully automated systems completely removing control

from the occupants are often unpopular.

4.6. Experimental work on daylight quality and quantity

We examine a single office unit with the characteristics described in
paragraph 3.5.3 According to the study of Van Dijk (2001) the reflectance of the
material used is 0.85 for the ceiling, 0.65 for the walls and 0.20 for the floor. The
ground reflection for incident solar radiation is 0.20. The office unit is considered to
be in the ground floor and no changeability in the reflections of the surroundings
was considered (Mardaljevic, 2001).

More specifically, according to (Van Dijk, 2001) three occupants’ positions are
proposed. In order to avoid glare problems we examine a different plan
configuration which allows positioning of the users further away from the facade.
We examine the office unit for two possible positions of the users that can be seen
in figures 4.13 and figure 4.15.

With reference to daylight levels, we focus on a reference window of 2.4 x
1.9 m (44.92%WWR) with a sill height of 0.80m in Chania latitude. We conducted
simulations and measurements of daylight levels with physical models in real sky
conditions. We measured daylight illuminance on the desk level according to USA
standards.

We examined two basic geometrical groups of shading systems:
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1. More transparent systems allowing unobstructed view to outside but
having the potential to cause problems with high glare in the winter due to the fact
that they do not block direct solar radiation (canopy, canopy inclined, canopy
double, Brise soleil full facade, Brise soleil semi facade) and 2. louvers systems with
different inclinations and geometrical configurations (canopy inclined double,
louvers horizontal, louvers inwards inclined, louvers outwards inclined, Brise soleil
louvers, louvers vertical) which exclude both summer and most of winter direct solar
beam.

All Systems have been designed to completely exclude direct solar beam for
the period of 1st of June till 24rth of August from 11:30 to 13:30 solar time.

The Stages of the Experimental procedure regarding daylight assessment of
shading systems are described below:

1. Assessment of daylight levels of shading systems with simulations
(Radiance) and physical Model (assessment of how values of daylight compare with
each other and not of the values themselves). The Integration of 3cm and 1.5cm
thickness of PV louver systems is examined in absolute figures. Conclusions in
relation to the method used are presented.

2. Assessment of daylight levels in terms of Daylight Autonomy (DA) with two
simulating tools, Ecotect and DaySim. Differences of the results according to the
application used for a specific design stage are presented and analyzed according to
the design stage.

3. Assessment of daylight quality using the combination of various factors,
namely Useful Daylight Illuminance (UDI) and Daylight Autonomy (DA) with the
simulation software DaySim.

4. Assessment of daylight quality in terms of glare, using the factor of

Daylight Glare Index (DGI), calculated with the simulation software Radiance.

4.6.1. construction of Daylight Physical model and experiment set up

In order to decide the scale of the physical model an extensive literature

review was conducted. The scale of the physical model depends on the sky used,
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whether artificial or real. In the case of artificial sky, the models’ dimensions depend
on the dimensions and the geometry of the sky. The largest dimension of the model
should be around 10% of the diameter of the artificial sky dome
(www.daylightinglab.com and (Lechner, 2001)). Possible dimensions of scale models
can be from 1/200 to 1/10 of the geometry of the sky (Baker & Steemers, 2001).

According to Bodart (2007) the scale of the examined model, if real sky is
used, is not dependent to the sky dome diameter, as for the cases of artificial sky. In
contrast to the thermal, acoustic and structural physical models, the models in the
field of daylight research does are not affected by scale when tested under real sky
(Baker et al., 1993). This is due to the fact that the wavelength of light is very small
(lower than one millionth of a meter) and its behaviour is unaffected by scale
(Meresi, 2010).

The scale of the physical model under real sky depends on the characteristic
of the measurement device, the camera used and the size of the illuminance
sensors. The International Energy Agency (2000) provides a table that related the
scale of the daylight model to the daylighting design purposes (Fig.4.5). For the cases
of integration critical industrial components, of assessing daylighting devices that
cannot be reduced in scale and to precede to final evaluation of advanced
daylighting systems through monitoring and user assessment scales of 1/10 to 1/1
are suitable. For making sky measurements in real sky we conclude that an
appropriate scale for our model was 1/10 as we need to evaluate specific shading
systems. Additionally facts that influenced our decision for the use of this specific
scale is the size of our sensors for achieving desk level appropriate for our scale
model and the available width of the dark blue Plexiglas material, that was going to
imitate shading systems with integrated PV. The 3 cm width of framed PV
installations assigns in scale 1/10 to 3mm of dark blue Plexiglas that we used. We
followed detailed instructions from various studies on how to construct a physical

model for daylight simulations (Fig. 4.6).
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Scale Objectives

For preliminary design and concept development

To provide a gross sense of the massing of the project
1/200 to 1/500

To study the shadows generated by the future building or from
a neighboring building

To study direct sunlight penetration into a building

1/200 to 1/50

To study diffuse daylight in a very big space

To consider detailed refinement of spacial components

1/100 to 1/10 To have highly detailed inside views

To study accurately diffuse and direct daylight penetration

To integrate critical industrial components

To consider daylighting devices that cannot be reduced in scale

1/10t0 1/1 To proceed to final evaluation of advanced daylighting systems

through monitoring and user assessment

Fig.4.5. Scale choice of testing models as a function of daylighting design purpose
(International Energy Agency, 2000) (Bodart et al., 2007)

SOl RS o o

Fig.4.6. Photos of physical model of 1/10 scale.
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In order to arrive to as much accuracy as possible in the comparison of the
physical model’s illumination levels results to that achieved by simulations we
carried out the simulation with modelled the sensors and their two sets of bases
and without the sensors and their bases. The differences in the illuminance level
values where small, but we decided to keep the results of the simulation models
with the sensors and their bases. The differences in the simulated results with the
measured results in the model with the sensors and without them are provided in
the Appendix. In Fig. 4.5 the first set up of the experiment is presented. More detail
pictures of all shading systems and the other type of sensors’ bases used, are
presented in the Appendix.

We carried out experimental work in real sky conditions around three
characteristic days of the year: winter solstice, equinox and summer solstice in order
to arrive to more robust conclusions. The days of measurements were randomly
selected in order to cover a wide range of naturally occurring sky conditions, ranging
from overcast to intermediate and clear.

The colours used for the model are Vivechrom brand codes: WP121 for the
floor, BC350 for the walls and WP0O11 for the ceiling and their reflectance is
measured with a Spectrophotometer Spectraflash SF 600+CV UV. That measurement
was done with the help of Vivechrom Company in order to approximate the
simulated reflectance values. For the glass of the window, a Plexiglas was used; this
has a transparency value of 90% (see the manual of the product in the Appendix).

We used six interior lux sensors manufactured by Skye (dimensions:
34mmx38mm = HxW) and one external lux sensor that was placed horizontally
outside in order to measure sky illuminance. All the sensors were connected to a
data logger also manufactured by Skye (DataHog2). Specific characteristics of the
instruments used can be seen in Appendix. We programmed the data logger to take
measurements of illuminance every 5 minutes. The sensors were positioned as in
(Fig.4.7) at 0.75m height. Similar positioning of sensors and methodology of

measuring daylight conditions can be seen in www.daylightinglab.com and (Aghemo

et al., 2008).
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Fig. 4.7. Plan showing the position of errors in the model

Due to the fact that the results were to be used not as absolute values but in
a comparative manner and for reasons of efficiency and economy one model of the
office unit was constructed. A system was devised in which the facade that carries
the shading device is changing. Fourteen different facades were constructed and
tested in total (thirteen different shading systems and one facade as a simple

window).
4.6.2. simulations of the reference office unit

In order to arrive to more accurate results we additionally carried out a series
of simulations of the same shading systems and we compared them to each other.
As found in literature, physical models overestimate the illuminance levels in
comparison with the illuminance levels of a real building.

These differences in estimating the illuminance levels become larger in the
case of sunny sky when a sensor might be in a position where daylight changes
rapidly. For all the reasons mentioned in previous paragraphs what interests our
research is the comparison between measured and simulated data and not the
values themselves. In the examined cases the differences between the physical
model and the simulated data are attributed to difficulties in simulating real sky
conditions accurately. Although all the basic rules mentioned in bibliography when
constructing and measuring physical models for simulations of daylight were

followed, the method is not validated and the results are only approximate.
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In order to further investigate the influence of the integration of PVs on the
interior illuminance levels we carried out another series of simulations with PV filters
integrated in louvers systems. The basic difference compared with the integration of
PV panels is the thickness of the panel, which in the case of panels was simulated as
3.5cm and in the case of the glass PV filters was simulated at about 1.5cm. Technical
data of the glass PV filters made by the manufacturer Schuco were taken into
account.

In order to conduct a complete research concerning the daylight levels
throughout the year we conducted further research and we simulated daylight
autonomy. Daylight factor and illuminance distributions are static daylighting
metrics, i.e. they are based on a single sky condition. Dynamic or climate-based
metrics are based on all different sky conditions that occur in a year at a given
building site. With Dynamic analysis we can have an overall analysis of the daylight
levels for the whole of the year.

Further on we investigated daylight levels in relation to daylight autonomy
levels, in order to analyze energy savings through daylighting.

In order to arrive to more accurate conclusions we calculated daylight
autonomy levels with both Ecotect and Daysim.

DAYSIM is validated daylighting analysis software; it calculates the annual
daylight availability in arbitrary buildings based on RADIANCE backward ray tracer. It
provides more accurate results than the split-flux method used by ECOTECT for
daylight factor calculations.

Moreover, in order to evaluate the daylight quality of the examined shading
systems we studied two more variables regarding daylight quality: the Useful
Daylight illuminance (UDI) (Mardaljevic, 2001) and the Daylight Glare Index (DGlI)
(Baker & Steemers, 2001).

In relation to UDI, we assess three basic statistical values: UDI 100 -2000 (the
mean value of the UDI), the UDI 100, (the percentage of the time of the year when
the space has daylight under 100lux; this level is considered very low) and the UDI
2000, (the percentage of the time of the year that the space has daylight above
2000lux; these levels of daylight are considered to result in uncomfortable comfort

conditions).
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To evaluate DGI we used the basic table given by (Baker et al., 1993, p. 2.18).
Values below 16 are considered to result in an imperceptible visual environment.

Originally we selected the "worst viewing position" for the simulations. In
theory, the worst viewing position is the one that has the highest vertical viewing
angle of the window that constitutes the main light source of the space in question,
and the one with the widest viewing angle onto the surface of the window (Meresi,
2010). We selected this position in Ecotect model as it can be seen in figure 4.13.

It is well known that fixed shading systems which allow view to outside need
additional interior movable solar shading (Dubois, 2001). We mostly compared the
two groups of shading systems, the louvers systems and the systems that allow view
to outside. We compared them according to daylight quality using the following two

basic variables: the UDI and the DGI.

4.6.3. Comparison between physical models and simulations

As we saw in a previous paragraph the comparison between measurements
on physical models and simulations can be a complicated task, especially in cases
when the physical model has been tested in real sky conditions. For this reason,
research has been carried out and we have arrived at some basic conclusions with
reference to the measurements from the validated simulation tool used and the
measurements from the constructed model. In general the physical model
overestimates the values in comparison with the simulation tool (Mardaljevic, 2001).
In some cases the overestimation is in the range of 100%.

When the divergence between the two models is in the range of 300% and
over this is due to the rapid changeability of the daylight and to the small divergence
of positioning the sensor in relation to the simulated model. In cases where the sun
is higher in the sky (summer solstice) the divergence is higher. Moreover, in the
complicated geometries of Venetian blind systems the divergences become even
higher. It is important to mention that in contrast with the reported data by

(Mardaljevic, 2001) the differences between measurements in a physical model and
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measurements in simulations are higher in positions near the window and not at the
back of the room (Fig. 4.8).

Aghemo et al. (2008) examined scaled models of a classroom with different
shading systems in sky simulators. The experiment considered to be in the town of
Turin (45° N, 7° E). Among their examined systems was also the overhang. The WWR
of their examined window is 44.44%, very close to ours (44.92%). Even though there
are differences between the reflectance of the interior finishing and the examined
latitude in relation to our experiment we can see the similarities in the results in the
case of the canopy at noon of 29.06.2012 and 21.06 in their case. The illuminance
(lux) in 1.26 m behind the window is about 3000 lux measured with our physical
model and in the case of the research done by Aghemo et al. (2008) in a distance of
1.5m behind the window is a bit lower than the 3000lux, concerning Turin latitude
with reference to standard CIE clear sky and with the use of a sky simulator. This fact
proves the accuracy of our measuring method with the physical model.

Moreover, we carried out additional sets of simulations for the louver
systems in order to assess the influence of the thickness of the material of the PV
louvers. We shall present the results of this comparison in the next chapter.

Finally it should be noted that the daylight evaluation method with the use of
physical models should be used in the detailed design stage of the facade, and not
earlier, especially when physical sky is used for the measurements. This is due to two
facts: firstly to the random changeability of real sky (it is time consuming to wait for
the same sky conditions) and secondly to the fact that in order to achieve accuracy
of the results a detailed model is necessary. On the contrary, in the early design
stage, it’s possible to use simulation tools to evaluate daylight levels. The
measurement conditions are 100% controllable in comparison to the measurement
conditions on a real building. The only disadvantage is that designers are used to
assess their design using physical models and are not familiar with the values used
by the simulating tool. The image output of the simulation tool in this case, should
be more frequently used.

Concluding we can summarize the results of the comparison using physical

models and simulations for daylight levels assessment as follows:
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The comparison of simulations and physical models is a complicated task,
especially when real sky conditions are used and there is no use of sky scaner.
When absolute values of daylight levels is the goal the use of exactly the same
sky illuminance should be achieved, something that is not possible due to rapid
changeability of the sky, especially the winter period. When comparative
analysis is the goal, the procedure is time consuming because it requires the
same values of sky illuminance for all examined systems. We focused on the
evaluation of the daylight levels separately for each system in order to arrive to
a pattern of relation between simulations and physical model of 1/10 scale and
the use of real sky conditions.

In general physical model overestimate the daylight levels in comparison to
simulations. Only for the case of Louvers Horizontal Outwards Inclined
simulations are higher than measurements of the physical model. The
percentage of overestimation depends on the position of the sun in the horizon
and the point in the space examined in relation to the depth of the room (Fig.
4.9).

For the cases of low sun position the differences between experimental
measurers and simulations are higher in the case of the front of the room. For
the case of the back of the room the differences are lower than 50% and for the
case of the front of the room the differences are higher than 50% but less than
70%. For middle points of room the difference are in the range of 50%.

For the case of higher sun positions the differences are becoming lower. Still
thought the differences are higher than 45% for the cases of the front of the
room but less than 70%. For the case of the back of the room the differences are
lower than 45%. Additionally we can see that for most of the cases the
differences are closer to the range of 45% and there are not high differences as

in the case of low sun position.
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Low sun Position High sun Position
Back of the room Front of the room Back of the room Front of the room
sD Dif(%) SD Dif{%) SD Dif{%) SD Dif(%)

LV -22

LHO 22
-14 13
13

-14
-8

18 32

:

LHO 19
_ 35 23
CID - 25
26
32
BS v 33 55
| T o s O 60
S 92 _ 78
Aver. Dif{%) 43 Aver. Dif(%) a8 Aver, Dif(%) 27 Aver, Dif{%) 38

Fig. 4.8. Comparative diagram of measured differences in daylight levels between Physical Scale

Model and Simulation

e These types of scale models (1/10) can be used for measuring daylight levels of
an interior space and they will be safe to expect daylight levels lower than 45% in
real buildings than these measured for summer period, for the case of the back
of the room that the direct sun ray is excluded, and over 45% for the case of
positions near the light source,

e For the cases of complicated geometries the results are not accurate. The
detailing of the model plays the major role and very small differences between
the model and the simulation can drastically affect the results.

e For measuring daylight levels in positions at the front of the room — near the
daylight source (opening) — daylight levels are closer to the overestimation of
50% for the case sun position near the equinox.

e In general the higher the sky illuminance the small the differences between the
estimated values of the physical model and the simulation for the back of the
room.

e The use of physical model for estimating daylight levels is accurate in the case of
high sun position, clear sky and for points at the front of the room. The

overestimation in these cases is near the range of 40%.
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For positions at the back of the room measurements with the physical model are
not accurate due to the fact the differences are cluttered. This is probably due to
over reflections of light beam that occur at the back room, which are not

happening in the front, near the light source.
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Fig. 4.9. Comparison of results of simulations and measurements with physical models of 44.92% WWR for Chania Latitude
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Fig. 4.9. Comparison of results of simulations and measurements with physical models of 44.92% WWR for Chania Latitude for 11.35 solar time
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4.6.4. Comparison of the daylight levels in terms of Daylight Autonomy (DA)

Regarding Daylight Autonomy (DA) for daylight levels above 500lux, systems
allowing outside view perform better than louvers systems. From the first group of
shading systems (transparent systems) Canopy louvers and Brise soleil systems
perform better while the Surrounding shade has the lowest value of DA. In the
second group of shading systems Louvers vertical and Louvers horizontal perform
better when compared with Louvers Horizontal Outwards Inclined (Fig.4.10).

Moreover we can relate the DA to the energy of electric light needed and we
can arrive at the above mentioned conclusions in relation to the system saving
energy the most in terms of lighting: the system of Canopy louvers and the Brise
Soleil system are the most economical systems in relation to the electricity used for
lighting. Amongst the fagade systems that obstruct the view to outside the system
of Louvers horizontal and the one of Louvers vertical perform well. As expected the
DA levels are higher for all Shading Systems examined in the case of Chania latitude
in comparison with the DA levels in the Athens latitude (Fig. 4.11).

We simulate DA using two computer simulation applications (Ecotect and
Daysim: the former uses a split-flux method and the latter dynamic simulation
software). Some differences have been observed between the two methods. In
most cases the Daysim calculates higher levels of average daylight autonomy (DA)
and the differences are in the range of 16%. This difference is probably enhanced by
the fact that for Ecotect Illumination levels are calculated for 85% of the time
between 9am and 5pm. So Autonomy results do not apply to 100% of the time for
the entire year.

For more complicated systems of venetian blind the differences are higher
and are in the range of 40%. For complicated systems and for detailed analysis only
the dynamic software is accurate enough (Fig.4.11 and Fig.4.12).

Additional we can see that the same systems are performing well for both
latitude points and that there are some small differences between them in relation
to their exact distribution (Fig.4.13).

DA is not a value that can be examined by itself to evaluate daylight quality.
It should be examined together with other daylight quality criteria. This is due to the

fact that DA gives information about daylight levels over 500 lux, but does not give
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information about overlit areas which can be uncomfortable or areas with lighting
lower than 500 lux where lighting levels must be increased in order to reach the
desired light intensity. That is the reason why we evaluated DA in relation to two
other factors (the UDI and the DGI) and we will analyze the combined results in the
next paragraph.

Moreover, in the next chapter the electricity needs are presented in relation
to the electricity production of the PV panel integrated in the shading system. We
arrived at a general conclusion concerning the energy performance of the shading

systems examined in relation to energy savings and comfort conditions.
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Fig.4.10. Comparison of Daylight Autonomy for Athens and Chania
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Fig. 4.12. Difference of calculated DA for Athens Latitude between Daysim and Ecotect application software
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Fig. 4.13. Comparison of simulated Daylight Autonomy by Ecotect and Daysim for two latitude
points (Chania — Athens)

4.6.5. Comparison of Daylight quality in terms of Useful Daylight llluminance

(UDI)

In the third experimental stage the daylight quality is assessed in relation to
Useful Daylight illuminance (UDI). As it can be seen in Fig. 4.14 the Canopy systems
(with louver or simple) have high daylight autonomy (DA) value (almost 94%) but at
the same time they have low UDI 100 -2000 value (almost 50%), resulting in an
uncomfortably daylit space. This UDI 100 -2000 value is the lowest in comparison to

other systems. Similar results apply for Brise Soleil systems. Both systems perform
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very low in terms of daylight quality and almost the same as the Simple unshaded
window.

Amongst transparent facade systems Surrounding Shade seems to perform
well because it has high UDI 100 — 2000 values, low UDI 100 value and low UDI2000
value in comparison to other transparent shading systems. Additionally Canopy
Double systems Inclined or not perform well in relation to the three examined UDI
values, but lower than Surrounding Shade.

In general, facade shading systems and especially louvers systems perform
better in terms of high percentage of UDI 100-2000. Amongst these systems,
Louvers Horizontal has the highest UDI 100 -2000 and simultaneously the lowest UDI
100 (resulting in low daylight levels) but the highest UDI 2000, near the window that
might produce glare. Systems such as Brise Soleil Louvers and Louvers Horizontal
seem to produce a comfortable daylight environment due to their low value of UDI
100 and Low value of UDI 2000. Additionally the system of Louvers horizontal
outwards inclined is the 3™ best performing system in relation to all examined UDI
values (Fig. 4.14).

In conclusion, facade systems perform better in relation to Useful daylight
illuminance (UDI), as expected and not according to DA. At the same time, of course
due to low DA, they result in high energy consumption for daylighting. We will
further on investigate their performance in relation to daylight quality in the next

paragraph where glare will be evaluated.
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4.6.6. Comparison of Daylight quality in terms of Glare

As we can see in Fig. 4.15 most of the systems have DGI values of above 16
for most of the viewing angles. It is important to mention here that we have chosen
to examine glare for the worst possible position in the room (the most remote point
inside the room) (Fig. 4.16). This means that the results are appropriate for this
position of occupants and not for cases of occupants near the window. We chose to
examine this position in order to arrive to holistic conclusions concerning the
daylight quality and not to specify them to determinate user’s positions. Further
research will be needed in order to evaluate glare probability in specific user’s
positions.

We calculated that only some systems can result in values below 16 and
these are presented here in sequence starting from the best performing: Canopy
louvers, Louvers vertical, Brise Soleil Full Fagcade and Brise Soleil Semi Facade
These systems even though we showed in the previous paragraph that they do not
perform very well in terms of UDI values, they perform very well in terms of low
glare values and in terms of DA. They can further on result in low energy consuming
systems in relation to electric light needs.

Some systems result in perceptible glare conditions (values between 16 -20).
These are Brise Soleil Semi Fagade and Canopy Horizontal Double. At the same time
Canopy horizontal double results in an acceptable level of UDI values. The rest of the
examined systems result in acceptable glare conditions (values between 20 to 24)
presented in row from the worst to the best: Brise soleil Louvers, Louvers
Horizontal, Louvers Horizontal inwards inclined, Surrounding shade, Canopy
inclined Single, Canopy Inclined Double, and Louvers Horizontal Outwards. We can
further see the resulting environment in Fig. 4.17.

We additionally examine the performance of SDs in relation to glare for
camera positions near the window, in order to evaluate visual environment in these
positions. In Fig. 4.18 the positioning of the new camera is presented.

We can see (Fig.4.19) that systems of Brise — Soleil Semi facade and Full
facade, Surrounding, Canopy Inclined Double perform very well in terms of glare

for positions near the window. From them only the Brise Soleil System performs
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well perform very well in relation to camera positions away from window.
Additionally the system of Surrounding Shade and of Canopy Inclined Double even
if they are not performing excellent for positions at the back of the room they can
be considered as potentially well performing systems because they can assure
acceptable glare conditions at the back and perceptible daylight comfort conditions
at the front of the room, near the daylight source.

Generally we can see that all systems have almost the same changeability of
the curve. The more cantered the angle view the more glare is created. The more
the eye view is turning away from the window the better the visual comfort.

It is remarkable that in these areas the UDI values are higher for a lot of case
near the walls, and this generated questions concerning the possible glare problems
that might occur in these areas due to the over-reflection of the bright colour wall.
According to DGI value these areas are not dreadful for glare problems.

Some systems result in zero (0) DGI value. This is due to inability of the
software to calculate DGI values for these cases and we won’t take into account

their DGI performance.
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Fig. 4.15. DGl values for the 21 December at 12:00 o’clock for all examined systems in relation to the angle of view for the camera away from window
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Fig.4.16. Camera view for calculating DGI for South facing SDs for Chania Latitude
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Fig. 4.17. Fish eye camera for the 21 December at 12:00 o’clock for all examined systems in relation to the angle of view for the camera away from window
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Fig.4.18. Position of the new examined camera
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Fig. 4.20. Fish eye camera for the 21 December at 12:00 o’clock for all examined systems in relation to the angle of view for camera near the window
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It is remarkable that according to glare values fagade systems do not perform
better than transparent systems, as expected (Fig. 4.20). It is also remarkable that
the system of Louvers vertical which is not considered to be an appropriate system
for south orientation is the only one to perform very well in terms of low glare
values. A combined evaluation of the assessment of all visual factors is presented in

the next paragraph.

4.7. conclusions regarding daylighting properties of the examined shading
systems and the method of assessment used

We shall present here the conclusions of our research in the two main areas
of our study. The first area concerns the performance of the examined shading
systems in relation to daylight quality and the second concerns the evaluation of the
tools used according to the requirements of each design phase.

We showed that daylight quantity variables such as DF and DA cannot be
used for an accurate evaluation of the daylight quality. More variables to assess
daylight quality are needed, especially for complicated shading systems. We showed
that Canopy Louvers and Brise soleil full fagade systems have high DF and DA values
but at the same time they have Low UDI values compared with other systems. At
the same time these two systems result in a “detectable difference/improvement”
according to the table of (Baker & Steemers, 2001) in daylight environment as
measured by the DGI value for positions at the back of the room.

These two variables concerning daylight quality are completely different. The
UDI value expresses the daylight levels between 100 to 2000 lux for the whole of the
year while the DGI value expresses possible glare values for the specific time of the
year examined from a specific point of view (in our case for the most remote
position). We concluded that Canopy Louvers and Brise Soleil systems are the most
appropriate systems for positions of occupants away from the window (Fig. 4.15 and
Fig.4.19). For positions of occupants near the window almost all systems perform
very well except form the systems of systems of louvers Horizontal inwards inclined

and Brise Soleil Louvers. The rest of the systems perform very well and amongst
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these Canopy Inclined Double, Brise Soleil Full and Semi facade, Surrounding
Shade additionally performs well for positions at the back of the room.

In general we conclude that some transparent systems can result in good
daylight quality space for positions of occupants near and away from the window
and that facade systems are appropriate when occupants are near the window. It is
remarkable that the system of Louvers Vertical that is not considered an
appropriate system for south orientation performs well for both near and away
from window positions. We can see that the DGI values are below 16 at 12.00
o’clock and that at 9.00 and 15.00 hours these values are acceptable. This can be
improved if the vertical inclination of the louvers changes, so that the reflections

form the side sun rays do not raise the DGI values (Fig. 4.23).

Canopy Louvers
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10 -

—4— Canopy Louvers 09:00
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DGl Value

-Canopy Louvers 15:00
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Degrees from left to right

Fig. 4.21. DGI Values for Canopy Louvers for 21°* of December

Brise Soleil Full Facade

DGl Value

~—4—Brise Soleil Full Fagade 09:00
~i— Brise Soleil Full Fagade 12:00
i~ Brise Soleil Full Facade 15:00

-86 -76 -66 -56 -46 -36 -26 -16 -6 0 6 16 26 36 46 56 66 76 86

Degrees from left to right

Fig. 4.22. DGI Values for Brise Soleil Full Facade for 21 of December
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Fig. 4.23. DGI Values for Brise Soleil Full Facade for 21°* of December

It is remarkable though, that some transparent systems in contrast with all
other transparent systems as mentioned in paragraph 4.6.6, do not perform well in
relation to glare caused for positions away from the window: these are Surrounding
Shade and Canopy Inclined Double. These systems perform better (UDI values) for
positions near the window compared to other transparent systems. This fact points
out the inaccuracy of UDI value in terms of emerging glare problems.

One of the objectives of this research is to compare the results of the
different methods used when we evaluate daylight quality. It is important to note
that a part of quantitative information can be used to describe qualitative factors.
One of these is daylight levels or daylight Factor (DF) and another is daylight
autonomy (DA). In the paragraph 4.3.2 we explained that some daylight levels
factors can describe the quality of daylight in the space if examined in relation to
some quality variables, such as DA.

These two values can be easily measured using either physical models or
simulation tools. We showed that physical models in real sky conditions
overestimate daylight levels. It is safe to use physical models to measure daylithg
levels for positions in the front of the room. In these cases the differences are 50%
to 70%. For the case of the back of the room (away from the light source) the
overestimation is lower than 50% till 9%. So when using physical model for daylight
levels calculation, these levels, at the back of the room will have a small divergence

from the real conditions but without any standard difference.
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Simple computer simulation tools (e.g. Ecotect) can be used to evaluate
daylight autonomy (DA) levels. For daylight levels, physical models can be used but
special equipment is needed. Simple models can be used to evaluate DF, but this
factor only gives information about the performance of the shading system in
overcast sky conditions disregarding other possible sky conditions. More
complicated simulation ray tracing models are needed for detailed analysis.

For the assessment of the early design stage these two factors (DF, DA) are
efficient enough because they can be simulated with simple tools (Ecotect) with a
relative accuracy. We showed for example, using a simple computer simulation tool,
that Canopy louvers and Brise Soleil systems have the highest DA values in
comparison with the other systems. We can use this fact when conducting energy
saving assumptions during the early design phase. Further on we show that the
same systems perform very well in relation to resulting low glare (DGlI) values even if
they do not perform very well in terms of UDI.

Additionally, as we argue in paragraph 4.3.6, user acceptance studies are
needed in order to incorporate subjective factors in the results.

It is worth mentioning here that the DGI method of evaluation should be
used in the detailed design stage, due to the fact that it demands detailed modelling
and it is time consuming. Additionally the designer should be familiar with these

values in order to be able to evaluate the results.
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@ Generating energy through the use of Shading systems

We showed that the subject of shading systems and their efficiency has been
extensively analysed is terms of their effect on energy performance and daylight
quality. Moreover, our knowledge on the subject is developing rapidly as a result of
on-going research, keeping in pace with the progress made in science, technology
and materials. During this evolution, the issue of integration of solar energy systems
within buildings’ components and specifically on shading devices (SD) is extensively
analyzed and developed. Starting points of this research are the traditional design

methods of shading systems.

5.1. Integration of PV in buildings’ facades

5.1.1. The basics of BIPV systems

In order to exploit solar radiation we must first ensure a basic preposition.
The surface or material used should be energy producing or solar energy storage
material. This means that replacing most of the buildings’ envelope materials with
others that produce or store energy can be an efficient solution.

Recent advances in technology have helped to utilize most of the buildings
elements as energy producing systems. Buildings’ facades can be transformed into
energy producing machines.

Amongst a wide array of materials that have the potential to produce
energy, a well known one is the PV panel. The French physicist, Alexandre Edmond
Becquerel, was the first to observe and record the PV effect (photo denotes light

and voltaic denotes the generation of electricity) in the 19th century. Today’s PV
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semiconductor materials include silicon, gallium arsenide, copper indium dieseline
cadmium sulfide, and cadmium telluride (Eiffert P. and Kiss J.G., 2000).

Since then, many scientists have worked to develop technologies to produce
energy based on this effect. PV effect has been already applied to building industry.
There is a variety of facades that have integrated PV materials. The sector of
building science that deals with integration of PVs in buildings’ elements is called
BIPV. These solar systems are thus multifunctional construction materials (Eiffert &
Kiss, 2000).

The basic PV material is silicon. Silicon is highly abundant; it constitutes more
than 25% of the Earth’s crust. Silicon is used in more than 90% of all PV applications.
Silicon solar technologies can be grouped in three basic areas: single-crystal silicon,
polycrystalline silicon, and thin-film amorphous silicon. The main differences
between these three technologies are their sunlight-to-electricity conversion
efficiency rates, the methods by which they are manufactured, and the associated
manufacturing costs (op.cit).

The efficiency of each PV product is specified by the manufacturer.
Efficiencies range from as low as 5% to as high as 15%, 16% (op.cit). The mono —
crystalline silicon material has the highest efficiency (12 — 15%), the poly- crystalline
material have slightly lower efficiency (11 — 14%) and the amorphous silicon or thin
film technology have the lowest efficiency between 6 — 8% (Luque & Hegedus (ed),
2003).

The basic element of a BIPV system is the PV module. Individual solar cells
are interconnected and encapsulated on various materials to form a module.
Modules are strung together in an electrical series with cables and wires to form a
PV array (Fig.5.1). Direct or diffuse light (usually sunlight) shining on the solar cells
induces the PV effect, generating electric power in the form of unregulated Direct
Current (DC). This Direct Current (DC) power can be used, stored in a battery
system, or fed into an inverter which will transform and synchronize the power into
Alternative Current (AC) electricity. This electricity is then either used in the building
or is exported to a utility company through a connection with the (national) grid (op.

cit).
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The issue of Building Integrated PV (BIPV) has been developed extensively

since the 90s. Two are the main groups of BIPV systems: facade systems and roofing

systems. Facade systems include curtain wall products, facade panels, glazings and

shading devices. Roofing systems include tiles, standing seam products, and

skylights (Fig. 5.2., Fig. 5.3., and Fig. 5.4.).
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R '
Fig.5.2. The APS building in Fairfield, California, USA.
Thin — film PV technology integrated into curtain

wall system. Curtesy Kiss and Cathcart architects.
(Lechner, 2001)
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Fig.5.3. Tilt PV shading Devices in Center for Environmental
Sciences and Technology Management building (CESTM) in
New York, Courtesy Kawneer Company Architcts. (Lechner, 2001)
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Fig.5.4. Opaque PV cells mounted on clear glass. The space between the cells
determines the degree of shading. Aquatic Center at Georgia Institute

of Technology, (left). Semitransparent PV glazing as skylight glazing in APS
Factory in California, Courtesy Kiss and Cathcart, architects (right). (Lechner, 2001)

A fundamental approach in any BIPV application is to maximize energy
efficiency within the building’s energy demand or load.

These Holistically designed BIPV systems will reduce a building’s energy
demand from the grid and will generate electricity on site — a “weathering skin” of
the building. Windows and facade shading systems with integrated PVs can be
designed to increase the use of daylight in interior spaces and to reduce unwanted
glare and heat. This integrated approach brings together energy conservation,
energy efficiency, building envelope design, and PV technology and placement,
maximizing energy savings (Eiffert & Kiss, 2000).

Besides the energy production another important parameter for the PV
integration, is their appearance; this appearance depends on the detailed design
and their technology of construction. Single-crystalline PV modules are dense blue
(almost black), with a flat, uniform appearance. Polycrystalline modules are
multicolored, having a variety of sparkling blue tones (Fig.5.5.). Thin-film amorphous
silicon modules are reddish-brown to black (Fig.5.6.); the surface may appear
uniform or non uniform, depending on how the modules are made. Some
manufacturers can provide coloured PV modules, like gold, green of magenta, but

their efficiency is decreased in comparison to standard PV modules.
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Fig. 5.6. Thin film module (are flexible and are easily integrated
into curved surfaces) (Lechner, 2001)
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5.1.2. Design issues

There are restrictions that must be adhered to in the design of the integrated
PV systems; these restrictions concern mostly their efficiency and less the
aesthetics. These restrictions concern solar access, system orientation and tilt,
electrical characteristics, and system sizing. The incidence of solar radiation
(insolation) that reaches a PV surface at any given time, determines the potential
electrical output of a BIPV system. Statistical estimations of average daily insolation
levels for specific locations are commonly used in the BIPV design process and
measured as kilowatt-hours per square meter per day (kWh/m2/day). These
parameters are implemented in building simulations computer applications.

In order to maximize solar access and power output, the physical orientation
of the BIPV system and the tilt angle of the array should be considered relative to
the geographical location of the building site. As a general rule of thumb, BIPV
installations north of the equator perform optimally when oriented south and tilted
at an angle equal to the site latitude for annual production (Eiffert & Kiss, 2000). This
can change if we need to make specific seasonal requirements for the systems. For
example, a system might be designed for maximum power output production only in
the summer months in order to reduce peak electricity costs for the air conditioning;
in this case its tilt must be the average for summer power output. For south
oriented vertical facades losses can be higher than 30% and for horizontal
installations losses can be about 10% in comparison to installations with tilt angle
equal to the latitude of the location.

Another characteristic of PV that can influence its effectiveness is the
association between current and voltage. The amount and intensity of solar
insolation affects the current (I) and the temperature of the solar cells affects the
voltage (V) of the PV installation. The requirement is that the installation works as
close to its peak power as possible. The peak power point is defined as the
maximum power that the PV module produces when exposed to artificial solar
radiation of 1000 W/m2 under standard testing conditions (STC) (Lechner, 2001).
These conditions are described as Standard Reference Environment (SRE) and are
the following: Tilt angle: At normal incidence to the direct solar beam at local solar

noon, total irradiance: 800W/m2, ambient temperature: 20°C, wind speed: 1 m/s,
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Electrical load: OA (open circuit, thus no current flowing), open rack mounted PV
modules with optimized inclination (IEC, 2005).

The size of the system is another important design factor; this mainly
depends on the energy needs of the building. The balance between the amount of
power required and the amount of surface area available can determine the type of
PV technology that will be used. For example, systems made of amorphous silicon
require a larger surface area but cost less than equivalent systems composed of
single crystal solar cells (Eiffert & Kiss, 2000). Additionally, different geometrical
configurations can be introduced in order to increase the efficiency of the system.
These are presented a next paragraph.

Additionally the electrical system adapted is crucial for the efficiency of the
installation of the BIPV system. This primarily involves the performance and
reliability of the inverters. Modular, "micro," or "mini" inverters allow each module
to be tested (each has its own address) through the use of a power line carrier signal
injected into the building’s electrical distribution system. This way, each unit’s
performance can be easily measured. Modular inverters can work independently
and enable PVs to be integrated into complex, geometric building designs due to the
fact that when one or more modules are shaded the power output of the whole
array remains unaffected. The connection of the modules with each other and their
connection to the inverters is an issue of paramount importance for BIPV’s and
particularly for in BIPV’s installed on shading devices, because the type of
connection affects the output power of the system (op. cit.).

We are not going to analyze in detail the adapted electrical system for the
shading systems examined within the framework of the research. We assume that
modular inverters are used, in order to achieve comparable results concerning the

performance of the examined shading systems with integrated PV.

194



Part Il — Generating energy through Shading Systems

5.1.3. Efficiency of facade PV systems

The first pieces of research on BIPV’s concerned their integration into vertical
elements in fagades and the optimum ratio of window to PV facade area to achieve
the most energy benefits (Yun et al., 2007; Vartiainen et al., 2000).

The issue of maximizing the energy production of PVs is a crucial factor of
the efficiency of the installation. There is a field of research involved in techniques
or geometries that can increase the absorption of the PV modules and the electricity
production.

An important parameter that influences the efficiency of the PV modules is
the temperature levels developed on the PV’s surface. There is a complex
relationship between PV, heat and sunlight. Solar power works better when the sun
is shining but at the same time everything becomes hotter. The problem is focused
on the fact that PV semiconductors become less efficient when hot. The difference
in the efficiency is at the level of 10%. Newer technologies like thin film which don’t
rely on crystalline silicon to produce electricity—are less susceptible to heat-related
efficiency losses.

The semiconducting materials used in PVs, particularly in crystalline silicon
PV cells, lose efficiency as temperatures increase. As temperature in a conducting
material increases, photons are excited and move throughout the material,
impeding the uniform movement of electrons. The prevention of the electrons
movement is what reduces efficiency in PVs when it gets too hot.

Newer technologies like thin-film PV use different semiconductor materials
like Copper indium gallium selenide (CIGS), which don’t lose as much efficiency
under heat. Huld et al. (2009) found that CIGS produced 0.5% to 2.5% more power
over a year period, “with the largest differences found in hotter climates.” Another
form of thin-film PV, using Cadmium Telluride as the semiconducting element to
produce electricity, performed better than crystalline or CIGS PV cells did in high
temperatures. The study said that “The performance of Cadmium Telluride is
consistently higher than the two other technologies, by a margin of 5-12 percent

depending on location”. Additionally we should mention that there is a new
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nanophotovoltaic technology that actually captures infrared (heat) radiation from
the sun and operates with higher efficiency in the heat but is still not on the market

(http://www.cleanenergyauthority.com/solar-energy-resources/heat-and-pv).

Further on, different researches have experimented with various geometrical
configurations that can increase the efficiency of the proposed system. For example
Brogren et al. (2003) developed a system designed as a ready-to-use wall element
with an insulating backside and intended to substitute a part of a south-facing wall.
The system includes a Cu(ln, Ga)Se2- based Siemens ST5 thin-film module,
aluminum reflectors which receive all incoming irradiation from south projection
angles between 25° and 90°, and an insulation for building integration. The specific
geometrical configuration helps in keeping the angular relation between the
reflector and the PV module constant in order to increase the PV energy absorption.
A “Z” shape unit is multiplied in order to cover the whole facade. Nonetheless the
increase in productivity is not the one expected. The measured maximum electric
power from the modules is only 1.9 times that of identical vertical modules without
reflectors, due to optical losses and a decrease in fill-factor(Fill- factor: the ratio of
maximum power of solar cell to the product of Voltage and Current Power) from 0.6
to 0.5 under concentrated light.

The use of PV concentrators is another method of increasing the power
generation of integrated PVs. An asymmetric compound parabolic PV concentrator
has been designed by Mallic et al. (2004). The system is tested with different
numbers of PV strings connected in series with and without concentrator. The
results showed that the production of the parabolic PV concentrator integrated in
building facade in the UK, can be increased by 62%, when compared to a similar

non-concentrating PV panel (op.cit.) (Fig.5.7).
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Experimental rig

Fig. 5.7. Asymmetric compound parabolic PV concentrator under
outdoor experimental characterization at the University of Ulster.
(Mallic et al., 2004)

Another important parameter of the PV modules is the function and the
operation schedule of the building upon which they are being installed. As PVs
produce electricity only during the day, and for this reason, high energy loads of
building should be limited during day time in order to reduce energy demand from
the grid and maximize energy produced by the PV. The schedule of organizations
occupying office buildings is generally suitable for the function of the PVs, due to the
fact that office buildings are mostly operational during daytime when energy
production from the PVs is high.

In 2007 Yun et al. introduced the term “effectiveness of a PV Facade (PVEF)”
which is used to evaluate the overall energy performance of a PV facade. PVEF takes
into account the energy produced from PV, the reduction in electric lighting needs
due to daylight control, and the heating and cooling consumption. The formula they
used is:

PVEF = Lsaving + Eoutput / Henergy + Cenergy (1),
Where:
Lsaving is the Energy saving in lighting,

Eoutput is the Output Energy of PV modules,
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Henergy is the Energy spent for heating and

Cenergy is the Energy spent for cooling.

This research focuses on shading systems with integrated PV, installed on office
buildings’ facades. We use the formula above to evaluate the effectiveness of the

shading device.

5.2. Integration of PV in shading systems

Over the last century the proportion of the office buildings’ envelope that is
transparent has increased significantly. Due to the low thermal insulation property
of glass in comparison to mass opaque building materials the larger the transparent
fraction of the building’s envelope the more important is the control of solar energy
inflow, in order to keep thermal and visual conditions indoors in acceptable levels.
Transparent facades need an additional control system, one that helps avoid solar
radiation during the overheated period, allows enough thermal loads during the
underheated period and ensures comfortable visual conditions during operating
hours. Due to the fact that passive design is most of the times not totally efficient
for the control of solar and thermal gains, additional active systems are used to
balance the interior thermal and visual comfort conditions. As a result, today’s
buildings are dominated by technical systems for heating, cooling, ventilation and
artificial lighting often resulting in high conventional energy consumption (Karkanias
et al., 2010). Integration of PV systems in shading devices can help limit the overall
energy consumption in two ways: by reducing direct solar gains during the cooling
period and by producing electricity to be utilised for the function of cooling, heating
and lighting systems.

The evolution of BIPV is the incorporation of active systems in SDs as a
method to reduce the energy consumption of the building. Shading systems can be
part of the mechanism of the energy producing system. They have an additional
advantage: due to the fact that their purpose is to block direct solar light, they are in

receipt of a huge amount of solar radiation which can be utilized.
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Integration of PVs in shading devices is an intermediate solution falling
between the BIPV (Building Integrated PV Panels) and BAPV (Building Attached PV
Panels) systems as described by Peng et al. (2011). This integration of PVs has the
advantages of the former (BIPV), is architecturally clean and attractive and offsets
the cost of roofing, facade or glazing materials and the advantage of the latter
(BAPV); in case they are damaged the buildings’ internal function is not affected.

The potential of replacing conventional building materials with PV structural
materials (especially SDs) has been researched for Finland, Austria, Denmark,
Switzerland and Germany as an aesthetically appealing and energy saving solution
(Hestnes, 1999). For Norwegian Office Buildings some PV systems are analyzed from
the aesthetic point of view according to PV types, colour and final surface. The thin
film technology as a competitor to the crystalline silicon technology is being
proposed as a lower cost solution (Hermstad, 2006).

Integration of PV materials to Shading systems was proposed in 1998 (Yoo et
al., 1998) (Fig.5.8). Since then various shading types have been used mostly
according to their energy balance and less according to aesthetics and interior
comfort conditions. A canopy inclined system with integrated PV with semi-
transparent modules (single crystal with efficiency 14%), has been studied for a
south facade for the climate of Korea. The tilt and orientation of a PV panel
influences the power generation; the ‘ideal’ tilt of the PV array in the area is 32° (for
Seoul). Due to aesthetics, cost, and safety reasons, the inclination was fixed at 55.5°.
The influence of shadows cast by other PV panels and the accumulated dirt are
crucial for the efficiency of the system. The ratio of direct to diffuse solar radiation
also influences the power generation of the PV system. On a typical summer day the
aforementioned PVs are only able to cover 10% of the required building’s lighting

energy (op.cit).
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Fig. 5.8. Samsung Institute of Engineering and Constrtion echlogy (SIECT),
in the Gihung area, Seoul (Yoo, S.H., Lee, E.T. and Lee, J.K., 1998)

The same system has been examined in Greece, Italy and Spain. Bloem et al.
(2005) presented an analysis based on simulation results using Esp-r software. They
designed a building and subsequently simulated the shading devices in three (3)
European cities: Athens, Barcelona and Milan. They proved that PV systems used as
shading devices can reduce overheating in a building which is air-conditioned. Apart
from overheating, PV used as shading devices can also reduce glare. The installation
is proven to be economically viable for private installations above 1 kW,, particularly
when these are connected to air conditioning systems.

The idea of combining a window with SDs that can work both as an energy
production and energy reduction system is introduced by Khedaria et al. (2004).
They presented experimental work with a new type of PV-slat window (PV-SW)
facing south, in Thailand (Fig.5.9). The PV slat window can produce power up to 15
W, can decrease indoor temperature compared to transparent slats and can provide
sufficient light for the house. The power output of the PV slat window depends on
inclination and on overshadowing. Cell temperatures more than 60° C affect the
power output of the PV. Inclination of 60° to 68° is optimum in terms of internal

illumination for the specific latitude.
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Fig. 5.9. (a) The PV-slats window configuration and (b) the southern wall of lab-scale testing
room with the PV-SW (Khedaria, J., Waewsakb,J., Suphengc, W., Hirunlabha, J., 2004)

The environmental impact and the aesthetics of the integration of PV are
important factors. Tsoutsos et al. (2005) point out the potential of PVs as a method
to reduce the building’s environmental impact (visual, noise, pollution, waste
management, economical impact) making them more cost effective.

PV modules applied as shading devices have been designed and used in
many buildings all over the world. Since 1996, in Albany University PV modules have
been used as sunshades providing 15 kW,, of energy simultaneously reducing cooling
loads (Eiffert & Kiss, 2000).

The way that BIPVs are installed as shading devices differ between modern and
traditional buildings. This is due to differences in available proportion of facades and
different needs in electricity. BIPVs can be installed as external fixed venetian blinds
facing south and having proper angle, reducing maintenance costs due to lack of
user contact. Another solution is internal PV venetian blinds requiring less

supporting structure (Reijenga, 2002)
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5.2.1. Research of integrated possibilities on the market — build examples

In order to make the shading devices more competitive in the market the glass
content of the PV louvers was minimized. Weight reduction was achieved by
replacing glass components of PV modules (at least in part) with flexible membranes
(Zentrum Fur Sonnenenenergie, 2007). The only resulting disadvantage was that
these types of flexible PV modules have a lower efficiency factor due to the type of
material of the PV used. Amorphous silicon was used to substitute the glass PV
components, in order to make them flexible. Due to their disadvantage of low
efficiency the progress in the market penetration of these types of systems is not
the one anticipated, as can be seen for example in Korea, according to Hwang at al.
(2012). So, one of the main reasons why we examine PV shading systems composed
of glass and Si polycrystalline technology is the use of the most efficient technology
of PVs.

A simulation analysis of an office is presented by Bloem (2008) with 99 PV
modules mounted on a horizontal spandrel enclosure on the south facade. The
system works as a window shading system producing 36 W, in Standard Test
Conditions. Natural ventilation was assumed in the module enclosure via vents in
the upper and lower surfaces. He claimed that although PV modules cover only part
of the energy demand, their performance can be improved by changing their
inclination according to the season of the year. The combination of produced
electricity with the improvements in the indoor quality conditions makes the use of
BIPV on shading systems a very promising application of technology (op.cit.).

Another application that has been proposed in the market is the integration of
PV louvers between two sheets of glass. The main advantage of these applications is
that PV blinds are fixed between two sheets of glass and consequently cannot get
dirty. The PV slats consist of tandem amorphous silicon cells deposited on glass, and
have, according to company specifications, an efficiency of 6 percent. Since
amorphous silicon cells operate more efficiently at higher temperatures than
crystalline silicon cells, the placement of the PV slats between the insulating glass

sheets, where temperatures of 70° C are easily reached, leads to very good
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performance (http://www.photon-international.com/products/products 01-

03 syglas.htm / accessed 20.12.2012) (Fig.5.10).

|

TR RS
IVITTFER e =
111} A

k
T
4

}

1 d

1 Sl -

: E—— .&Lf_’\’ ;l-,'"'

| ; i

|

]

i

I

]

|

1

i

I

\ |

Fig.5.10. The novel window of PV slats by the German Company Syglas
(http://www.photon-international.com/products/products 01-03 syglas.htm / accessed 20.12.2012)

The use of PV integration in shading systems has been promoted by various
researchers. In Brazil, (Cronemberger, J.,, Caamano-Martin, E., Vega Sanchez, S.,
2012) argued that “for non-vertical facades (402 < B < 909S) the solar potential
represents between 60% and 90% of the maximum global solar irradiation, even
when facing south, indicating that the use of sloped building envelope surfaces, such
as atriums and shading elements on facades and windows should be promoted”.

Apart from PV systems, there are other systems studied for integration on SDs.
One such example is the solar thermal systems. Palmero-Marrero & Oliveira (2006)
studied the integration of solar thermal systems in canopy louver SDs that also
proved to be an energy efficient solution. These systems are not a subject of this

research.
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5.3. Experimental work of energy production

On the other hand, we examine two different types of PV integration in relation
to the interior visual comfort conditions. We examine the integration of two types of
PV panels in louver systems. The first system is constructed with market PV panels
with metal frames of 3cm final thickness and the second one consists of glass louver
system with integrated PVs. The glass louvers consist of two glass panes with and
inter PV foil of monocrystalline material (1.5 cm thickness). Basic visual comfort
aspects are examined for both cases and are presented in chapter 6.

As a final step of the overall assessment of the examined shading systems we
evaluated their efficiency in terms of determining the geometry that has the
potential to produce maximum energy. We used three different evaluating
methods: a simple model method using two different computer application
methods (one is called in this research as “simple” and the other as “complete”) and
a more complicated model that incorporates real market products. A basic objective
of this research is to evaluate the method of assessment used in comparison to
simulating methods and further on to evaluate the accuracy of simple methods
used. These methods can be easily used in primary design processes in order to give
basic feedback on decision on the type of geometry which will influence the final
shape of the building and its energy performance.

Another reason that we evaluated the energy production of the PV shading
systems with three different evaluation methods is to improve the validity of the
results. For the same reason we subsequently validated the results with
measurements of energy production of real PV installations in both examined

latitudes. The methodology can be schematically seen in Fig. 5.11.
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Fig.5.11. Methodological diagram of method used for evaluating the performance PV integrated shading system
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As we already mentioned in paragraph 5.1.3 change in temperature affects the
efficiency of the product. The higher the temperature the lower the energy
production compared with the measured peak produced energy. For this reason we
reexamined the thirteen shading systems moved 5 cm from the building’s facade in
order to measure the difference in energy production when temperature changes.
We assumed that the temperature of PV cells will decrease when the air circulation
behind the PV modules increases.

Specific parts of the shading systems were used as PV surfaces. The shading
devices which we used for simulation and assessment are shown in (Fig. 5.12). All
simulations are compared for both Chania and Athens latitude.

Weather files are used in the simulation in order to provide Dry Bulb
temperature, Humidity, Radiation, Wind Speed and Wind Direction, parameters
necessary for thermal modelling. In order to have a proper comparison, between
the analysis results on the energy production from PV simulated by EnergyPlus - 32
MP and AutoDesk Ecotect v5.60., the weather files for both areas of Chania (35°
31N, 24° 01E) and Athens (37° 59N, 23° 43 E) are similar to those used in the paper
of Mandalaki et al. (2012). A summary of the weather data used for the simulation
for the area of Chania is depicted in Table 5.1.

We used the already modeled 3D office units that we described in Chapter 3
and we calculated their energy production in AutoDesk Ecotect v5.60. When using
the detailed simulation analysis application (EnergyPlus-32MP) we used the
geometry of the typical offices with the shading devices that have been provided in
3D dxf format and we imported them in Google Sketch Up 7 in order to work with
the OpenStudio Plug-in. Further on, we developed models using EnergyPlus
software, one for each shading device having in total 13 models to simulate the

energy production from their corresponding shading devices.
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Fig. 5.12. The examined shading systems with integrated PV
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Meteorological station:
Longitude/ Latitude:
Station Height:

Chania, Crete
24° 02’ | 35°%’
62 m
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5 3 ES8 SE 4& 48 95 ;83§ E 8253 £%3 £
= I <a <8 <8 <8 @I <O < I O =
h mmHg C° c° % 8 mm m/s
1 1117 1016.8 11.6 25.6 05 717 51 1229 SW 621 33.1 3.2
2 1289 10153 11.8 29.4 0 69.3 5 108.6 N 78.2 38.3 2.8
3 1744 10151 13.2 34 04 684 44 719 SW 1200 549 3
4 2285 1013.3 16.3 35.8 5 654 35 319 NW 1534 614 26
5 3142 10141 201 38.6 8.5 622 28 139 NwW 2068 613 2.3
6 357.8 1013.3 245 40 13 558 1.3 6.6 NW 2242 566 23
7 3917 1012 26.5 42.5 16.6 553 06 0.5 NW 2376 606 2.3
8 3684 10124 26.1 41.2 125 577 06 27 NW 2181 504 2.1
9 2763 10153 233 396 105 639 16 182 N 163.2 438 2.1
10 183.8 10169 194 35.6 9.2 704 35 821 N 104.7 439 2
11 157.7 1018 16.1 35 2 722 42 709 N 75.1 327 2
12 1154 1016.3 13.1 28.8 36 721 48 913 SW 574 297 26

Table 5.1. Meteorological data from weather station Souda Airport
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The main objective of this part of the research is concentrated in the evaluation
of three well known available tools used to estimate the energy production of the
PV panels integrated in shading systems. The tools available were divided into
simple simulating tools, to more complete simulating tools and to measurements of
real PV installations. Each tool demands special knowledge. Simple tools can be used
by unspecialized designers, the complete models need special knowledge and real
measurements require special instruments that are only available from specific
laboratories and are involved more with research work and less with the design
process. It is important for the designer to know the level of accuracy of each tool
that he uses according to the design stage that he is elaborating.

Three processes have been followed in order to reach the aforementioned
objective:

e Comparison of the integrated PVs’ energy production results calculated by
the simple simulation models with simulated results of real market
products.

e Comparison of the energy production results of the simulation of real
market products with measured energy production of real PVs installations

e |nvestigation of the sensitivity of the simulation software used to measure

the air flow near the PV panels and its affect on the electricity production.

5.3.1. Efficiency of the geometry of the Shading Systems

We conducted a basic evaluation of the economy of the system, in terms of the
surface area needed by the PVs and the production efficiency of it. It is obvious that
the energy production of the PVs is inversely proportionate to the surface area that
they cover; the PVs' energy production rather depends on the geometrical
characteristics of the SD and the overshadowing between the surfaces. An
interesting point is that the system Brise=Soleil semi facade louver carries the
largest PV surface but at the same time it produces little electricity. On the other
hand the amount of electricity the Canopy inclined single produces is large

compared to the area it covers which is almost the smallest area of all PV’s installed.
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For the aforementioned evaluation we propose a new term: the efficiency
factor. The efficiency factor has nothing to do with the efficiency of the PV installed.
It is the ratio of area of PV installed (cm2) over the electricity production by the
installed PV (kWh). The high efficiency of all Canopy systems (either inclined,
horizontal or with louvers, single or double) can be seen in (Fig. 5.13). It is noticeable
that even though the system of Canopy inclined double covers almost double area
than the Canopy inclined single, it produces the same amount of electricity. This is
probably due to overshadowing (Fig. 5.14). Companies involved in PV industry could
focus on the geometries of SD last mentioned in order to develop BIPV technologies
in shading devices.

It is important to note that the most commonly used shading systems for office
buildings, the horizontal louvers, outwards or inwards inclined perform badly in
terms of energy production. These kinds of systems are efficient in terms of
producing energy for heating, cooling and lighting (as we have seen in paragraphs
3.7 and 4.7) but cannot contribute to the reduction of energy consumption. This is a
factor that should be taken into account for future developments or energy
renovations for these types of buildings and introduces a path for rethinking the
shading devices in office buildings.

In the energy production diagram (Fig. 5.15) we can see a big difference in the
calculated energy production between the two computer applications used for the
cases of louvers. In the following paragraphs we will explain the reasons for these
differences. Still this difference does not affect our conclusion that the louvers
systems’ energy production performance is low. Finally in the same diagram we
observe the low performance of Brise Soleil systems. These systems perform very
well in terms of reducing energy demands for heating, cooling and lighting (as we
have seen in paragraphs 3.7 and 4.7) but they cannot produce enough energy in
relation to the installed PV area. This is another geometrical rule that we should
take into account for future development of shading systems with integrated PVs.
Additionally we can see that among other well performing systems that generate
acceptable visual conditions, the system of Canopy Inclined Single has a high degree
of efficiency.The system of Surrounding Shade has a middle degree of efficiency. Of

course in order to evaluate them thoroughly we will additionally evaluate them
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according to their energy needs for heating, cooling and lighting. This we will

present in the next chapter.

Efficiency factor
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Fig. 5.13. Efficiency factor for Chania and Athens with window 44.92% of facade area
Electricity production In comparison to PV installed
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Fig.5.14. Electricity production in comparison to area of PV installed for Chania with window 44.92%
of facade area.
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Hor. Horiz.
Surroundi louvres|  louvres Canopy Brise soleil|Brise soleil Horiz.Can| Canopy| Canopy|
ng| Verticall outwar.| inwards Horiz. with|Brise soleil with semi| Horiz.Can opy double single
Shading name| Shading louvres| inclined| inclined| louvres| louvres|full facade louvres facade|opy single| double| inclined| inclined
EnergyPlus 975,5 904,7 1965,2 376,2| 1805,7| 5583 1069,0 529,1 706,8 399,4 705,4 819,1 765,0
Ecotect 717,0 145,7 319,1 343,0 207,1| 339,55 489,9 198,0 392,4 488,7 556,0 592,3 532,1
% of difference 26,5% 83,9% 83,8% 88%  B85% 392% 54,2% 62,6% 44,5% 224%  21,2% 27,7% 30,5%
Comparison between EnergyPlus and Autodesk Ecotect Analysis (Athens)
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Fig. 5.15. Comparison of the results between Autodesk Ecotect Analysis and EnergyPlus for the Area of Athens
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5.3.2. Comparison between Simple Simulation model results

As it can be seen in Fig. 5.15 the comparison between the two types of
software indicates that the results for the area of Athens are different. The
percentage of difference is increased for the louvers systems. In Fig. 5.16 the results
for the area of Chania are presented. The percentage of difference in the results
between the two types of software is much lower compared to the previous
assessment. This means that the percentage accuracy in the simulated energy
production is higher in areas with higher solar radiation as in the case of Chania
(lower latitude), compared to areas with lower solar radiation such as Athens
(higher latitude). For simple geometrical configurations of shading systems, the
estimated difference is lower than 11% in the case of Chania and lower than 30% in
the case of Athens. The percentage is defined by the following formula; P = (E; — Ep /
E.) - 100%, where: P is the percentage difference, E, is the energy production of PV
calculated with the model a, E;, is the energy production of PV calculated with model
b.

The percentage of difference increases for louvers, which are complicated
shading devices. This is due to the fact that the EnergyPlus cannot simulate more
than 30 PV panels connected in series and that the Ecotect cannot simulate
overshadows between the PV louvers. When using EnergyPlus for complicated
geometries of shading systems, like horizontal louvers, the large number of
warnings and errors prevented the software from working properly and arriving at a
rational result. EnergyPlus warns the user for possible calculation errors due to
unaccounted shadow parameters which cannot be properly estimated by the
software. This disability of the EnergyPlus could be overcome by designing the
louvers system with less than 30 modules. Other louver systems that were examined
(that have less than 30 PV panels connected in series) were simulated by EnergyPlus
properly. Still though the percentage of difference between the two models is high
but this is due to the disability of the Ecotect to simulate the louvers system

properly and not due to EnergyPlus. For this reason, for the next comparisons only
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the energy production calculated by EnergyPlus was taken into account for all
louvers systems, except for the Horizontal Louvers (that are composed with more
than 30 modules connected).

An additional source of errors appears for the cases of the Brise — Soleil. The
difference of the results was in the range of 22 to 49% for Chania and 44% to 42%
for the case of Athens. The percentage of difference is lower for the case of louvers.
The source of error in these cases is due to the fact that in Brise -Soleil systems one
of the PV panels is facing downwards and uses only the reflected component of
solar radiation. These types of panels cannot be correctly simulated by Ecotect and
for this reason it was decided to use only EnergyPlus results for the next

comparisons.

5.3.3. Comparison between Simple model simulations with complete

simulation of real market products (Energy Pluss simulations)

A different, more accurate equation was used in this part of the research in
order to simulate real PV modules available on the market. For this reason, PV
models developed at Sandia National Lab, Albuguerque, New Mexico, have been
created from real modules tested under various conditions. The equations used for
the estimation of energy produced by each module are referred to the Engineering
Reference of EnergyPlus software (EnergyPlus - Engineering Reference, 2012).The
adjustment of the equations in order to be used by EnergyPlus or TrNSys (Type 101)
was done by Barker & Norton (2003). The market PV modules were selected with
an area similar to the area of each surface from the available modules stored in the
Data-Set list of Energy Plus. In order to reduce overdependence of our results from
just one product available on the market, three different products were selected
and the average value of electrical power produced by the PV was calculated. The

selected products used for the simulation are presented in Table 5.2.
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Horiz.louv
Horiz.louvre res| Horizont| Canopy Brise Brise|Brise soleil Horiz. Horiz. Canopy Canopy
Surroundin| Vertical| s outwards| inwards al with| soleil full|soleil with semi| Canopy| Canopy double single;
Shading name| gShading| louvres inclined| inclined| louvres| louvres| facade| louvres facade single| double inclined inclined
EnergyPlus 1053,9| 1216,7 2101,3 379,0/ 1996,8 611,3| 1009,3 537,4 750,4 758,1 959,4 868,3 823,1
Ecotect 1088,1 294,6 524,1 536,3 370,9 528,1 727,6 273,4 580,8 750,8 719,3 767,3 827,8
% of difference 3,2% 75,8% 75,1% 41,5%  81,4%  13,6% 27,9% 49,1% 22,6% 1,0% 25,0% 11,6% 0,6%

Comparison between EnergyPlus and Autodesk Ecotect Analysis (Chania)
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Fig.5.16. Comparison between EnergyPlus and Autodesk Ecotect Analysis (for the Area of Chania)
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Name of shading device

Different photovoltaic products available in market and selected for the

simulation

e e 1 SN R W N e

— e e
W R == D

Horizontal canopy single
Horizontal canopy double
Canopy inclined single
Canopy inclined double
Louvers horizontal

Louvers horizontal inwards incl.

Louvers horizontal outwards incl.

Vertical louvers

Brise-Soleil full fagcade
Brise-Soleil semi fagade
Brise-Soleil semi facade louvers
Canopy with louvers

Surrounding shadings

AstroPower_APX-90
AstroPower_APX-90
AstroPower_APX-90
AstroPower_APX-90
Kyocera_KC40
First_Solar_FS-50
First_Solar_FS-50
Kyocera_KC40
AstroPower_APX-90
AstroPower_APX-90
BP_Solar_BP2140S
AstroPower_AP-75
AstroPower AP-120

BP_Solar_BP5130
BP_Solar BP5130
BP_Solar_BP5130
BP_Solar_BP5130
Siemens_SM46
Photowatt_ PWX750_70W
Photowatt_PWX750_70W
Siemens_SM46
BP_Solar_BP5130
BP_Solar_BP5130
Sanyo_HIP-HO97
BP_Solar_BP270
BP_Solar_BP980

Sharp_NEH120E1
Sharp_NEH120E]
Sharp_NEHI120EI
Sharp_NEHI20EI
USSC_UniSolar_US-21
Solarex_MSX-77
Solarex_MSX-77
USSC_UniSolar_US-21
Sharp_NEHI120EI
Sharp_NEHI120EI
Schott_SAPC_165
Kyocera_KC80
Sharp_NEHI120EI

Table 5.2. Different PV products selected for the Shading Devices
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As it can be seen in Figs 5.17 and 5.18 the difference in energy production
between real PV modules which can be found in the market and the simple model
with 12% efficiency is very small, which indicates that the selection of a theoretical
value of 12% efficiency approximates the overall efficiency of real PV module which
can be applied on shading devices. It should be noted that the selection of real PV
modules is based on the available area on the shading device and the number of
modules which are in series. In the horizontal shading devices, for example the PV
modules can only be connected in series. Only in cases of geometrical configurations
of louvers the differences are higher, due to complicated geometry (higher than 30%
difference).

Additionally it should be mentioned that the difference of energy production
per m? between louvers outwards inclined and canopy inclined is 44.12% (higher for
the case of canopy inclined). A similar observation was made by Hwang et al. (2012).
They conclude that for south facing surfaces for the case of Inchon in Korea (37°27 N
and 126°42 E) the insolation levels on louvers inclined are 42% lower than on
canopy inclined. The aforementioned latitude is very close to Athens’ latitude (37°
59N, 23° 43 E). This disadvantage of louver PV systems is probably the main reason
why these types of systems have not entered into the market dynamically. New
research needs to be done on the subject of increasing the energy production of PV

louvers systems.
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Horiz. Horiz. Brise Brise
Surroundi louvres louvres Canopy Brise soleil soleil Horiz. Horiz.| Canopy| Canopy
ng| \Vertical| outwards inwards Horiz. with| soleil full with semi| Canopy| Canopy double single
Shading name| Shading| louvres inclined inclined| louvres| louvres| facade| louvres| facade single|] double| inclined| inclined|
Simple Model 1053,94 1216,7 2101,3 379,0, 1996,8 611,3| 1009,3 5374 750,4 758,1 959,4 868,3 823,1
Sandia Model 993,1 1389,7 1098,1 190,7| 2087,1 628,7 830,7 512,4 788,9 706,2| 1113,5 1031,1 786,1
% of difference 5,8% 14,2% 47,7% 49,7% 4,5% 2,8% 17,7% 4,6% 5,1% 6,8% 16,1% 18,8% 4,5%
Comparison between real photovoltaic products and simple model with 12% efficiency (Chania)
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Fig. 5.17. Comparison between real PV products and a simple model with 12% efficiency (Chania)
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Horiz. Horiz.
Surroundi louvres louvres Canopy Brise soleil |Brise soleil Horiz. Horiz. Canopy Canopy|
Shading ng| Vertical| outwards| inwards Horiz. with|Brise soleil with semi| Canopy| Canopy double single
name| Shading louvres| inclined| inclined louvres louvres| full facade louvres facade single double| inclined| inclined
Simple Mo| 975,5 904,7 1965,2 376,2 1805,7 558,3 1069,0 529,1 706,8 399,4 705,4 819,1 765,0'
Sandia Mo 939,7 904,7 1034,7 187,0 1888,0 573,9 880,7 501,8 742,6 444,8 929,9 975,4 727,1]
% of differs 3,7% 0,0% 47,3% 50,3% 4,6% 2,8% 17,6% 5,1% 5,1% 11,4% 31,8% 19,1% 5,0%
Comparison between real photovoltaic products and simple model with 12% efficiency
(Athens)
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Fig. 5.18. Comparison between real PV products and a simple model with 12% efficiency (Athens)
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5.3.4. Comparison between simulated market products with real PV installations

We also present a comparison between the simulated results with Ecotect and
EnergyPlus and the measured results for both Athens and Chania. In the case of
Athens, measured values were taken from the paper of Kaldellis et al. (2012) and in
the case of Chania measured values were taken from the Renewable and Sustainable
Energy Lab (ReSEL), of the Environmental Engineering Department, Technical
University of Crete. The environmental conditions tested are presented in the Table
5.3 for the case of Athens and in the Fig.5.22 for the case of Chania. The results of the
comparisons are available in Table 5.4 and Table 5.5. Both installations (in Athens and
in Chania) of PV panels are upon roofs and facing south with the inclination given in
the tables. Other specific characteristics of these installations are presented in the
same tables. In the absence of available in situ measurements for long periods, the
comparisons presented concern only the specific days when the measurements were
carried out. Small differences in tested conditions won’t affect the difference of the

results by more than 2% (Anderson et al., 2000).

CHANIA RaSEL Simulation STC
23" November Laboratory

Temperature (° C) 17,5 16,1 20
Wind Speed (m/s) 2 2 1
Inclination 0° 0° 55,6 °
Total Irradiation (W/m?) 419,5 400 800

Table 5.3. Environmental Conditions of Comparisons for Chania Latitude (ReSEL Laboratory, TUC)
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ATHENS Kaldellis et al  Simulation STC
23" November (2012) (DC*)

Kyocera

(LA361-K51S)
Temperature (° C) NA 16,1 20
Wind Speed (m/s) NA 2 1
Inclination 0° 0° 55,6 °
Total Irradiation (W/m?) 271 250 800

Table 5.4. Environmental Conditions of Comparison for Athens Latitude (ReSEL Laboratory, TUC)

ATHENS Kaldellis et al Simple Model of 12% Sandia Model simulated
(2012) (DC*) Efficiency simulated results for Canopy
Kyocera (LA361- results for Canopy horizontal single(AC*)

23rd November K51S) horizontal single (AstroPower_APX-

for 0° inclination (AC*) 90,BP_Solar_BP5130,

Sharp_NEH120E1)

PV Area (m?) 2,655 3,500 3,500

Energy production

(Wh) 172,00 256,00 257,00

Energy production

(Wh/m?) 64,78 73,14 73,43

Table 5.5. Comparison of measured and simulated results. Energy production of PV panels for Athens
area on 23" of November *(AC=alternative current and DC=Direct current)

CHANIA Laboratory ReSEL Simple Model of 12% Sandia Model simulated
at TUC measured efficiency simulated results for Canopy
results results for Canopy horizontal single) (AC¥)

23rd November (AC*) Sharp NA- horizontal single (AstroPower_APX-90,

e a2k F121G5 AC* BP_Solar_BP5130,

for 0° inclination ( ) Sharp. NEH120E1)

PV Area (m?) 26 3,5 3,5

energy production

(Wh) 7.561,00 933,00 937,42

energy production

(Wh/m?) 290,81 266,57 267,83

Table 5.6. Comparison of measured and simulated results. Energy production of PV panels for
Chania area on the 23" of November *(AC=alternative current)

It is obvious that both measured and simulated results are similar. There is a

9% to 11% difference between the results. Possible small differences can be

attributed to different PV brand type used in each case and due to the final current

output.
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Moreover, the type of PV modules used in all cases is similar (monocrystalline
and multicrystalline ones). Additionally PV panels installed in TUC laboratory are the
same brand with one type of PV simulated with EnergyPlus (Sharp).

The results of the estimated energy production by TUC and EnergyPlus are very close
to each other; so we conclude that there are no big differences between various
types of PV in terms of energy production. Only when a detailed study is needed the
examined PV models should be same brand — type and the environmental conditions
should identical. It is also remarkable that installations in shading devices have the
same potential with roof installations to produce energy, and this emphasizes the

potential of BIPV in shading systems.

5.3.5. The temperature effect

Figs 5.19 and 5.20 show that there is indeed a little change in the PV module
efficiency when the distance between exterior wall and shading increases. This
change in the PV modules’ efficiency is due to increased wind speed between the
modules According to EnergyPlus Engineering Reference (2012) in order to calculate
the energy production of the PV the full geometric model for solar radiation is used,
including sky models, shading, and reflections, to determine the incident solar
resource are taken into account. Additionally the strength of the DC current source is
dependent on solar radiation and the IV characteristics of the diode are temperature-
dependent. When moving the shading system away from the facade Energy Plus uses
the same algorithms but the resulting shading parameter and temperature are
different.

According to recent bibliography reports, an increase in the performance should be
expected. The circulation of wind between the modules was expected to decrease
cell temperatures therefore increase energy production (Bloem, Colli, & Strachan,
2005). The small increase in the energy production of some PV modules can be
explained because in this case there is less shading in the beginning and the end of
the day and because there is an increase of air circulation. For most of the cases of

facade occupied systems (i.e. the louvers and canopy inclined or horizontal double)
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the difference in energy production is about 1% (this is acceptable for a shading
device of 0.05 m distance from the facade). Similar results exist in the literature, for
example the harvested energy per square meter is almost the same when changing
the distance between louvers frame and outer window up to a 40 mm (Kang, Hwang,
& Kim, 2012). There is no difference in temperature in systems that do not cover the
glazing (i.e. canopy horizontal or inclined), as expected. We found no difference in
energy production for the case of Brise- Soleil full facade with louvers, probably due
to the high mass of the shading system in relation to the small gap of 0.05 m.

In Fig. 5.21 are presented the temperature differences of the PV modules when
increasing the gap between the south wall and the shading device in the case of
Canopy Inclined Double, simulated for Chania latitude. The maximum temperature
difference is in the middle of the year (summer time) and is about 0.4° C. Similar

results are found for other examined shading geometries.
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Horiz.louv| Horizontal Brise
Surroundi res| louvres Canopy Brise soleil|Brise soleil|Horiz.Can Horiz.] Canopy| Canopy
ng| Vertical| outwards| inwards Horiz. with| soleil full with semi opy| Canopy double single
Shading name| Shading| louvres| inclined| inclined| louvres| louvres facade| louvres facade single| double| inclined| inclined
Typical Shade 993,1 1389,7 1098,1 190,7| 2087,1 628,7 830,7 512,4 788,9 706,2| 1113,5 1031,1 786,1
|0.05 m gap 997,8 NA 1109,1 192,5| 2127,1 630,3 834,7 512,4 795,2 706,2| 1127,2 1041,2 786,1
% of difference 0,5% NA 1,0% 0,9% 1,9% 0,3% 0,5% 0,0% 0,8% 0,0% 1,2% 1,0% 0,0%
Comparison between typical shadings and 0.05m gap (Chania)
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Fig.5.19. Comparison between typical shadings and 0.05m gap (Chania)
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Horiz.| Horizontal
Surroundi louvres|  louvres Canopy| Brise soleil|Brise soleil Horiz. Horiz.| Canopy| Canopy|
Shading ng Vertical| outwards| inwards Horiz. with|Brise soleil with semi Canopy| Canopy| double single
name| Shading louvres| inclined| inclined louvres| louvres| full fagade louvres fagade single double| inclined| inclined|
Typical Shad 939,7 904,7 1034,7 187,0 1888,0 573,9 880,7 501,8 742,6 4448 929.9 975,4 7271
|0.05 m gap 944,2 NA 1045,2 188,8 1926,6 575,7 885,5 501,8 748,1 4448 944,4| 982,2 7271
% of differen 0,5% NA 1,0% 0,9% 2,0% 0,3% 0,5% 0,0% 0,7% 0,0% 1.6% 0,7% 0,0%
Comparison between typical shadings and 0.05m gap (Athens)
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Fig.5.20. Comparison between typical shadings and 0.05m gap (Athens)
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Cell's temperature difference for moving cells 5 cm from South wall
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Temperature Difference in °C

-0,30
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Hours of the year

Fig.5.21. Cell’s temperature difference when moving cells 5 cm from south wall for Canopy Inclined Double simulated with Sandia PV models
for Chania
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5.4. conclusions and remarks

The work carried out was an analysis on the subject of solar energy
production by PV modules integrated in typical shading devices and the methods of
evaluation used.

It is concluded that the method of evaluation used depends on the desired
accuracy of the results and the comparative or absolute research done. Further on
the accuracy of the results depends on the designer’s wishes in relation to the
design stage that the project has developed. The theoretical efficiency of 12% used
in simple model equation is accurate enough only for simple geometrical
configurations of shading devices. It is noteworthy however, that even the complete
model for measurements in relation to real market products, is accurate enough
only for simple geometrical configurations. For more complicated geometries other
types of research are needed. For venetian blind systems, for example, only the in
situ measurements are accurate enough when exact values of energy production are
needed. For systems with integrated PV that produce energy through reflected solar
radiation both the simple model simulation done with a sensitive application and
the simulation of real market products are accurate enough.

For a comparative analysis between different geometrical configurations of
shading systems with integrated PV modules (and not a value level dependent
analysis) the complete model that used real market products is accurate enough. It
was observed in simulations using the complete model that the difference of energy
production per m?of venetian blind outwards inclined system and of canopy inclined
system is 44,12 % higher in the case of canopy inclined. This result is similar to the
42% that (Hwang et al., 2012) observed for the same cases of shading systems This
fact proves the accuracy of the energy production results (comparative) of the
complete model for cases of complicated geometries such as the venetian blind
systems.

It was showed as well that the complete model is “sensitive” to air
circulation between the facade shading system and the glazing. The model

calculates the temperature differences when the gap between the shading system
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and the exterior wall is increased and the consequent increase in the PV energy
production.

Further work could be done for shading devices of complicated geometries
with high amount of connected panels and for systems that use only diffuse solar
radiation, in terms of accuracy of the resulting values in relation to real PV
installations.

Further work to be conducted on venetian blind systems with integrated PV
is suggested in order to increase their efficiency, in levels similar to that of simple
inclined systems. Additional research of in situ measurements will be required in
order to cover all cases of complicated geometries of shading devices as for example
for systems with more than 30 modules connected in series and for the case that
only diffuse radiation falls upon the PV panels.

Brise Soleil systems have proven to be very efficient in terms of daylight
quality and this fact should be taken into account when carrying out further
research on optimum shading devices that can produce energy and can obtain high
indoor environmental quality. Furthermore, experimental work is needed in order to
evaluate movable shading systems that are considered to be more efficient in terms
of daylight quality and quantity and have the potential to be more energy
producing.

It was additionally showed that the efficiency of simple geometry shading
systems such as canopy inclined single is not lower than roof stand alone PV
installations. This proves the potential of BIPV integration in shading systems to be a
technically efficient solution amongst other types of PV installations. This is due to
the PV module’s dual mode of action: as an energy producing system and as a
system that reduces the cooling loads. Instead of installing additional systems
attached to buildings’ envelope that can work only as energy producers, shading
systems with integrated PV do this, having the same efficiency and at the same time
can substitute other shading elements.

According to the above mention facts in order to thoroughly evaluate the
Shading Systems with integrated PV we will take into account the values of energy

production taken from the complete model of Energy Plus. We will use these values
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for the comparative analysis between these systems. This analysis it will presented

in the next chapter.
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@ The combined approach: energy balance and visual comfort afforded

by different shading systems

In this chapter we shall present the combination of the results of the
experimental work. The main objective is to evaluate the shading systems with
integrated PV according to their ability to save energy and to provide visual comfort.
For this purpose, as described in the introduction, the experimental work mainly
focuses on three areas: balancing energy consumption with the resulting thermal
comfort, daylight quality and energy production.

The conclusions in each area of focus are presented in the related chapters.
In this chapter we will summarise these conclusions focusing on the effect of the
integration of the PV on their geometrical configurations. For this purpose two are
the main parameters: the relation of the energy needs of the building (where the
examined shading systems with integrated PV are placed) with the possible energy
production by the SD’s and the effect of the changeability of the examined PV

geometry on both energy consumption and visual comfort.

6.1. The relation of energy needs to the energy produced

In previous chapters we examined three different areas of study for the
examined shading systems (in relation to the space they shade): the building’s
energy needs for heating and cooling, the resulting daylight quantity and quality and
the electricity production through the integration of the PV systems.

In this chapter we shall endeavour to reach some conclusions in relation to
the aforementioned areas, the balance of energy production by the SD with the
energy saved during its use, taking into consideration the additional parameter of
the building’s energy needs for electric lighting (part of this energy can be produced
by the SD)

The position of the luminaries can be seen in the plan (Fig. 6.1).
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Fig. 6.1.Plan showing the Position of the luminaries

4 x 50 W, High Frequency (HF) tubes, mirror-luminaries are used to save electricity.
For the electric light system a continuous electric light dimming strategy has been
assumed for our calculations. Whenever the daylight luminance falls below the
required level (during the lighting demand period), the shortfall must be provided by
electric lighting. If only an on/off control were used, the electricity used for lighting
would be far greater (Vartiainen, 1998). The demand for electricity due to artificial
lighting in each reference office is a function of different shading devices and is
calculated using the daylighting simulation formula: E. = P_ -t, A (1 - DAR) where:

P_is the installed light power (W/m?2),

t, is the number of working hours in a year, A is the floor area (m2).and

DAR is the Daylight Autonomy Ratio defined as the proportion of working time
(multiplied by 100%) in a year during which sufficient daylight (more than a pre-
specified set point, for example 500 Ix) is available on the work plane surface

(Tzempelikos & Athienitis, 2007).
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DAR has been calculated using either a simple model simulation tool
(Ecotect) or a more complicated ray tracing simulating tool (DaySim). The
differences between these tools have been analyzed in paragraph 4.6.4. In order to
improve the reliability in the results we calculated the electricity needs for lighting
for both Athens and Chania and for two types of window to wall area percentage,
for 44.92% and 61.77% WWA.

We have to mention at this point that due to the fact that we are interested
in the 100% of the time for the entire year we are taking into account DA levels
calculated by Dyasim, even if these levels are higher than these calculated by
Ecotect. Additionally we are taking into account the electricity produced as
calculated by the Complete model of real market products that we proved to be the
most efficient calculated method, except for the cases of blind system. Due to the
fact that the analysis is a comparative one

In Fig. 6.2 we can see that all systems of PV can support the electricity needs
during the hours when the daylight level falls below 500lux. During the peak
conditions of demand for electric light, sunlight is at a low level and the energy
production by the PV is also low. But still, the production is enough to support at
least the electric lighting of the reference office room; see the diagrams of electricity
production.

In order to evaluate the SDs according to their performance, we introduce a
new variable: the independence factor. We define independence factor as the ratio
of the building’s needs for electricity over the electricity produced by the integrated
PV. The independence factor reaches its highest value for the system Surrounding
shading. That value gradually dwindles and eventually diminishes for the Canopy
horizontal single, Canopy inclined single, Brise=Soleil full facade and for Canopy
inclined double, in sequence (Fig. 6.3). From these systems, as we show in the 5t
chapter the inclined ones are these that can produce the most with less area of PV
installed.

Due to the fact that all possible surfaces of each shading are covered by PV
and that this is the outcome of the geometry of the shading device that is an
invariant factor, we are not exploiting further this fact. Additionally we should

mention that the economy of the system not a subject of this research.
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Fig. 6.2. Relation of electricity production to electricity needs
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Independence Factor: relation of electricity produced / electricity needs
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Fig. 6.3. Relation of electricity produced to electricity needs
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In Fig. 6.4. (total energy needs), we can see that the lowest energy that the
building needs (for heating, cooling) and lighting is achieved by using the
Surrounding shade. For Chania latitude these energy needs of the building gradually
increase when we use, Brise—soleil full facade, Brise—soleil semi facade, Brise—Soleil
semi facade louvers and Canopy inclined double, in sequence. For Athens latitude
the SD’s rank differently in relation to energy savings afforded but still the systems
of Surrounding shading, Canopy Inclined double and Brise—Soleil full facade are
among the best performing.

Assuming that the electricity produced from the PV will be used to heat and
cool the internal space, the most energy efficient system (the system using the most
energy from non renewable sources), is the system of Surrounding shade for both
latitude points (Fig.6.5 — 6.7). The systems of Brise-Soleil full facade, Canopy
inclined double and Canopy inclined single are also considered to be energy
efficient. Among these systems the Canopy inclined systems are the most efficient,
according to the way we defined efficiency in paragraph 5.3.1 (relation of energy
production to area of PV). Companies involved in PV industry could consider
focusing on the geometries of SD last mentioned in order to allow BIPV to be placed
on the SD’s.

An important point is that Surrounding shade, Brise Soleil System and
Canopy inclined double have proved to perform well in terms of daylight quality for
positions away and near the window. Among these the system of Canopy Inclined
Double is the most efficient in terms of electricity produced in relation to the PV
area installed. This we will take into account as a concluding remark for the overall

assessment of the Shading Systems with integrated PV.
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Fig.6.4. Total energy needs (heating, cooling, and lighting) for Athens and Chania
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Yearly Energy Needs - Athens
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Fig. 6.5. Total yearly energy needs for Athens Latitude analyzed by different needs

238



Part Il - The combined approach: energy balance and visual comfort afforded by different shading systems

Yearly Energy Needs - Chania
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Fig. 6.6. Total yearly energy needs for Chania Latitude analyzed by different needs
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6.2. Other factors (the effect of the thickness of the PV installed on the interior

visual comfort conditions and on the energy produced)

In order to take into account the effect of the integration of the PV on the
SDs’, we re-evaluate the SDs’ performance in relation to daylight quality and to
energy needs, using PV systems which can be integrated on them in many different
modes. In this research we proposed the use of framed PV systems in all shading
devices. This means that all examined elements have 3cm of thickness that
especially for the cases of louvers systems is crucial. For this reason, we re-evaluated
all louver systems with integrated PV of 1.5 cm thickness, in terms of daylight
guantity and quality.

The areas of the experimental approach are the following:

1. The effect of changing the thickness of the PV on the daylight levels in the interior
as measured with the simulation tool.

2. The relation of the building’s energy needs for electric lighting with the energy
produced by the PVs, comparison of calculated Daylight Autonomy DA (Daysim) of
the new PV panels.

3. The comparison of UDI (calculated with Daysim) and DGI (calculated with
Radiance) of the new shading systems (with PV panels of 1.5cm) in relation to those
already examined.

To evaluate the physical models method used and the influence of the
change of the thickness of the PV louver systems, we conducted a second set of
simulations with louvers of 1.5cm thickness in contrast with the 3cm thickness used
in the physical model during the first set of simulations. The resulting interior
daylight levels were greater, as expected, in almost all cases. From this we also
conclude that the results of the simulations are in general closer to the results when
we use physical model. In particular the results from physical models and the results
from simulations are close to each other in the back of the room for almost all cases.
When near the window the results from simulations differ significantly from those

of the physical model for the Brise soleil Louvers system only (Fig. 6.7).
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This means that for assessing visual environment of PV louver systems using
physical model, higher thickness of louvers should be integrated than originally proposed.
The overestimation in the daylight levels that the Physical models are normally measuring
can be reduced when the thickness of the louvers are higher than these that are going to be
used in the real building (and the simulated ones). The above meantioned conclusion is

accurate for Louvers Vertical and for most of the case for the back of the room.

1st experiment 2nd experiment 3rd experiment 4rth experiment

5

1| —— . ‘ d = m—
| =S - | & e — [ g by 5
W g fome R ! o 1\ - . p — p S %
£ 5 e . | - LN N e : § ~— T £
o |7 \ s . H - H
2 £ 5 5
3 . . —
o : d & &
K ——— = —

c

o — ¥ - 3 - .

N :

E s \ £ - A = PI N

w 5 / b e ~_ . ¢ g _— TR b § 1 v

A 4 \ 2 8 ] ——

> =i\

=3 a

o et e —— i

-l

2 - - 5 o R 5 S 5
= 2 a = g
: (2 ils ~ 4 N Z
0 * 1 S =7 | es 2o = 3 o
g — T
3 ——— # N b | # e &
=]

H

s e ) - — ‘ . . ]
o = H H g
==~ il IS £ - g
w f = = HE - — o
@ = £ —_— 5 —— 5
> ] i - a 4
E — o . P

=

5 e -

> 5 3 3
> s \ 8 8
S : N il T~ ile g
.3 T H Kl T S EIEE .
5 s | = Hilge H IR = =, T | IR D ] 3
w g - g
] 2
L I e H P d | 0 i | = B
@

Fig.6.7. Comparison of Measurements of Physical Models with simulation application (Radiance).
Thickness of PVs used in the Simulations is 1.5cm

In relation to daylight autonomy (DA) we can see that all DA values increase
for all examined shading systems, and this means that the electricity needs for
daylight decrease (Fig.6.8).

In relation to glare values for cases away from the window it is remarkable
that almost all systems with PV louvers of 1.5cm thickness do not generate glare in
contrast with PV louvers of 3cm thickness (Fig.6.9 and 6.10). Only Vertical Louvers
with both1.5 or 3 cm width perform very well.

However, for positions near the window almost all systems generate glare

except of Louvers Horizontal, Louvers Vertical and Brise - Soleil Louvers (Fig. 14). We
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conclude that Louver systems with lower thickness of PV perform better for
positions near the window. (Fig. 6.11).

By comparing Fig. 6.12 and Fig. 6.13 we also conclude that the UDI values
remain constant regardless of the thickness of the louver except in the case of
Louvers horizontal when UDI 100 — 2000. This fact shows that the change of the
thickness of the PV louvers — panels does not significantly affect the daylight quality

of the interior space but at the same time they decrease the needs for electric light.
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Average Daylight Autonomy (Chania)

90
80
70
60
g 50
< 40
30 -
55 ® PV width 1.5cm
10 - ® PV width 3 cm
n_
4 = — fe] = D
C c . 0 0 | —
R 8¢ € = =
= Q= O o o 2
9.& €8 = = = S
ke o 3 e 8 30
5 g 32 0 9 3 0
SE =0 = @ &
—

Fig. 6.8. Comparison of DA for two PVs’ thickness (1.5 and 3 cm)

243




Part Il - The combined approach: energy balance and visual comfort afforded by different shading systems

Daylight Glare Index
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Fig. 6.9. Comparison of DGI values for the case of thickness 1.5 and 3 cm for camera away from the window for the 21°* December at 12.00 o’clock
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Daylight Glare Index 21 Decemper, 12:00

Brise Soleil Semi Facade Louvers Leuvers Vertical Louvers Horizental Louvers Horizontal Inwards Inclined Louvers Horizontal Outwards Inclined

—
m

Fig. 6.10. Fish — eye camera for 1.5 cm thickness systems for December 21** at 12:00
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Daylight Glare Index
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Fig. 6.11. DGI values for SDs for the case of thickness 1.5 and 3 cm for camera near the window for the 21° December at 12.00 o’clock
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6.3. Discussion and conclusions

We have attempted to bring together the different and occasionally
contradicting properties of the various shading systems examined in relation to their
ability to save energy and to provide high quality of daylight (Table 6.1). The
measuring scale is based on three basic categories starting from the most efficient in
terms of the factor examined: Best - Middle — Low. When values of the same
examined factor for some Shading systems are very close the can belong to the
same level, example two systems belongs to the BEST category for UDI factor. BEST
— 1 means lower quality of the examined factor and BEST — 2 even lower. Their
difference is not high enough, to position them in a completely different level: to the
MIDDLE. The same applies for the rest of the reference values.

We have concluded that the systems of Surrounding shade and of Canopy
inclined single and double can best achieve these two goals

It is remarkable that the systems of Louvers which have proved to perform
very well in office units (Bulow - Hube, 2001; Dubois, 1997), are unsuitable for
integration of PV, due to the fact that their energy production becomes very low
when PVs are integrated. An interesting result occurs when changing the thickness
of the PV. First of all the need for electricity needs reduces, the quality of daylight
becomes better for positions near the window and with the additional movement of
the whole system further away from the facade skin, as we saw in paragraph 5.3.5
their energy production becomes higher. Still the energy production does not
become high enough to rate the louver systems amongst the most efficient SDs with
integrated PV.

We recommend that when considering PV integration for shading systems in
office buildings Surrounding shade, Brise — Soleil Systems and Canopy Inclined
Systems should be considered as a valuable solution in order to achieve visual

comfort and sufficient energy production.
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Energy Needs
uDI Eﬂ' f‘.:g B‘SL?";T DA ForH+C+L
from NRS
L‘[ ‘ /""!T Low -1 BEST - 2 BEST - 2 BEST - 2 MIDDLE - 3
| ;‘—T- MIDDLE LOW -4 MIDDLE BEST -5 BEST-3
Tg ‘g MIDDLE MIDDLE MIDDLE BEST-3 MIDDLE
BEST MIDDLE MIDDLE MIDDLE BEST-1
|
LOW -2 BEST MIDDLE BEST Low
MIDDLE BEST-3 BEST BEST-1 BEST-2
MIDDLE MIDDLE BEST-1 BEST-1 MIDDLE -1
BEST Low Low LOW -1 MIDDLE -2
BEST LOW -3 MIDDLE BEST -3 BEST
MIDDLE BEST -1 BEST -3 LOW- 2 LOW -2
BEST LOwW -1 MIDDLE LOwW-2 LOW-3
Low LOW -2 Low -1 Low LOw-4
Low LOow -3 MIDDLE Low LOW -1

Table 6.1. Comparative assessment of shading systems (NRS = non renewable sources)
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Additionally in order to examine the accuracy of the used measuring tool of
energy production and energy needs we compared result that are the outcome of

different tools used. We created three different scenarios as can be seen in Table

6.2.
Energy Production Energy Needs (H+C+L)
Scenario 1 Ecotect Ecotect
Scenario2 Energy+ Simple Ecotect
Scenario3 Energy+ Market DaySim

Table 2. 6. Description of measuring scenarios Used

The results of the Scenario 1 are presented in Figs 6.5 and 6.6. In Figs 6.14
and 6.15 the results of the scenario 2 and 3 are presented. As we can see the results
are similar for almost all the scenarios for the cases of simple geometries. Only for
the cases of blind systems there are high differences between Scenario 1 that uses
the simple tools and Scenario 2 and this fact points out the need of using accurate
simulation tools for the cases of complicated geometries and when detailed analysis

is needed.

Yearly Energy Needs - Senario 2- Ecotect + Energy+

5000000
4000000

3000000

(Wh)

total energy needs for non
renewable sources (Daysim
Ecotect)

2000000

total energy needs

1000000

Electricity produced

plectricity needes
Ecotmsi{Wh)

Shading Type

Fig. 14. Total energy needs measured by Scenario 2.
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Fig. 15. Total energy needs measured by Scenario 3.
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@ Conclusions and Remarks

Over the last century the proportion of the office buildings” envelope that is
transparent has increased significantly. Due to the low thermal insulation property
of glass in comparison to mass opaque building materials the larger the transparent
fraction of the building’s envelope the more important is the control of solar energy
inflow, in order to keep thermal and visual conditions indoors in acceptable levels.
Transparent facades need an additional control system, one that helps avoid solar
radiation during the overheated period, allows enough thermal loads during the
underheated period and ensures comfortable visual conditions during operating
hours. Due to the fact that passive design is most of the times not totally efficient
for the control of solar and thermal gains, additional active systems are used to
balance the interior thermal and visual comfort conditions. As a result, today’s
buildings are dominated by technical systems for heating, cooling, ventilation and
artificial lighting often resulting in high conventional energy consumption.

Integration of PV systems in shading devices can help limit the overall energy
consumption in two ways: by reducing direct solar gains during the overheated
period and by producing electricity to be utilized for the function of cooling, heating

and lighting systems.

7.1. Overview

As argued in Chapter 1 two are the main objectives of this research: the first
objective is to assess different geometrical configurations of Shading Devices with
integrated PV in terms of energy performance for heating, cooling and lighting. The

second objective is to asses different methods used to evaluate the energy
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performance of the shading system in relation to the design stage. Three main
methods were assessed: the use of simple equations and simple computer models,
the use of complete simulation models and the use of real measurements.

In order to fulfil these two objectives, three main areas of research were
proposed: the evaluation of energy consumption for thermal comfort, the
evaluation of energy consumption for visual comfort (quantity and quality of light)
and the energy production of the integrated PV.

For the research done in each field two basic methods were followed:

bibliography research and experimental work (Fig.7.1).
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Fig.7.1. Researched Method
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Bibliography research was conducted in order to:

Define the relation between shading systems, thermal comfort and energy
needs of the office unit (Chapter 3).

Define the influence of shading systems to the interior visual environment.
(chapter 4),

Define the relation of the energy production of the integrated PVs in the

shading systems and the geometry of these systems (Chapter 5).

Experimental work has been conducted for each area of research:

For the evaluation of the energy needs for heating and cooling the office
unit (thermal comfort), simulation work was done using a validated
computer application (EnergyPlus). It is a complete model application
(Chapter 3).

In Chapter 4, experimental work was conducted for the evaluation of visual
comfort conditions. The work includes measurements of daylight levels of
physical models of the office unit with various shading systems and
simulation work done with simple and complete computer model
applications. We validated the results of the experimental work in relation
to the design stage that they can be used.

Finally in Chapter 5, the energy production of the thirteen shading systems
with integrated PV under examination has been measured using two
computer applications: a simple model application and a complete model
application that uses real market products. Additionally the results are
compared to measurements of real PV roof installations. Further on we
related the results of each method used to the details needed for each
design stage.

In Chapter 6 a comparative analysis is presented between the parameters

examined in previous chapters and the energy needs for heating, cooling and

lighting the examined office unit. The basic grouping of the shading systems is

presented in this chapter: the transparent systems and the facade covering systems.

The additional parameter of detailing the PV integration is also examined in this
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chapter. Two different louvers’ thicknesses of facade systems are examined: 3cm
thickness for the framed PV and 1.5cm thickness for the PV integrated in glass
louvers. Differences in the visual performance of the systems have been observed.
General conclusions of the overall energy performance of the shading systems are
presented.

In the next paragraph the conclusions of Chapter 6 are presented and

combined with the conclusions of Chapters 3, 4, and 5.

7.2. Conclusions

Simulation methods, measurements of physical models and real PV roof
installations are used in order to evaluate the energy performance of various
geometrical configurations of shading systems with integrated PV for an office unit.
Even though differences between the results of the methods used have been
observed and presented in the related chapters, some general conclusions have be
extracted and presented here. The conclusions are either related to the method
used or to the examined researched field (energy for thermal comfort, energy for
visual comfort or energy production). Some generalized conclusions are presented
as well that involved the overall assessment of the examined south facing SD with

integrated PV, as valuable “machines” of energy balance.

° The lowest energy consuming systems for heating and cooling are the
Surrounding Shade, the Brise Soleil systems with and without louvers and

the louver system with different inclination depending on the latitude.

Small differences are observed between the two different latitude points
examined, as expected. The conclusions can be generalized for
Mediterranean climate, but small geometrical adjustments might be needed.
These systems, that like others block direct and reflected sun radiation and
can obviously be efficient enough in terms of minimizing cooling loads, block

at the same time part of the beneficial winter solar radiation. For this reason
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there is an increased complexity in the calculation of their overall

performance.

Systems with high lighting independence factor, meaning that they produce
much more energy than necessary for the electric lighting of the space
during the periods that daylight falls under 500 lux, are: Surrounding Shade

and Canopy Horizontal and Inclined double in that order.

Almost all systems can produce enough electricity to support the electric

light needed for both latitude points and for both window sizes examined.

The lowest energy needs for all heating, cooling and lighting are measured
for the systems of Surrounding Shade, Brise Soleil Full, Semi facade and

Canopy Inclined Double, in that order.

None of the systems can produce all the energy needs for heating cooling

and lighting. Systems that are having the lowest energy needs from non

renewable sources are Surrounding Shade, Brise Soleil Full and Semi facade.
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Fig.7.2. Energy production and energy needs of the office unit with various shadings systems in the south facade
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We examined the daylight quality in terms of two factors: the Useful Daylight
[lluminance (UDI) and the Daylight Glare Index (DGl). UDI factor shows percentage
of time that the daylight in area of the examined room is between the ranges of 100
— 2000 lux. These are the limits of visual comfort zone. DGI is a factor that shows
possible glare caused in a specific position in the room for the examined time of the
day. We examined all shading systems in relation to the glare they produce for two
possible positions in the room: one away from the window that has the maximum

view towards the light source (window) and one near the source of light.

o The systems of Surrounding shade and Canopy Inclined double kot ta Brise

Soleil produce daylight environment of high quality.

All the above mentioned systems have very good performance in terms of
UDI values. Additionally the systems of Surrounding shade and Brise Soleil
of has good performance in terms of DGl values.

The only disadvantage is that Useful Daylight llluminance (UDI) is a value that
shows percentages of comfortable environments but it does not show

possible positions of glare.

o For positions away from the window almost all transparent systems perform
very well in terms of glare produced. The systems of Canopy Louvers, Brise
Soleil Full and Semi Facade, Canopy Horizontal Single and Double do not
produce glare. Additionally the system of Louvers vertical performs very well

for the time period examined (12:00 o’clock the 21°' of December).

For positions near the window the systems of Brise Soleil Semi Fagade,
Canopy Inclined Double, Sourounding Shade and from facade covering
systems of Louvers Horizontal Inwards Inclined and Brise Soleil Louvers do
not produce glare. We simulated low DGI values for them. For the systems of
Canopy Horizontal, Canopy Horizontal Double, Canopy Inclined Single,
Canopy Louvers, Surrounding Shade, Brise Soleil Full facade, Louvers

Vertical and Louvers horizontal and outwards inclined we simulate zero
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values of DGI. Technical problems do not allow au to simulate the glare value

for them.

The combination of the above mentioned facts supports the argument that
the system of Canopy Inclined Double is performing better in terms of low
energy consumption due to the energy produced by the PV. Canopy Inclined
Double also generates good quality of daylight environment for positions

near the window (examined by two values DGl and UDI).

Additionally the System of Surrounding Shade is a system that can better
support the energy needs of the room and guarantee visual comfort for

positions near the window (examined by two values DGI and UDI).

It is worth to mention that the system of Brise Soleil Full fagcade performs
very well in terms of low glare values for positions near and away from the
window. At the same time this system cannot fully support the energy needs
of the office unit that it shades. The difference between the energy needs
and production is very low, and this fact allows us to consider the Brise Soleil
Full fagade system amongst the efficient shading systems with integrated PV.
Among these three systems, Canopy Inclined Double is the most economical
due to the fact that with the same square meters of PV the energy

production is maximized.

When the thickness of the integrated PV of facade covering shading systems
changed from 3cm to 1.5 cm, the results of their visual performance changed

as well.

For positions away from the window none of the systems produce glare, and
for positions near the window all systems produce glare except of Louvers
Horizontal, Louvers Vertical (for 12:00 o’clock only) and Brise Soleil Louvers.

On the other hand the main disadvantage of these systems is that they
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perform very low in terms of energy production and very high in terms of

energy needs for heating, cooling and lighting.

In order to assess visual comfort conditions in the early design stage, daylight

factor (DF) and daylight autonomy (DA) are appropriate values.

These two values can be easily measured using either physical models or
simulation tools. Both methods are accurate enough. Simple computer
simulation tools (e.g. Ecotect) can be used to evaluate daylight autonomy
(DA) levels. For daylight levels, physical models can be used but special
equipment is needed. Simple simulation models can be used to evaluate DF,
but this factor only gives information about the performance of the shading

system in overcast sky conditions disregarding other possible sky conditions.

The DGI method and UDI value for evaluating visual conditions should be
used in the detailed design stage, due to the fact that they demand detailed
modelling and are time consuming. Additionally the designer should be

familiar with these values in order to be able to evaluate the results.

In order to calculate both values, more complicated applications are used
(Radiance, Daysim) that demand special knowledge of modelling.
Additionally, these values are very much influenced by the final finishes and

detailing, parameters that become known in the late design stage.

Physical Models as a means to evaluate interior visual comfort can be used in

the late design stage.

Physical models for daylight analysis need detailed modelling and special
knowledge for the construction of the model. The detailing can be done in
the late design stage. Additionally, in order to measure daylight levels
specialized equipment is required. This equipment is expensive to obtain and

demands special skills to use. These types of measurements are done for
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research purposes or in very late design stages in specially equipped

laboratories supported by trained staff.

Even if physical model required special treatment, it is a basic tool to achieve
visual assessment. In general physical model overestimate the daylight levels
in comparison to simulations. The percentage of overestimation depends on
the position of the sun in the horizon and the point in the space examined in
relation to the depth of the room. For High sun position and high sky
illuminance the differences between physical model and simulation are
smaller. The differences are even small for case at the front of the room that

the intereflections are smaller.

To evaluate the energy production of integrated PV in Shading Systems the
method used depends on the desired accuracy of the results and the
comparative or absolute nature of the conducted research. The choice of the
best performing geometry depends on the preferred factor examined and

the priorities of the designer (Fig. 7.3).
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Energy
- Total Energy sD Production UDI (100 -
Needs{KWh) (KWh) 2 2000)
667 94
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_ _ ciD 80
s 78
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LHO
66

61
61

Impereceptible Below 16 1
Perceptible 16- 20 2
Accepteble 20-24 3
Uncomfortable 24-28 4

Fig.7.3. Comparative assessment of all examined systems
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The accuracy of the results depends on the designer’s wishes which are
related to the design stage that the project has developed. The theoretical
efficiency of 12% used in the simple simulation model equation is accurate

enough only for simple geometrical configurations of shading devices.

The complete simulation model for measurements in relation to real market
products, is accurate enough only for simple geometrical configurations. For
more complicated geometries other types of research are needed. For
venetian blind systems, for example, only the in situ measurements are
accurate enough when exact values of energy production are needed. For
systems with integrated PV that produce energy only through reflected solar
radiation both the simple model simulation executed with a sensitive
computer application and the simulation of real market products are

accurate enough.

For a comparative analysis between different geometrical configurations of
shading systems with integrated PV modules (and not a value level
dependent analysis) the complete model that used real market products is

accurate enough.

We showed that the performance of shading systems with integrated PV in
relation to energy savings and to visual conditions can be examined in the

early design stage using basic simple tools with a high level of accuracy.

The results in this case are accurate enough for simple geometrical
configurations. For more complicated geometries detailed physical and

digital modeling is needed and the use of complete simulation tools.

The overall conclusion can be summarized in the following remark: This

research pointed out the need and propose the method for the development

of a computer simulation software that will be user friendly, appropriate for
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architects for the early and detailed design stage and that would propose
solutions of Shading Systems appropriate of their design wishes, the climate

of the examined case study and the priorities of the project.

7.3. Further Research

It is important to note that the most commonly used shading systems for
office buildings, the horizontal louvers, outwards or inwards inclined perform badly
in terms of low energy consumption. These kinds of systems cannot contribute to
the reduction of energy consumption. This is a factor that should be taken into
account for future developments or energy renovations for these types of buildings
and introduces a path for rethinking the shading devices in office buildings.

This research highlights the fact that the way of conceiving SDs in buildings
should be changed. Nowadays, the needs for energy and for the reduction of
conventional energy sources in the building sector are high. Shading devices can be
considered as valuable machines of energy balance. Their geometric characteristics
are a result of the avoidance of incident solar radiation in the interior, reduction of
cooling, thermal and electricity loads and the maximization of energy production
through the integrated PV.

The way that SDs used to be designed has to be changed. It is a new
parameter that should be further developed by the building industry, PVs industry
and research institutes, in order for this type of product to enter the building
market. For a more definitive conclusion regarding the use of SDs as valuable
machines of improvement of the quality of interior space in office buildings, with
less energy consumption, further research needs to be done: it will include more
guantitative measurements of the SD, plus other, qualitative ones. We recommend
a cost/benefit analysis of introducing SDs as well as a study on the aesthetic effects
of the PV installation and their visual impact to the users. Additionally an
assessment of visual contact with the outside, air infiltration rate through

fenestration that each SD can provide should be done.
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In relation to energy production values, further work could be done for
shading devices of complex geometries with high amount of connected panels and
for systems that use only diffuse solar radiation, in terms of accuracy of the resulting
values in relation to real PV installations.

Moreover, further work on venetian blinds systems with integrated PV is
suggested in order to increase their efficiency, in levels similar to those of simple
inclined systems. Additional research of in situ measurements will be required in
order to cover all cases of complicated geometries of shading devices as for example
for systems with more than 30 modules connected in series and for cases that only
diffuse radiation falls upon the PV panels. Besides, the system of Canopy Inclined
Double that we conclude to perform well in terms of energy savings and daylight
quality is actually a specific case of venetian blind system. It has only two blinds
inclined.

Furthermore, experimental work is needed to evaluate movable shading
systems that are considered to be more efficient in terms of daylight quality and
guantity and have the potential to be more energy producing.

User acceptance studies are needed in order to validate the results,
especially for the cases of visual comfort conditions, glare problems in different
positions within the room and view contact to the exterior in relation to the PV

material and geometry used.

7.4. Closing remarks

The main objectives of this research are presented in the introduction and
concern the evaluation of different geometrical configurations of shading systems
and the assessment of different methods used in relation to the required details of
the design stage.

In order to follow these objectives some statements achieved by other

researchers were rejected and some others were confirmed.
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One basic assumption used in the research and still in dispute among
researchers involved in the assessment of shading systems is that fixed external
shading systems are user accepted more than movable shading systems. This is the

main reason why we are assessing fixed shading systems with integrated PV.

Some new statements have been achieved within the framework of this

research:

° The shading systems of Surrounding Shade and of Canopy Inclined Double
with integrated framed PV are the best performing in terms of energy
Savings and Visual Comfort conditions. Especially the system of Canopy
Inclined Double has high degree of efficiency in relation to the PV area
installed.

° Fixed Horizontal Louvers of glass with integrated PV performs very well in
terms of Visual Interior conditions. On the other hand it performs poorly in
relation to energy production and energy needs.

° Generally we show that different types of systems perform well for different
needs. The preferred selected Shading System depends on the design stage,

the priorities of the design and the factors examined.
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Basic Standard Skies

There are fifteen types of Sky as introduced by the CIE. We are mainly focusing on

four of them. These are the following:

Clear sky

The luminance of the standard CIE clear sky varies over both, altitude and azimuth. It
is brightest around the sun and dimmest opposite it. The brightness of the horizon
lies in between those two extremes.

Intermediate sky

The standard CIE intermediate sky is a somewhat hazy variant of the clear sky. The
sun is not as bright as with the clear sky and the brightness changes are not as
drastic.

Overcast sky

The luminance of the standard CIE overcast sky changes with altitude. It is three
times as bright in the zenith as it is near the horizon. The overcast sky is used when
measuring daylight factors. It can be modelled under an artificial sky.

Uniform sky

The standard uniform sky is characterised by a uniform luminance that does not
change with altitude or azimuth. It is a remains from the days when calculations

were done by hand or with tables. Today, it is still used for Rights of Light cases.

Differences between Physical model and Simulations

Differences in the Results

“Differences that may arise between measured and modelled sky luminance
patterns can result from one or both of the following:
1. The model was unable to reproduce the underlying continuous luminance pattern

of the measured sky.
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2. The underlying luminance pattern of the measured sky may have been accurately
reproduced, but the model did not account for the random-discontinuous features

that were present in the measurements.” (Mardaljevic, 1999)

Comparison of Physical Model to simulated one (Radiance) —
The difference of solar time and clock time

LAT

35N LOG 24 E

For Crete when the sun is on the highest point the clock shows
11.36

For every 15 degrees there is 1 hour difference

Every 1 degree there is 4 min difference

The Difference of Magnetic North to the real one
We used a magnetic compass for orient our model. The difference of the magnetic
North to the real one is 8° degrees for Crete. So from the Compass’ North the real

one is 8 degrees to the east.

PV Shading Types defined:

Information concerns PV comes from the Kyocera website (www.kyocerasolar.com)

and Schuco Technical Data (www.schuco—usa.com)

Fresnel’s equation

The Fresnel equations (or Fresnel conditions), deduced by Augustin-Jean Fresnel
describe the behaviour of light when moving between media of differing refractive
indices. The reflection of light that the equations predict is known as Fresnel

reflection.

When light moves from a medium of a given refractive index n; into a second

medium with refractive index n,, both reflection and refraction of the light may
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occur. The Fresnel equations describe what fraction of the light is reflected and what
fraction is refracted (i.e., transmitted). They also describe the phase shift of the

reflected light.

Fig. A.1. Variables used in the Fresnel equations.

The equations assume the interface is flat, planar, and homogeneous, and that the

light is a plane wave.

In the diagram on the right, an incident light ray 10 strikes the interface between two
media of refractive indices n; and n; at point O. Part of the ray is reflected as ray OR
and part refracted as ray OT. The angles that the incident, reflected and refracted

rays make to the normal of the interface are given as &, 9, and &, respectively.

The relationship between these angles is given by the law of reflection:

Hi — I.'}',_.
and Snell's law:

sin#  me

sinf;, ny

Source: http://en.wikipedia.org/wiki/File:Fresnel.svg (accessed 28.1.2013)
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Wavelengths (microns) corresponding to above data block

0.

0
0
0
0
0.
0
1
1.
iX
2

3000,0.3050,0.
.3500,0.3600,0.
.4500,0.4600,0.
.5500,0.5700,0.
.7244,0.7400,0.
8315,0.8400,0.
.9650,0.9800,0.
.1800,1.2000,1.
.4970,1.5200,1.
.7400,1.8000,1.
.1480,2.1580,2.

3100, 0.
3700,0.
4700, 0.
5900,0.
1525,0.
8600,0.
9935, 1,
2350, 1
5390,1.
8600, 1.
2700,2.

3150,0.
3800,0.
4800,0.
6100,0.
T1505
8800, 0.
D40o,1.
2900,1.
5580, 1.
9200,1.
3600, 2.

3200, 0.

3900,0.4000
4900, 0.5000
6300, 0.6500

7625,0.
9050,0.
0700,1.
3200,1.
5780,1.
9600, 1.
4500,2.

3250,0.
5.0
0.
, 0.
7615,0.
9150, 0.
1000, 1.
3500, 1.
5920,1.
9850, 2.
4940, 2.

3300,0.
4100, 0.
5100,0.
6700, 0.
7800,0.
9250, 0.
1200,1.
3950, 1.
6100,1.
0050,2.
5370

3350, 0.
4200,0.
5200,0.
6900,0.
8000,0.
9300,0.
1300,1.
4425,1.
6300, 1.
0350,2.

3400,0.
4300,0.
5300,0.
7100,0.
8160,0.
9370,0.
1370,1.
4625, 1.
6460,1.
D650, 2.

3450,
4400,
5400,
7180,
8237,
9480,
1610,
4770,
6780,
1000,

Table 27: Photopic response function.

Photopic response function values corresponding to wavelengths in following data
1931 observer; ISO/CIE 10527, CIE Standard Calorimetric Observers; derived from Optics5 data file "CIE
1931 Color Match from E308.txt", which is the same as WINDOW4 file Cie31t.dat.

block. Based on CIE

O O C O o a0

0000 /

0.0000,0.0001,0.
.0116,0.0168,0.
.1390,0.1693,0.
.B620,0.9149,0.
.B700,0.8163,0.
-2650,0.2170,0.
.0170,0.0119,0.
.0005,0.0004,0.
0.

0001, 0.
0230,0.
2080,0.
9540,0.
7570,0.
1750, 0.
0082, 0.
0002, 0.

0002,0.
0298,0.
2586, 0.
9803, 0.
6949,0.
1382,0.
0158,0.
0002,0.

0004, 0.
0380,0.
3230,0.
9950, 1.

6310,0.5668

1070, 0.
0041, 0.
0001, 0.

0006, 0.
0480,0.
4073,0.
0000,0.

08le,0.
0029,0.
0001,0.

0012,0.
0600, 0.
5030, 0.
9850,0.
,0.5030,0.
0610, 0.
0021, 0.
0001, 0.

0022,0.
0738,0.
6082,0.
9786,0.
4412,0.
0446,0.
0015,0.
0000,0.

0040,0.
0910,0.
7100, 0.
9520, 0.
3810,0.
0320,0.
0010,0.
0000, 0.

0073,
11286,
7932,
9154,
3210,
0232,
Doo7,
0000,

Wavelengths (microns) corresponding to above data block

.380,.385,
.430,.435,
.480, .485,
.530, .535,
.580, .585,
.630, .635,
.680, .685,
. 730, .735,
. 780

.390,
-440,
.490,
.540,
.590,
.640,
.690,
.740,

385,
.445,
.495,
.545,
. 395,
.645,
.695,
.745;

.400,
.450,
.500,
- 250,
. 600,
.650,
.700,
.750,

. 405,
.455;
. 505,
-955,
.605,
.855,
. 705,
. 755,

.410,
.460,
.510,
.560,
.610,
. 660,
«TLO;
. 760,

.415,
.465,
.515,.
. 565,
.615, .
.665,
e 8P
-165,

.420,.
.470,

520,

.570,

620,

=BT 0
. 125;

720,

Ky i {1 O

425,

.475,
.525,
-575,
.625,

675,

175,

Calculation of Angular Properties

Calculation of optical properties is divided into two categories: uncoated glass and coated
glass.

Angular Properties for Uncoated Glass

The following discussion assumes that optical quantities such as transmissivity, reflectvity,
absorptivity, and index of refraction are a function of wavelength, A. If there are no spectral
data the angular dependence is calculated based on the single values for transmittance and
reflectance in the visible and solar range. In the visible range an average wavelength of 0.575
microns is used in the calculations. In the solar range an average wavelength of 0.898
microns is used.

5/24/12
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The spectral data include the transmittance, T, and the reflectance, R. For uncoated glass
the reflectance is the same for the front and back surfaces. For angle of incidence, ¢, the

transmittance and reflectance are related to the transmissivity, T, and reflectivity, p. by the
following relationships:

r(é}!é‘,—mi.‘;mé'
T(g)= - 2 170,
Hﬁ] I_pl:'gé}.e—!m”m-? { ]
R(¢) = p(¢)(1+ T(g)e""*) (171)
The spectral reflectivity is calculated from Fresnel's equation assuming unpolarized incident
radiation:;
|| necosg—cosg’ g ncos g —cos 3
et e AR e (172)
2|\ ncosg+cosg neosg’ +cosg
The spectral transmittivity is given by
r(g) =1 - p(p) (173)
The spectral absorption coefficient is defined as
=4mc! A (174)

where k is the dimensionless spectrally-dependent extinction coefficient and A is the
wavelength expressed in the same units as the sample thickness.

Solving Eq. (172) at normal incidence gives

n :h_—_ ""p({n {1?5}
1=p(0)

Evaluating Eq. (171) at normal incidence gives the following expression for k

A RO)-p(0)
C dad  p(0)T(0)

(176)

Eliminating the exponential in Egs. (170} and (171) gives the reflectivity at normal incidence;

BB -42- RO)R(O)

0
A0) 2(2—- R(0)) fft)
where
LB=T(0) —R(0) +2R(0)+1 (178)
5242 226
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The value for the reflectivity, p(0), from Eq. (177) is substituted into Eqs. (175) and (176).
The result from Eq. (176) is used to calculate the absorption coefficient in Eq. (174). The
index of refraction is used to calculate the reflectivity in Eq. (172) which is then used to
calculate the transmittivity in Eq. (173). The reflectivity, transmissivity and absorption
coefficient are then substituted into Egs. (170) and (171) to obtain the angular values of the
reflectance and transmittance.

Angular Properties for Coated Glass

A regression fit is used to calculate the angular properties of coated glass from properties at
normal incidence. If the transmittance of the coated glass is > 0.645, the angular dependence
of uncoated clear glass is used. If the transmittance of the coated glass is = 0.645, the
angular dependence of uncoated bronze glass is used. The values for the angular functions

for the transmittance and reflectance of both clear glass (7,,p,,) and bronze glass

(7). » Py,. ) are determined from a fourth-order polynomial regression:
T(#) =T, +T, cos(§) + T, cos’ (§) + T cos’ (¢) + 7, cos*(¢)
and
P($) = P, + P, cos($) + p, cos™ () + b, cos’ (#) + p, cos™ (¢) ~ T (¢)

The polynomial coefficients are given in Table 28.
Table 28: Polynomial coefficients used to determine angular properties of coated glass.

0 1 2 3 4
T -0.0015 3.355 -3.840 1.460 0.0288
clr
o= 0.999 -0.563 2.043 -2.532 1.054
pn.fr
T -0.002 2.813 -2.341 -0.05725 0.599
bz
= 0.997 -1.868 6.513 -7.862 3.225
P [

These factors are used as follows to calculate the angular transmittance and reflectance:
For T{0) > 0.645:

T(¢9)=T(0)7,, (9)

R(#) = R(O)1 - p,,, (#)) + ., (9)
For T(0) < 0.645:

I(9)=1(0)7,,.(#)

R(¢) = R(0)(1- p,,.(#) + P, (9)
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Angular Properties for Simple Glazing Systems

When the glazing system is modeled using the simplified method, an alternate method is
used to determine the angular properties. The eguation for solar transmittance as a function

of incidence angle, 7'(¢) is.

T($)=T(p=0)cos(g) (1+(0.768+0.817 SHGC") sin’ (#))

where,

T[;ﬁ = 0] is the normal incidence solar transmittance, T, .

The equation for solar reflectance as a function of incidence angle, R [f,ﬂ] .8,

R(p=0)( £ (@) + 1. (¢)/SHGC
- 2= [J)R (¢#) JSHGC)

where,

£1(#) =(((2:403cos(¢) - 6.192) cos () + 5.625 ) cos ) ~ 2.095 ) cos () + 1
£,(#) :(({—1 188c05 () +2.022)cos () +0.137 ) cos () —1.720)cos ()

Ry, =0.7413—(0.7396 VSHGC )

Calculation of Hemispherical Values

The hemispherical value of a property is determined from the following integral:

lempm-rm.\.f = 2 Li P(ﬁﬁ)cus(ﬁﬁ)bi”(é)d‘?ﬁ

The integral is evaluated by Simpson's rule for property values at angles of incidence from 0
to 90 degrees in 10-degree increments.

Optical Properties of Window Shading Devices

Shading devices affect the system transmittance and glass layer absorptance for short-wave
radiation and for long-wave (thermal) radiation. The effect depends on the shade position
(interior, exterior or between-glass), its transmittance, and the amount of inter-reflection
between the shading device and the glazing. Also of interest is the amount of radiation
absorbed by the shading device.

In EnergyPlus, shading devices are divided into four categories, "shades,” "blinds,” “screens,”
and "switchable glazing.” “Shades” are assumed to be perfect diffusers. This means that
direct radiation incident on the shade is reflected and transmitted as hemispherically uniform
diffuse radiation: there is no direct component of transmitted radiation. It is also assumed that
the transmittance, Ty, reflectance, pg;, and absorptance, oy, are the same for the front and
back of the shade and are independent of angle of incidence. Many types of drapery and pull-
down roller devices are close to being perfect diffusers and can be categorized as "shades."

5/24/12
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“Blinds” in EnergyPlus are slat-type devices such as venetian blinds. Unlike shades, the
optical properties of blinds are strongly dependent on angle of incidence. Also, depending on
slat angle and the profile angle of incident direct radiation, some of the direct radiation may
pass between the slats, giving a direct component of transmitted radiation.

“Screens” are debris or insect protection devices made up of metallic or non-metallic
materials. Screens may also be used as shading devices for large glazing areas where
excessive solar gain is an issue. The EnergyPlus window screen model assumes the screen
is composed of intersecting orthogonally-crossed cylinders, with the surface of the eylinders
assumed to be diffusely reflecting. Screens may only be used on the exterior surface of a
window construction. As with blinds, the optical properties affecting the direct component of
transmitted radiation are dependent on the angle of incident direct radiation.

With “Switchable glazing,” shading is achieved making the glazing more absorbing or more
reflecting, usually by an electrical or chemical mechanism. An example is electrochromic
glazing where the application of an electrical voltage or current causes the glazing to switch
from light to dark.

Shades and blinds can be either fixed or moveable. If moveable, they can be deployed
according to a schedule or according to a trigger variable, such as solar radiation incident on
the window. Screens can be either fixed or moveable according to a schedule.

Shades
Shade/Glazing System Properties for Short-Wave Radiation

Short-wave radiation includes

1) Beam solar radiation from the sun and diffuse solar radiation from the sky and ground
incident on the outside of the window,

2) Beam and/or diffuse radiation reflected from exterior obstructions or the building itself,

3) Solar radiation reflected from the inside zone surfaces and incident as diffuse radiation
on the inside of the window,

4) Beam solar radiation from one exterior window incident on the inside of another window
in the same zone, and

5) Short-wave radiation from electric lights incident as diffuse radiation on the inside of the
window.

Exterior Shade

For an exterior shade we have the following expressions for the system transmittance, the
effective system glass layer absorptance, and the system shade absorptance, taking inter-
reflection between shade and glazing into account. Here, “system” refers to the combination
of glazing and shade. The system properties are given in terms of the isclated shade
properties (i.e., shade properties in the absence of the glazing) and the isolated glazing
properties (i.e., glazing properties in the absence of the shade).

i, T”
L,@) =Ty —

dif
=R p,
T
dif _ epeliy
1 = d g
1-R7 p,
A5 @) =AY —2—,  j=lwoN
} ) I_R;'p.h
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Window Calculation Module

T sl

A _ g o j=1toN
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| _Rf'do.\-.r:
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a\'h _a.\th I+
I = R.f'p.\'h

Interior Shade

The system properties when an interior shade is in place are the following.

\'y\ (é) T N {';6) ‘JJ
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h sl
dif o \.rl il - A :
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dif v fif &y,
sh T LN I R‘M
p sl

Long-Wave Radiation Properties of Window Shades

Long-wave radiation includes

Thermal radiation from the sky, ground and exterior obstructions incident on the outside

of the window,

Thermal radiation from other room surfaces incident on the inside of the window, and
Thermal radiation from internal sources, such as equipment and electric lights, incident

on the inside of the window.

The program calculates how much long-wave radiation is absorbed by the shade and by the
adjacent glass surface. The system emissivity (thermal absorptance) for an interior or exterior

52412
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Appendix A

Daylighting and Window Calculations Window Calculation Module

shade, taking into account reflection of long-wave radiation between the glass and shade, is
given by

e
frays 1+ Tl pg.f
2 = & 1 fw
= PPy

&

where P} is the long-wave reflectance of the outermost glass surface for an exterior shade

or the innermost glass surface for an interior shade, and it is assumed that the long-wave
transmittance of the glass is zero.

The innermost (for interior shade) or outermost (for exterior shade) glass surface emissivity
when the shade is present is

i
fuap sl
o Yl | — e

p\h pgl’

Switchable Glazing

For switchable glazing, such as electrochromics, the solar and visible optical properties of the
glazing can switch from a light state to a dark state. The switching factor, i determines
what state the glazing is in. An optical property, p, such as transmittance or glass layer
absorptance, for this state is given by

p= (I o .lf\nuc-h ]Jnng.fﬂ + f.\u'.u:.l‘:pc.l’rrllﬂ.

where

Puigne 18 the property value for the unswitched, or light state, and p .. is the property value for
the fully switched, or dark state.

The value of the switching factor in a particular time step depends on what type of switching

control has been specified; "schedule,” “trigger,” or “daylighting.” If “schedule” fauwen =
schedule value, which can be 0 or 1.

Thermochromic Windows

Thermochromic (TC) materials have active, reversible optical properties that vary with
temperature. Thermochromic windows are adaptive window systems for incorporation into
building envelopes. Thermochromic windows respond by absorbing sunlight and turning the
sunlight energy into heat. As the thermochromic film warms it changes its light transmission
level from less absorbing to more absorbing. The more sunlight it absorbs the lower the light
level going through it. Figure 75 shows the variations of window properties with the
temperature of the thermochromic glazing layer. By using the suns own energy the window
adapts based solely on the directness and amount of sunlight. Thermochromic materials will
normally reduce optical transparency by absorption andfor reflection, and are specular
(maintaining vision).
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Weather Data for the city of Chania

Appendix A

Station Chania, Crete
Longitude-latitude 24°02" /35°3°
height 62
13 £ > 4 ° "
[ o < E < E <4 3 % s = 5 § 5 S % -
5 T o = 3 = ‘e — = S o - = 7]
£ 2| 3| TE| EE| fE| 3| & 5| E|gs=|ssz| &
el =| §f| 58| zi| g&| %% £ S zEf|¥zE| =
S G o S E 5E 35 E 2 8o = T |oT g |[ET 8 £
@ < g 22 g2 5 g s |F e85 |6 E% 3
] 3 gl 2 2
h mm Hg °C °C °C % 8 mm m/sec
1 111,7 | 10168 | 11,6 25,6 0,5 71,7 5,1 122,9 sW 62,1 33,1 3,2
2 1289 | 10153 | 11,8 29,4 0 69,3 5 108,6 N 78,2 38,3 2,8
3 174,4 | 10151 | 13,2 34 0,4 68,4 4,4 71,9 SW 120,0 | 54,9 3
4 2285 | 10133 | 16,3 35,8 5 65,4 3,5 31,9 NW 153,4 | 61,4 2,6
5 3142 | 10141 | 201 38,6 8,5 62,2 2,8 13,9 NW 206,8 | 61,3 2,3
6 357,8 | 10133 | 24,5 40 13 55,8 1,3 6,6 NW 2242 | 56,6 2,3
7 391,7 | 1012 26,5 42,5 16,6 55,3 0,6 0,5 NW | 2376 | 606 2,3
8 368,4 | 1012,4 | 26,1 41,2 12,5 57,7 0,6 2,7 NW | 2181 | 504 2,1
9 276,3 | 10153 | 233 39,6 10,5 63,9 1,6 18,2 N 163,2 | 438 2,1
10 183,8 | 10169 | 194 | 356 9,2 70,4 3,5 82,1 N 104,7 | 43,9 2
11 157,7 | 1018 16,1 35 2 72,2 4, 70,9 N 75,1 32,7 2
12 1154 | 10163 | 13,1 28,8 3,6 72,1 4,8 91,3 SW 57,4 29,7 2,6
total | 2809 621,5 1700,6 | 566,9
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Appendix A

Sun path diagram for the latitude of Crete
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Appendix A

Daylight glare probability (DGI)

Daylight glare probability (DGP) is a recently proposed discomfort glare index.
This was proposed by Wienold and Christoffersen from laboratory studies in day lit
spaces using 72 test subjects in Denmark and Germany. It is defined as:

‘ 1. .
DGP = 5.87x10°E,, +9.18x10 *log| 1+ ZiEfff;i ]

Where:

E, is the vertical illuminance at the eye level (lux)
Ls is the glare source luminance (cd/m2)

ws is the solid angle of the source

P;is the position index

«The validity of the equation is within the range of the tests, which means a
DGP value between 0.2 and 0.8. In the author’s point of view, calculated values
higher than 0.8 could be trusted to some extent, since the comparison of 10 cases
with the highest DGP-values also gave reasonable results (average DGP was 80% by
having 100% disturbed persons). DGP values lower than 0.2 should not be used
unless additional experiments confirm the validity of the equation in that region»
(Weinold & Christoffersen, 2006).

Dependence of the transmittance to the angle of incidence

The dependence of the transmittance to the angle of incidence can be seen
in the following equations.

For example the visible transmittance at incident angle & is defined as:
Tuis (8) = [ Dgs (A) V (M) T (A,B) dA where:

Tvis it is the visible transmittance

Des(A) is the spectral relative power distribution of the Commission Internationale de
I’ Eclairage (CIE) Standard illuminant and

V (A) it is the standard photopic luminous efficiency function

And the solar transmittance at incident angle ¢ is defined as:

Tso1 (9) = [ Es(A)T (A,9) dA where:

Es(A) is the normalized spectral power distribution of solar radiation (Tzempelikos,
2008).
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Appendix A

Solar thermal gain factor

According to Greek legislation (Law 3661/2008, that followed the EU Directive
2002/91/EC on the Energy Performance of Buildings and the I1SO (13790, 2008)) the
solar thermal gain factor (gy) is defined as:

8w = 8¢ (1 — Fg), where:
gq is the solar heat gain coefficient of the glazing and the
Fsis the percentage of the glazing in the opening

(Technical Chamber of Greece and Ministry of Environment, Energy and Climate
Change, Technical Report, 2010, p. 1_66)
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for louver systems of 1.5 cm thick
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Interior View
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Application Characteristics of PLEXIGLAS®

PLEXIGLAS® GS PLEXIGLAS® XT
cast ' extruded
absolutely colorfess and clear

break-resistant to impact-resistant
{PLEXIGLAS RESIST® HP)

break-resistant to impact-resistant
(PLEXIGLAS RESIST® 45 ... 100)

unequalled resistance to weathering and aging

high-quality surface and planarity; high-gloss,
textured or satin (PLEXIGLAS SATINICE® DC/5C)

very good surface; high-gloss, textured or satin
(PLEXIGLAS® Crystal Ice)

solid sheets, blocks, tubes, round and square rods

solid sheets, tubes, round rods, multi-skin sheets,
corrugated sheets, mirror sheets

2 mm to 160 mm solid sheet/block thickness

1.5 to 25 mm solid sheet thickness, multi-skin sheets
8, 16 and 32 mm thick

tandard sizes up to 3050 x 2030 mm

standard size 3050 x 2050 mm, extra lengths and
special sizes on request

over 50 standard color

over 25 standard colors

good resistance to dilute acids and to alkalis
limited resistance to organic solvents

very easy to work, similar to hardwood

easy to work, similar to hardwood

easy to thermoform over a wide range of conditions

very easy to thermoform under optimal, constant
conditions

easily and firmly bonded, e.g. with reaction adhesives
{e.g. ACRIFIX® 1R 0190, 1R 0192)

very easily bonded, also with solvent adhesives
(e.g. ACRIFIX® 1S 0116, 15 0117)

burns more or less like hardwood;
very little smoke generation;

combustion gases are non-toxic and non-corrosive

max. service temperature approx. 80°C

max. service temperature approx. 70 °C
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| Optical properties (of clear grades, at 3 mm thickness)

Appendix B

PLEXIGLAS®GS PLEXIGLAS® XT
233; 222; 209; 20070; 29070 PLEXIGLAS RESIST®
(OF00; OF00; 0Z09) (0ADO0; OADTO) 45; 65; 75; 100 Unit Teststandard
Transmittance 7, ~92 ~ 92 ~91 % DIN 5036, Part 3
no; no;
UV transmission no; no; no no; yes no; no - -
Reflecion loss the visible range
(for each surface) 4 4 4 % =
Total energy transmittance g 85 85 85 % DINEN 410
Adsorption in the visible range < 0,05 < 0,05 < 0,05 9% -
Refractive index n* 1,491 1,491 1,491 = 150 489
| Electrical properties
PLEXIGLAS®GS PLEXIGLAS® XT
233; 222; 209; 20070; 29070 PLEXIGLAS RESIST®
(OF00; OF00; 0209) (0A000; OAD70) 45; 65; 75; 100 Unit Teststandard
DIN VDE 0303,
Volume resistivity p,, >10% > 10" > 10" Ohm-cm Part 3
DINVDE 0303,
Surface resistivity O R, S=100 5-10" >10" Ohm Part3
Dielectric strength E, DIN VDE 0303,
{1 mm specimen thickness) ~ 30 ~ 30 - kv /mm Part 2
Dielectric constant e
at 50 Hz 3,6 357 ) = DINVDE 0303,
at0,1 MHz 2,7 2,8 - o Part4
Dissipation factor tan &
at50H 0,06 0,06 = % DINVDE 0303,
at0,1 MHz 0,02 0,03 - = Part 4
DINVDE 0303,
- Tracking, CTl-Value 600 600 - = Part1
| Behavior towards water
PLEXIGLAS® GS PLEXIGLAS® XT
233; 222; 20%; 20070; 29070 PLEXIGLAS RESIST®
(OF00; GFO0; 0Z09) (0ADOD; 0AD70) 45; 65;75; 100 Unit Teststandard
Water absorption (24 hrs, 23°C)
from dry state; 1SO 62,
specimen 60 x 60x 2 mm® 41 38 41;45;46;49 mg Method 1
Max. weight gain 150 62,
during immersion 40 2,1 2,1 % Method 1
Permeability to water vapour 2,3 =510 2,3-10™" 5
N, 4,5-10% 4,5-1075 -
0, 2,0-10™ 2,0-10™ _
co, 1,1-10" 1,1-10" & g
air 8,3-10"" 8,3-10"% i cm* h Pa =
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Technical Data

Module sizes:

Min. 19.7" x 19.7"
(500 x 500 mm)

Max. 78.7" x 118.1"
(2000 x 3000 mm)
*Curves also possible

Cell types:
Monacrystalline
Polycrystalline
Amorphous

Cell colors:
Polycrystalline - Blue,
bronze, grey, other colors
on request.
Monocrystalline — Blue,
bronze, grey, black, other
colors on request.
Amorphous - Brown,
black.

Configuration of
reverse side:
Transparent, translucent
or a choice of colored,
structural glazes

Schiico USA L.P.
www schuco-usa.com

Appendix B

Cell efficiency:
Polycrystalline - 13-15%
Monocrystalline - 15-21%
Amorphous — 6-9%

Type of connection:
Socket
Edge connector

Glass / Tedlar Glass / Glass

System voltage:

Max. 600 V

Protection class Il

EN 61215 certificate

U value: Min. 0.9 W/mZK,
Max. 5.7 W/m2K

G value: Min. 15%,

Max. 50%

Additional functions:
Overhead glazing
Noise reduction
Anti-glare protection
Solar shading
Weather protection

Glass / Glass - insulating glass Glass / Glass — insulating glass —

laminated safety glass

Product guarantee: 5 years
Performance guarantee:
10 years at 90% initial power

Cell Structure Colors

P3124/USA/08.07/Printed in the USA

324



Appendix B

DataHog2

Dedicated, accurate and reliable systems, which are
easy to use, completely weatherproof, robust, durable
and low cost

User selectable logging and integration intervals, plus
a 24 hour summary

Multi-channel with a choice of voltage, current or
digital count inputs

Optional electrical relay outputs for switching or alarm
facilities

Battery operated with a choice of additional power
supplies - solar and mains

Optional Skyelynx Software Packages

Access via a portable PC, permanent cable link or GSM
mobile phone remote data link

Real-time clock for synchronization

with other installations

Softwares Available

Skyelynx Standard
software supplied free of
charge with all DataHog2 and
MiniMet2 dataloggers. Allows
logger setup, configuration
and data download.

Skyelynx Auto software
allows the automatic data
download from a logger
connected by a hard wire link,
standard telephone line or
cellular modem.

Skyelynx Deluxe
software contains all logger
set up and download
functions plus data tabulating,
summarising and graphing
with a special windrose
feature.

updated 14/03/11

The Skye DataHog loggers have been available for several
years as small easy to use devices suitable for many
applications.

The DataHog2 has a large storage memory and extended
battery life to allow long term projects to be monitored at
remote sites, or short term logging at frequent intervals.

The range of input types is varied - customers can use their
own sensors or choose from Skye’s range of precision
sensors. Choose combinations of single ended or differential
voltage, current inputs or digital count.

Channels can be individually programmed with logging
interval and gain to suit each sensor type. Units for scaling
are defined by the user for easy and straightforward
operation. At user-set levels, the DataHog2 will give an
electrical relay or alarm output from up to two different
channels. There is also a timed start/stop function.

Supplied with a ‘ready-to-go’ package of batteries, datalead,
USB serial converter & Windows communication software

SKyS
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SPECIFICATIONS

operating
temperature

Communications

Instant 'wake
up'

Housing

ORDERING INFORMATION

DATALOGGER

Mounting

Inputs

Weight
Dimensions

Outputs

Connections

Resolution

Units

-20 to + 70°C Grey ABS- Can be 1100g Binder sub- | Battery backed 15 bits
standard range | sealed to IP65. | mounted in any miniature type 8] RAM, 1 Mbit. resolution
(units for position & 5 pin
extended 22N % | Sealed to IP65 | €.g. 2-channels,
temperature & when mated | 8068 recordings
range available) =4 with plug or | of each channel| User definable
blanking cap plus date and scaling and
time units

RS232C, Standard: Voltage - 4 optional Each channel configured Real time vear
ASCll output | 6 x ‘C' batteries| single ended | independent  individually month d;te '
will (4-6 months) | or differential | electrical relay Tar iy
e g +2mV to +2V ewitches Logging intervals - 10, 20, 30 time é:.lliock
with any PC. Internal secs, 1,2, 5, 10, 20, 30 mins, enabling

Uzl Current 0- 1,2, 3,4, 6, 12 hours. synchronisation
All units are | 10 year lithium | 50onA to 0- open/close . of several units.
supplied with | battery fordata 450 A contact on user  Integration intervals- as for
a datalead, memory and Digital count | S°¢ conditions | '099ing intervals above. Clock backed
USB serial channel 9 Transmit data at above by lithium
converter configurations | RH intervals to RS232 whilst battery
and software — 10k thermistor logging
for an IBM ptional: ; Tt i it data on d d fi

: Wind direct ransmit data on demand from
compatible Mains Hog e direction signal via RS232.
PC. (halnepave:s Stop/start logging time
a
Data offload efiar 0
at a baud rate
Solar Hog (solar

of 9600 power)
Binary offload
option

A comprehensive list of part numbers with descriptions for
the many DataHog datalogger options can be found in the
price list. The following give some examples:

Skye Instruments Ltd
21, Ddole Enterprise Park,

Appendix B

Llandrindod Wells
Powys LD1 6DF

SDL 5050 1 channel DataHog2 United Kingdom
SDL 5250 5 channel DataHog2

2 TEL +44 (0)1597 82481
SDL 5800 16 channel DataHog2 FAX +44 (0)1597 824812

EMAIL skyemail@skyeinstruments.com
WEB http://www.skyeinstruments.com

SKge

Accessories

SKM 225 Pole mount for DataHog

SKLS 940/SKLS 950  SkyelLynx Auto and Deluxe

Communications Software Package

\
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Lux
Sensor

The design of buildings
including all types of
architectural models.
Variations in levels of lighting
are obviously a very important
criterion when considering
design

Specific lighting conditions
under which animal
experiments are carried out

Design of lighting levels in
psychological experiments

Lighting for animal housing,
e.g. poultry houses

Visible light can be defined as
the part of the wavelength
spectrum perceived by the
human vision in a manner
similar to the eye. This
response to the human eye to
light can be expressed as a
spectral reponse curve which
has the form shown on
reverse. There is a peak
sensitivity at 555nm for the

Updated 09/10/07

Appendix B

light adapted eye. This curve
is known as the photopic
curve or CIE Standard
Observer Curve. The response
curve for this filtered sensor is
almost indistinguishable from
the Photopic curve shown on
the reverse. Light falling within
the curve is measured in Lux
units.

327

Appropriate levels of light
measured in Lux units are
important in many areas of
human activity such as close
field work, general reading,
relaxation and can have
important psychological effects.



SKL 310 SPECIFICATIONS

Dimensions  Weight  Construction

Material
Dupont
'Delrin’

fully sealed 61-12/4.5

to IP68

Cosine error
4)

Absolute
calibration
error (3)

Linearity
error-to
above level

Cable

screened | corrected | Photocell.

Azimuth
error (5)

NOTES ON SPECIFICATIONS

references.

(5) Measured at 45° elevation over 360°
less than figures quoted

higher capacity cable

Sensor

SKL 310

Accessories

SKM 221
SKM 226

Meters and dataloggers

SKL 300
SKL 904
SKL 908

SDL 5000 series
.

Sensor Detector Filters

Optical
Glass

Silicon

Low fatigue
character-
istics

Response
time (7)
- voltage

output

Temperature Longterm
coefficient  stability (6)

+0.1%/°C

Sensitivity
-current (1)

resistance

Appendix B

Working
range (2)

Sensitivity
-voltage

0-500
kLux

Tmv/
10kLux

1.4pA/
10kLux

Internal Operating

range

Humidity
range

- voltage
output

0-100%
RH

(1) Current output varies from sensor to sensor. Each individual unit will have a slightly different output. A calibration certificate is supplied with each sensor
(2) All Skye sensors will work at levels of irradiance well above that found in terrestrial sunlight conditions, room or growth chamber lighting

(3) Main source of this error is uncertainty of calibration of Reference Lamp. Skye calibration standards are directly traceable to N.P.L. standard

(4) Cosine error to 80° is typically 5% max. Figures shown are for normal use sources, e.g., sun plus sky, diffuse sun, growth chambers, etc.

(6) Maximum change in one year. Calibration check recommended at least every two years. Experience has shown that changes are typically much

(7) Times are generally less than the figure quoted, which is in nanoseconds. They may be slightly increased if long leads are fitted, or those of a

\

LUX SENSOR SKL 310

ORDERING INFORMATION

x 100 + weemssese SK1 310
- 80+ SRk v =
8
P 1 i
g 60 ga \
S 40 [ 2
Q i Y
1] H .,
e 20 .
39. 0 m.,mer:m»!g | : i "oy
550 650 750
nanometres

Photometric or Lux
sensor

Levelling unit
Long arm pole/wall mount

Display meter
SpectroSense?2
SpectroSense2+

DataHog datalogger

Skye Instruments Ltd
21, Ddole Enterprise Park
Llandrindod Wells
Powys LD1 6DF
United Kingdom

TEL +44 (0)1597 82481
FAX +44 (001597 824812

EMAIL skyemail@skyeinstruments.com
WEB http://www.skyeinstruments.com

SKge

_/
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Abbreviations

ASHRAE: American Society of Heating Refrigerating and Air Conditioning Engineers
CDC: Charge-Couple Device Camera

DF: Daylight Factor

DA: Daylight Autonomy

UDI: Useful daylight [lluminance

DGI: Daylight glare index

HF: High Frequency Tubes

SD: Shading Device

PV: Photovoltaic panel

WWA: Window to Wall area

WWR: Window to Wall ratio

U- value: thermal transmittance (W/m2 K), U-value = 1/ R-value
g - value: total solar energy transmittance

R - value: insulation (m? k/ W)

K - value: thermal conductivity (W/m k)
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