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21A159UaanaNN1sUdREANYAISUBUENS

1.1 Usngmsalisaunszan

o w (9]

Usngnsaliaunszan (Greenhouse Effect) 1udsingnisainfinnuddgyivlan sy

<

(3 23 IS

Ainwisaunszan (Greenhouse Gases: GHGs) Wwu fnwarsuaulnoanladusafeilinuaziniiuaiy

[
[ ] Y a

Sousuiinan¥sddunsn (nfrared: IR) visdwlilulanliliasfoundugussenniaianun fagiu
pumgiiveslaniutisnanaisiuazvunidauazneunaisiuazdoudnaudsdidinliaunsamsedles
wglifiusssniansesuarinifundsuanaseiing fmiFeunszanivimiinfigaedussdai
Soulilunainansiu uimeeye wissdnuseussnunlunainaisdiu viligaumgiiluussernialanl
Wasuulasegsdundu (esdmsuimsdnnisieideunsyan (eadnsumvu), 2561b) FeUsingnisal
uildnendstundnmsveadounszan (Greenhouse) ldUgniivdadendt Unngnsaiieunszan
(Roche, 2017; sumg Usefia, 2553)
fesaunszan (GHGs) U’]\‘i“lﬁjﬂﬁmﬁ@%m@ﬂB\iWUﬂiS‘U’Juﬂ’]iﬁhfl6] ANUTITUYIRLASNAINTTY
YosywE Wi GHGs v1sdatiuAntufiesinfanssuresudivinty GHGs dinanlngdnlngdo
finansusulaganlun (Carbon Dioxide: CO,) finwiinu (Methane: CHa) fnalunsaeanlas (Nitrous
Oxide: N,0) fina Hydrofluorocarbon (HFC) wagfing Sulfur Hexafluoride
GHGs fiddty finszuaumsunnguingusseniadieluil
= fagarfuaulasenled (CO) Musnguinguissinavestanduinainniamnlud
FounasenAnd1usa (Fossil Fuel) 1y sy fnesssumi (Natural Gas) wagenuiiu
(Coal) saudansinlnsdvezyaries (Solid Waste) wiinsiueiaindiunieg vewulyd uaz
Uit maniiannnisudaniseeavngsy 8nmey wazfitgansusulasenlendngiign
idnvegniniiiu (Carbon Sequestration) AMNUTTLINIARILNTLUIUNITANNGIINYR
T,mstifﬂﬂ%’umﬂéfulﬁé’uﬁ]ud’awﬁasuaa 1n9nsm1suau (Carbon Cycle) (Roche, 2017;
BIANTUTMIIANTNUIBUNTEAN (BIANITUNIVY), 2555)
= Frgfimu (CHY) Usnguingussenia nnswnludidnuiiu f1esssund wagtify
Mnyadniuazmsuadad uazmsinuasnssy Nuennsudesvesasduvisluves
yarlaeyuu (Municipal Solid Waste) 8nang (Roche, 2017)
" finalundaeanlad (Nitrous Oxide: NO) fiunasniiinainnisuadnivazlssanu
gaawinssu Insnsunludifomdsnindussiassryades
" A% Hydrofluorocarbon (HFC) wazfine Sulfur Hexafluoride Jadufinguszian
Fluorinated Gases Hutfufnadainszy (Synthetic Gases) LARTINATEUIUAITNIS
2NEMNTTY
Aanssusig q vesywd fdufindinaiedounsyanmani (eveniulet) nswnlnd
domAandiuiiu thifusasfesssusnuiinisdalivhaetwihlifnfemivoulasenled ns
nsinensuaznsadaivaseiaiimunazlundasenled afuanvieledesosudvaesinglelau
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yonani nszuIuNskls Uanamnssulaegansenlaniueu (CFCs, HFCs, PFCs) Msuiisg e
Aei3ounsvantiu dsmaldtuusseinetinnuansalumsinfudadanudeuldunniy nafiniumn
fio guunfindevestuvsssmaifiutudie winmafiuiuvesgamgilandy lldfutududunss
fulBinafmdeunssaniiiiuy snnsisidounsranuaazsladadidnannwlunsilianniyideu
n529n (Global Warming Potential: GWP) fiumnsinaiu Ardnaniwlunisinlfiinnazlandout
%uagjﬁ'uﬂaz?m%mwiuﬂﬁLLBJ%’Q?imm%fausuaaimaqa LLazﬁuagﬁuaﬂqmaﬁwﬁ?m Tuussennie uae
avAnfioutumsudSdnnudeuvesingasuoulaoenleflutiesseziainds wu 20 3 50 U wie
100 U (@3AN5USMTIANITNUS0UNTEIN (BIANITUMITL), 2561a) IABAINTULTIVDY GHGs Tun1s
Huameesnnglanfeuiuamnsowandumheiadeiinald T 2 Bmsldun
1) nslduuian “dnaarnlunisinlimiinninzlaniau (Global Warming Potential:
GWP)” vunidudn GWP Tnadn GWP e nisiianswasenzlanfouluniamie
a1 (sxeziian 100 U Aildgndya@liluisaisifesls (kyoto Protocol) (Roche,
2017) ludSunaiiduiusiuisensveulneenles Swmunefinsdeunszantiue i
FnaamvilinAnnnzlandeuldduivhvesinemsueulaoenles Tnoa GWP vos
GHGs #i1sq Iegnuanuadlilumseil 1.1
2) mslden arsuaulaeenladifisuin (Carbon Dioxide Equivalent: COse) Tunils
wiaeaa1 100 T Taw 1 Alandy COse = msuaulpsanlasnin 1 Alandu Fepruduy
959fun1sUdes GHGs vesdanssua1eq vulanivsuiauin Sefouldan
andualaeonlamifiuwihidume wesnfuesnsusulasonlamifiouwin (MtCOy)
Famhomsiauuuansusulnoenlemfisuwiniduiitelusssuununmfdioldsusu
foyanisuassfimisounszan Wesmnnldsruumsiauuuinasuamin (Metric Unit) &
Husnasgruildduenadenldauegui

M19197 1.1 5¥AUVD9AT GWP vaafinel3aunssan (GHGs) #1499 NAnaInAanssuvesuyue
(Roche, 2017)

AeLTaUNTEIN GWP
fngasuoulaneenlyn (CO,) 1
fnasdiini (CHg) 21
faluniaeanlas (Nitrous Oxide: N,0) 310
fing Hydrofluorocarbon (HFC) 6,500
Sulfur Hexafluoride 23,900

Na31NN1sETIaNIsUassga1sUeulaeenleninaTinveslsenalnelul a.a. 2013 wumn
fiU3anaugatie 4.45 MECO, (The World Bank, 2018) lnsAniduusununisudesfineansueulaeanled
1nn1sudaluinunns 42,596,193 du nseaaun1suassfiwasuaulaeanles 0.56 Alanduse
msuanliimianie (kg CO/kWh) (mslnihdendausUsemelne, 2557)



1.2 NANSSNUANATLSBUNSTANNARaN1zlansau

AsdiFinvulanazliannsadissegldanlaniusmnusngnisaiieunssan winng
FiuAure9 GHGs ﬁLﬁmmﬂwwé (Anthropogenic Emissions) fudsmansznulfiAansdsuudase
anmgiiennimvasian (Global Climate) LUueg13u1n Ing Intergovernmental Panel on Climate
Change (IPCO) l#vhusigamgiiedsvedlanasifindu 1.1 fs 6.4 asmusadoa WoAuananssyi
21 FusgfutiinafmdeunsyanfasdgiuusemeuasiauUsdug ildvinaseanmgliennie
uenngamgilaniisfintunds wuhssduimeaaidsvedantuagiissduifiadu daus 20 fa 60
wufiuns Tulaa. 2100 3nde seduthmziandsiiuiuduasdmansenuogisguusaoguud
faeguuinig (Coastal Communities) vuefiguugilaniigetutuiuannnddyivlfiAaanin
pIMAfiuUsUTIL amuwiudaasifntniufidesanseude aunmdinuesyed 93vee1av
TNy nssou dn7 LLazﬁqﬁ%%mwssLmq@ﬁ’uﬂé’ (Roche, 2017; Vongvisessomjai, 2010; Zuo &
Zhao, 2014)

wuin gumgiiadsvedlanlull a.a. 2015 tugeinigungiindsveslanlud aa. 2014 oy
0.13 asrueaidoa wag a.a. 2015 SadulusnlulseiRmansfioumnfindeveslaniuginitgamai
\devedlanszningd a.a. 1880 — a.A. 1899 Bnde Jeusingnisaifananldaeniuiufusssuwan
Antuegnaunningluaniuiiingg vedan Wy madausngnisaiaduainuieu (Heat Waves) 113
Andeuds gnnsdte iy sl Suazouliiufinnudssessuuinauazguauvesyudiiag
UsvaufuResssumnanannnty juLLSﬂsﬁu (Roche, 2017)

dmsuusewmelng muﬂ?iauuﬂawmqmmﬁLLazmm%ué’uﬁmé Fuduiladuiduaiiozdsna

nsznusiesaNediusliniiniuegrsliteddny lnsgumgiusemalngluseu 50 V1w wuliy

[ '
Oy a

vosnumngilinfivonn)iguaanargamglimgauuintuesndaau wasleRarsandusienianuii

q
a % =

paumgiluusazniefiuualiinfisfuduientu swidudis 10 T Smudrdautuiivunanas
Sunuuiifourioouduintulasanzdminlunanaisasndosawialug Wunsannumiuns
wuny3 myauyd guns woegdin usy uandiiuld YssmelneiiuunliufesSoutu uavea
Jutamdrdgluewiaamnladniiunisle

wui Sasthefelsnnnanufeudntuduientu Taglugasd we. 2553-2556 Smsn
thefinduan 1.76 deuauuszrins Tl w2553 4.24 deuautszring Tull w2556 Fedngn
thoazgeanluieuwmounazngednouiounnd Tasamzlumamieuazaald dsduiudiugg
YouvesUszmanguoiniinuiiaegean Ae nguendninuning sesawnde nguAuuiui1eialy
uanguiniFeu Seusermunguidsldsunansenuannenmaiseutuhliussavsnmnnsufifenu
anasléie 25% uenunidmumsrunndedinlunduinveadearsmininlsaauuaniifonda
ouie Tl w.m.2555 8ndae (Kjellstrom & McMichael, 2013; Na3UssLiUNaNIENUABAVNIN NIU
aundly NIENTIESITUAY, 2559)

uenaninsasuuasaningionnadafutladoaduliia Tavaufou (Urban Heat
istand) fisunssiuluanifiosdailannznndeuiidede mafniiueudousgudrings Usngnsal
Tauaudoutl iWunnefigungluendosgaininessevuen Tuyntaaniinaisiu nanshuuas
nnaanIa anansainlaluiodivg sailesiislusznnsiiesUssanal 10,000 A ﬂiﬁﬂgmsfﬁ‘ﬁlﬂu



fi¥snannindest uazmainduiuUssnsildunansemuenamnisaimisvesusznslannely
Umernsvil madfiugessgangiiadsdidmalifsaudesnimndany wdnuliihuierha
Bugstu liAmsueneidnswaslilih Sallnansenuseidestedymmaiauaauiluntiuds
falandnlviin wazgUlnAuslaa (EIANMIUTMNMIIANTUIBUNTLAN (BIANITUMITU), 2561C)

1.3 A9YLIUNTZANMNAINDIANS

Poyanunaswineg laussiuimsuassmasounsean (GHGs) WhigussenniaAlanainnia
91713 (Building Sector) Tuflsnunulsvanas 33% vesUSinansuaos GHGs siamunduinannsle
W sunUaNTamA e Ul videidulssunn 8.6 Anvsu (Gigaton: Gt) U9 COse #al
mmﬁgaé‘faﬂéaaﬁ"wSaunamﬁuﬂ WudSunaumieia Tawn 0.1 GtCosreq N,O Way 0.4 GtCO,-eq
CHq (International Energy Agency, 2011; Roche, 2017; Zuo, Read, Pullen, & Shi, 2012) mﬂ%a:u“a
Fanaazieuliiduimansenuresnisuaes GHGs 9nn1peasfidnean1laniousd1adnay
ogdlsfinu ndunuinieoiastulidnenmitaunsaannisudesfimideunseaniduniign luda
VNAUATHFAIENS wazaiiAnesUsInas (International Energy Agency, 2011) ﬁ’aﬁuamﬂugﬂﬁ 1.1 &
wanslidiuldognedaauinninonansifnenmitanunsaannisuaes GHGs Iadusgnemnn daus
30% T4 50% YosUTananInsUaes GHGs Tutlagiiu Taglsidesiinisifinnisamuediadutoddy
wiogla Tnglannzegredenisannisudesfisiieunszanlusuneunisldeiuens (Buiding
Operation) wazdeanunsnann1sUdes GHGs lmmﬂawummLuumsammsﬂaaam‘fzjlﬁauﬂﬁu%ﬂlu
Funaumsnead1eens Building Construction) eannisuuas msldilunsneadreenas siuds
nsinn1svezlunisneadsenetiusza@nsnmdnaie (Roche, 2017)

GtCO,-eq/yr
7

6 | |

f

—_—

3
R 0Non-OECD/EIT
14 _ | QEIT
BOECD

o B World total

PO PELASP PSP A P LS P PSP P ussncose

Energy supply  Transport Buildings Industry Agriculture Forestry Waste

total sectoral potential at <US$1001tCO,-eq in GtCO,-eqlyr:
24-47 1.6-25 5.3-6.7 2.5-55 2.3-6.4 1.3-4.2 0.4-1.0

gﬂ 7 1.1 nsUsziliudneninnisannisudesinvissunszanveusaznin (Sectors) Lazilna
(Regions) Tul a.¢. 2030 (IPCC, 2007; Roche, 2017)



eTeunszanfignuaeyeenunane1nsuiiujduiusivawindeunguensaua1nng o
ausarhundnngulnewdseendunguvesladenneitosiunisuaes GHGs vese1msuileg lansly
aun157 1.1 sl (Roche, 2017)

Toe = Oc 4 Co+ We + W

be ABN5URBENANSBUNTZINTINVBID1ANS (Total Building Emissions)

198 Tpe A g

O. Ao msUasefigiaunszaniitinainnislgauein1s (Operation Emissions)
C. fApnsUanenwsaunszanilinaInn1snaas1d (Construction Emissions)
W, ApnsUapeiieisaunszaninnaInnsheun (Water Emissions)
W, fensUassfigiseunsyanitinainuey (Waste Emissions)
upnantdadeninaNadmansnisuassiiwisaunsyanvyedannsuy gelidadeduntile
naDslusIguatul lawn n1sUassfwsaunsEanaNNNYLazNISINEIY warn1suassigseu
NSLANINATVUAIN 1Y UDNVBULIAVDINAUYDI91AT

NNENn1sA 1.1 awnsaeduiedadeiifeitesiunisiasy GHGs vese1asuiles laauals

seyTgasdenluted 1.3.1 - 1.3.4 fsil

1.3.1 nsUaeefinwtsaunszaniitnnaInn1s1deIue1a1s (Operation Emissions: Og)

nsUdesfeieunszaniiinainmsidiueias tuinanmsldndanustmgse
T wha wagndeaudug Lﬁamauauaqmméfmmi*‘uaq;ﬂ%mmmazmﬂ%’mumma (Occupants
/ Building Usages) Immiﬂéasﬁ”wﬁaummﬂ‘ﬁlﬁ@mﬂmﬂ%ﬂmmmiﬁuﬁfuLﬂuﬂ‘%mmqﬂmﬂﬂdﬂ
80% ¥99nN15Ua08AN%IsauUNIZANTINYD981A1S (Total Building Emissions) (Peng, 2016; UNEP SBCI,
2010) wagdnavnsnarovarunsanusduladuegrsunnmniusindadesundinuasausiuees
Tannoas1981A15 (Embodied Energy) (Wuaund 155auAuIng, 2014) Taudedadeamulssinnennns
wazladeinuanimgiennia Wsn$INisansUaeeinulsaunsyaNveseIn1s

asddalumsasnisusssiadeunszaniinainmsldaueiasiu Aedewannisld
ndaungluormstulilduniganifasrildlaedsnsiiliorastuy Wuntedilndniadu
mmimﬁf{wé’wmi’mmﬁuqué (Net Zero Energy Buildings) 3sldaSuresvaziunliluided 1.4

1.3.2 nsUarefwisaunszaniinaINn15naa319 (Construction Emissions: Ce)

nsUdesfieiounsganiiiinainnisneadreduinainuiunn GHGs ivdesd
ussenalanszninegaanainisieadisennns sanisieadratulssnousietuneusiiag Ao n1s
wisufiAuanuiineadns mawdsuuasiiuinunianieadis saudanisianisdetan aunsal Aneq 7
Auannsldauluduneunisneainserasinge

1.3.3 n1sUaeefwiSaunszaniianaInn1stgun (Water Emissions: W,)

nsldinluerastuluanvenisvenisuaes GHGs wrgusseinialan laguus
sonluaastuneu laud (1) Tureunisitianunanideiuilaa fis nsguinanvedieuiussi
Hutuiielieenduinfondneundwmsudlionnns uag (2) Tunaun1susulssnun M vivnzauwn
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fnquarasinisuilag Ao mavihanuarein uazvie msiidelsa iletdndsantsn anaiadl uay
Helsauaransdunds wneq fegluunasiduns Wilauammngausunsldnuwagnisuilnaves
fidorans nsUdesfnaideunsraniiinainmsléin we) diienuuandrstusgnannmeluusiay
anuiiudazninia FausuAsulunununimuesianiniy sussesmanuvaaaniiluusay
a0l

1.3.4 n1sUaeefwiSaunszaniinnainvee (Waste Emissions: W,)

vyzanae (Solid Waste) mwaqmadmaumﬂgﬂamm mmmmﬂﬂmﬁmaquuw
wagdnd sammaaauiwmummmﬂmuu M30a0IUN M991nN15HER N15UTIAA N15TUEE N3
fse¥imvasuyud Hudu (Fon quis wazang, 2508) FafuaveviaoinisUdesfedounsean
Tnglanzfeiinu (CHy) MAnanmsinesdesaaisvesueyyanos nsann1sdes GHGs 91
masgaNaaﬁmmsaﬁﬂé%ams%’mmisuewﬁﬁilizﬁw%mwsuaﬁmmﬁ WU Mskenvey Nsvesanld
Tl (Reuse / Recycle) aghamungas nslonsnensednsiuse@nsam Wy annisldnseany Wudu

1.4 21A1siivaanannisuassfinga1suaugns (Carbon-Neutral Building)

1.4.1 deanfissvasieny wazlisnuvasanasivasnainnisuassfinsaisuaugns

WuINAUNINEYBIBIANSTIUasRINNTUdosfieafuauans (Carbon-Neutral
Building) ﬁuﬁmmLmﬂsmmﬂmﬂﬁﬁmmamawﬁ%’aLLawms—J@wﬁﬂi Fenrshenuaunung
Fananaduiiveauaenndosuazanudaudeiu liinslianumneidaaudusund oty
(Boake, 2008; Jason N. Rauch, 2009; Kennedy & Sgouridis, 2011; Murray & Dey, 2009; N&assén,
Holmberg, Wadeskog, & Nyman, 2007; Newton & Tucker, 2010; UNEP SBCI, 2010) n15 1%
AINUNLNEYDY Carbon-neutral Building ‘1'7iLmﬂﬁmﬁ’ué’aﬂa'nﬁ?mﬁuqﬂaﬁﬂﬁﬁmiumsoﬁwLﬁumﬂﬁ
wuanudnddndalddnseliusravanudniaiesain nisldninunuieves Carbon-neutral
Building fiumnsnsvinliAnauuansnsdunaginisiannudisaveseinudy Carbon Neutrality
Wan1aduLnasin1seanuUy (Design Criteria) LazLAmeif1un153naussauy (Performance
Measuring Criteria) (Zuo et al., 2012)

lngasy mmiﬁﬂaaﬂmﬂmiﬂéaaﬁwméuauqm% (Carbon-Neutral Building)
yinefs aransilaisinisudssfneanfusugusseinialanagnegnsitinunssuisunisdiuanegne
TUselafrenszurunisansadne (Attia, 2016; Ceranic, Angela, Faulkner, & Latham, 2016; UK
Department of Energy and Climate Change., 2016) lgin

(1) nsvrlinAduaunaseninenisUdasuaznisanfinga1suau (Balancing
Emissions) Aenisannsldmdanuresermsanunaamdanuiivaesimzeunseanlsiifaaivinn
anusandulUld uarad 1 mdsuaInuiamdsnunauTY (Renewable Energy) fiuasnannisuass
GHGs THunnfigawinflanunsansgyile

(2) nsnnavauiuveIn1sUassinga1suau (Carbon Offset) Ao N133A LA
Tasamsfiimsidafensususenainussennia 1wy msdnauuazmstgnaulsifianusadunls



TanansasinnavaufuresnisUdssfinsasueuainnslindanuluennsld nszuaunisil 1 uas 2
fananathanduanudnsudesfineizeunssanudadedidinfugudvianningud

LUINIATEBNLUUBIATTITNANNsIndIAssfu oI IvasnaInnsUdRE Y
AFURLEYD uavenaaiInIAUALLALpeNLUUDIANT AD a1AstinnsTiwasrudugud (Net
Zero Energy Building) 18z 81A151387 (Green Building) Faflaruuananafueaisfivasnain
nsUdesfgesuouans fseandunseluil

mmiﬁﬁmﬂ%’wﬁemuﬂuLﬂuqué (Net Zero Energy Building: NZEB) %18
o1msiansaaiandsnuannurdsndsunaunuldogialesiifundsnudignltlueias uasdl
MsidenszuumundanuindussuuasisyUlanlusssuilngindt wagenalilderansiidseels
Femuies (@ldanmuieseaniinszuundsnunisuan) lasldndsnusuiomadugudsonis
194387 NIRANNITAATNGNUTIBNGUANGsvUUlA (Marszal et al., 2011; Sartori, Napolitano, &
Voss, 2012; Sun, Huang, & Huang, 2015) Favedl Auwaneing lumdnnis anneransiivaenainnis
UsauRneaisuaugnd ({o991n Carbon-Neutral Building Huanalisniusodlinsldndaanusam
Fomuaduaud wissfinsuniinsdesfenfusuludunouanrendsandiuin Balancing way
Offsetting umdsdimiiugudvrsonni

@91 81A151387 (Green Building) TuRe o1ans7idnseadslaeiinszuiunis
ponuuuuarieaieiimdsdidandonluninsiuimun Wnedlddsiduioszansamay
nEauazMIEmduTNUVAmE sy wiisideruuindluaniuiids udai
was 1dee nsvanUdesansivgnisuanuazgnislueins naendise1terade1ans ausinis
pankuU feade 1due1a1s U1gednwieans n15Usul§ee1ms audlanisvanseina-nuiany
9115 wardallmnumieiinislnalufisemduAimaasugmans n1sld o anuamuans waz
nsadsaruausuiglfornsdnge wneastuanduldesnsdanuin NZEB Ssdsiunsliuas
nsaendsnn warensiivaenannisdesfieafueuans duduifivsdiunisves Green
Building winiu (Paul & Taylor, 2008)

1.4.2 91937098991A15 (Building’s Life Cycle) fdunwusnunisuasefneiseunszan

Carbon-Neutral Building Suaziintuladngatusifudeddd nszulrunisesnuwuy
Ussmann1susasfinwauaugns (Carbon-Neutral Design) Fadunszuiunisesnuuudisjaiiy
N3aANISUaREAYITaUNTEINAADN BI9FINVDIDIAS (Building’s Life Cycle) (Kilroy, Wasley, &
Quale, 2006) Tng wusaanilu 4 Y429 NawdnveTIno1A1stan (Kilroy et al,, 2006; Roche,
2017)
" 9ananeunIIneaiieeans (Before Construction) luranaiinsudes
GHGs Jusgraunnannisudssuingavliduianneasng

" 9390a118a31981A15 (During Construction) finwi3eunszanvzgnuaeeg
ussemAlanlnefianssusingg foll mIwudeianieatsnnundsganuiineasis
mMawsuifudmiunsieaine msldgunsaluaziaiesdnslunsneains yauds
NITUIUNINOEF1991ATIUL IR BNFIY



u Gzi’gmaﬂsz’j’mummi (Building’s Operation) #udut19%ineA1sifinisudes
GHGs mmnam (UNEP SBCl, 2010) IneAnduuiunauniis 85.4% vesnisudes
GHGs A1ABIANTIMLA (Peng, 2016) TnensUdesfeidounszaniiinains
Tondanuluguuuusiieg \WemeuaueenslduveteImsLarAILfeINIsTas
Alde1mns anszuuduenie seuuliihuasadne gunsalluiteine [Wudu

u GUI’NL?a’]‘Uaﬂi%’J’NLLﬁ%V!UVT’]ﬁ’]EJ@’]ﬂ’]i (Building Decommissioning and
Demolition) FsanansnUdesietiaunszanainianssunsnuynatse1ans s
tfagnduanldsn (Reusing) nistifange1aslundntn (Recycling) uagnisuuds
wiwanlufisvidovhans Wudu

1.4.3 WWIMNNN5UTIRReaIAsiUaanannsUdesingnlsuaugms

dailenanlluided 1.4.1 Weliussgiaomsfivasnannisudesfineasueu
avis FudueasilifinsudesfwafueugussernialanegaansiiiunszuaunsmuInogns
lussladenszuiunisaesegne fie nszuiunsihlinanuaunasenintanIsuassuazn1saniig
A15UDU (Balancing Emissions) wagnszulunIsinnavauiuvesnisiassiign1sueu (Carbon
Offset) Hu uAnszvIunITHansiuiiseazdonuingosfinzdosdniunislidnsa Saaesily
nsvuunsIveiaesUsraunudse Mieandensoluil (Roche, 2017)

N3¥UIUN15 Balancing Emissions geedl 1 dsusniifeonuuveiasuaziisades

azfangrgruviliduiafe nisifinuszansamnsldndsnureserarsiruiniiaaidsnou
shogratu nsldgunsallaii uazszuudiuenianigluenmsfifuszansamm nrslémsszune
9 MAIEISeTINYA Mslduasssumd Wudiu Inendnnisudeenuuuaiasaisannisuaesiing
Bounszantunszuaumsgosd 1 Wldsyanu 80% veutmune osandiuyueii

n32UUANS Balancing Emissions a8l 2 Sudaluiifoonuuueimsdesdiiunis

Tinsuaseiunisanfingaisueusinermsiuiinuaunaiu wWenisidueimsiivasaainnisiase
flgAISUDUANT AIBNIT NITANRITEUUATIINGNIUIINUUAINTN1UNARNY (Renewable Energy
Sources: RES) 194 n15AnAIaaunaia1fing (Photovoltaic Panels / Solar Cells) A9WuaunE®
nszwabniln (Wind Turbines) #58 seuunannszhabidisrsndasudivuiaian (Small-scale
Hydropower Systems) Wugu (Botkin & Keller, 2011; Parida, Iniyan, & Goic, 2011) lagudnnisuan
HeanuuueInsATannisUdssieiseunseanlunszuiunsgesi 2 (Sauiunsguiaunis Carbon
Offset) liiiuuszanns 20% veadmuneillosanisuyugs (Roche, 2017)

=] dll tdl LY ¥ t:l' d‘ o a .

duliioeann dun1sy 1.1 Tu Wivey 1.3 Weaduniunszuiunis Balancing
Emissions M19a@9n52UIUN15808uai89inisUassn1eisounsEanaIne1A1TuadnaaaAaeaiunig
ASEUIUNISTNNavaunuYasIn1sUasei1gA1suau (Carbon Offset) Aol (S18avidualuuny 2.1
seileudtraensruIuNMIeaniuUeIA1sIvasnInNsUdesign1suauans) Welrenmsiinisudey
& ¢ a 1 v A&y ' ¢ v a o ] &
fingansuauans winfunsetioendnaud dasteazidenlu aun1si 1.2 selyil

0 2 Tbe = RS (1.2)

108 Tbe A8 NMSUAREANSIUNTLINTINYDIBIANT (RNNEUAISA 1.1)
Rs  f® N15aAnN15Uansnnot3auUnsEanannnIs kinadauUne kN



puaug seleudsnisAnuiatlulasiufenisuasenieisaunseanannn1svuaa
(Transportation Emissions) wsiognsle

1.5 msasdiansiadianisuasefingaisuaulaeenlan (Carbon-Counting Tools)

1.5.1 UsennaanIasiionsiadanisuassinuaisusulneanlen wasdeannn

nsUdes GHGs guvsssimalantuaninsafivsasioinidamald fedesilouas
BasdudnnuniignAndumuinguszasddsnan dalaedmlnaldnsuszanadnsudesfine
asuaulneenlemiiiounin (COe) mnddladmis Wy e1m1s Dudw) dendwmihonal dufe
\nSasiionsnaianisudesfngarsuaulasenles (Carbon-counting Tools) wagluiadesiianng
tHufu Carbon Footprint Calculators ﬁlﬁu%mﬂugmwu web application Tnewrdasiiesinat
LgaiﬁﬁziaaﬂLLUUmmammaﬂ%’muéwlﬂﬁ’umzmumiaamwuiﬁaemazmﬂ LAZHOBNLUUDIANT
sgaansaUseiiiunagnifunisoenuuueiAsiiioannisudaes GHGs / Awaueulneenled 1¢
asazmnuanludunilsduiertunszuiunisesniuy

La Roche (2010) Wag La Roche (2017) latUSsuiiiau Carbon-counting Tools /
GHG Calculator uazanyius Energy Modeling #1u81a15 $7u2u 40 wp3aaile ﬁqﬁlﬁuamﬂugﬂﬁ
1.2 luvssiduiinelhiAnnsudesfuansuoulaeenlusisineg Tns Column 71 1 (Fudrege) lHuans
Foveuniosile waz Column drdudnulduansdeladonneg Mieidestueas Mduwnastnde
fgarsuaulasenles lawn n1slds1ue1a1s (Operation) N15uds (Transportation) wey (Waste)
nsfead1eeans (Construction) waznisldiinainenans (Water) gosdimdudiiislunisisuansly
Whuiesesielafimuannsasmuiunisudosfaansusuanunasindeleld Taemsenwiinuin
isesflodulngliuiruanunsafuamionianisalnisdes GHGs aannsldueimsuazns
guds witindedlofusuudesfiannsaduinrioninnisainisuaes GHGs anmsldh a1n
nsvUIuMIReas101A1s wazanuesld (Roche, 2017) uardfmuinaiosiloninansiuusnntud
nszuunstnaiiliivssda nansduansdesinsasuoulaeenlsduausaziniosietulina
dwsiaanaindouliingsfu Fegiideansumadnsluldam sududesiinnuszdaszfaazdiads
Fasrinisosd TnomeUsuiugutlasonisudasdn (Conversion Factors) fiva3esiiasinag Tl
a9y faeg1agu Conversion Factor 28sUSunain1sUasefineaisusulasenledseniliniienis
wanlwih (Rlansuse kwh) fieSesilosnsg fmsduiailivindu U 1.3) uazgud 1.4 fuansiii
faUsunanisuaeefeansueulaeanlesrenduwmthsvesnswnludfesssumd (Rlanduse Therm)
Hudu



APPLICATION

N

ELECTRICITY
LIGHTS

FANS

AIC
APPLIANCES
NAT GAS
PROPANE
HEAT OIL
WOOD

COAL

LPG
KEROSENE
BUTANE
WATER HEATER
FURNACE
AUTO
AIRPLANE

Act on CO, calculator

American forests

Athena: EcoCalculator for assemblies

Be green now

Berkeley institute of the environment

Best foot forward

Bonneville environmental foundation

BP calculator

Build carbon neutral construction calculator

California carbon calculator

Carbon footprint

CarbonCounter.org

Carbon fund

Center for alternative technologies

Chuck wright

City of fair Oaks, CA water use calculator

City of Tampa, Florida water use calculator

Clear water

Electric power pollution calculator

Energy star home energy yardstick

Energy star target finder

EPA personal emissions calculator

EPA waste reduction model WARM

GEIC calculator

HEED

Home energy saver calculator

Inconvenient truth

Live neutral

Pacific gas and electric

Puretrust

Resurgence

Safeclimate

TerraPass

‘The conservation fund

The nature conservancy’s carbon footprint calculator

Yahoo green calculator

Water conservation calculator

Zerofootprint: Earthhour

Zerofootprint: Unilever Go Blue

-

D.

JUn 1.2 gﬂmi’NLU'%EJULﬁEJU Carbon-counting Tools / GHG Calculator / Energy Modeling #1u

91A15 $1uau 40 wSesile (Roche, 2017)

0.80
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z
R
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g
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0.00

(Alansume kwh) 983 14 Carbon-counting Tools (Roche, 2017)
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CO, emissions (kg per therm)

American forests

Be green now

|
Bonneville env foundation
]
|
|

Electric power pollution
Pacific gas and electric
Zerofootprint: earthhour

|
|
Carbon fund
I
Chuck wright
|
Clear water
|
|
Live neutral
|
Puretrust
Resurgence
Safeclimate

EPA

Calculating tools

JUN 1.4 Conversion Factor vasUsunan1svesni s lndingsssuwd [Rlansusie Therm) vas 14

Carbon-counting Tools (Roche, 2017)

1.5.2 Recommended Carbon-Counting Tools Tuaunausngs AMua1A1s

NgUT 1.2 aguiuleinlaisl Carbon-Counting Tools Tn aansafuinnisUassfine
afuaulaeenladlinsunniin Insiniesdloudaziduudwdiiveiiu-fososnasnuandinigldau
fuandsiy Tagarunsodwuniadesfloduannisudesfitsasveulaoenlediiiufinuzin
(Recommended Carbon-counting Tools) Iu%umauﬁhx‘i“] suermns Wsteldil (Roche, 2017)

NUIHDD1994

nslnassudiuenns (Operational Energy) wp3osilofiuuziie

— HEED (Home Energy Efficient Design) (UCLA Department of Architecture
and Urban Design, 2018)

— Autodesk Insight 360 (Autodesk, 2018)

n3fiaa¥1981A15 (Construction) Ln3asiiefiuuziife

— Build Carbon Neutral (BuildCarbonNeutral.org, 2007)

nsldih (Water) wSosilofiuugiiie

— Carbon Footprint (carbonfootprint.com, 2018)

w8z (Waste) indasilofiuugiiife

— EPA Carbon Footprint Calculator (US EPA, 2016)

nsauds (Transportation) ip3esiiofiuuziiie

— Carbon Footprint (carbonfootprint.com, 2018)

— EPA Carbon Footprint Calculator (US EPA, 2016)

Attia, S. (2016). Towards regenerative and positive impact architecture: A comparison of two

net zero energy buildings. Sustainable Cities and Society, 26, 393-406.
https://doi.org/10.1016/j.5¢cs.2016.04.017
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uni 2

N1598NKkULaIATNUaRRIINNTSUaRRNYANTUBUENT

2.1 ATEUIUNITIBNUUUDIANTTIVABRAINNSUEREIwANSUBNENS (Carbon-neutral
Building Design Process: CNDP)

aung1elunisannisudesfnniounszaniiinaninfiouyws (Anthropogenic
Emission) Huifudsddaylunisanausuussvesnngdeunssaniinndsdsuanssnusodunndon
wagnn¥inuulaniuiilunani Inelawizedais msannisudesfeaisueuainnineians ey
annsasinlednsasienisld nszuaunisesnuuueiAsivasaainnisUdesneasuaugns
(Carbon-neutral Building Design Process: CNDP) (Roche, 2017)

Feitlananluluiited 1.3 nsannisusssfeafueuainnineiasiuazdosdiadis
maamﬁgﬂﬁaq%%mmﬁ (Building Life Cycle) Tnslanizagnedenisuassaisuouiinainnisldany
81A15 (Operation Emissions: O) Aidaduusunamnnnit 80% YaeUS I aLARABnT 9T Ine1ANs
(Peng, 2016) e?fqLﬂmﬂmmsJﬁmiﬁﬂmﬁWmmﬁﬁag

agtudaliifiinTosile Carbon-counting Tools fianunsaduianisUassfnsarsusuls
pgensufanyniadefisnanntasiinorasld dafufeenuuveinsuaziifisates dosuszgnd
nsldnsyuiuns dhifuieiesile wada dnaq Fsagsiilk CNDP ussailivane Ae n1seenLUUDIANS
faeannnsUdesfinsaniueugrsduia Seanunsoussaldorninnidesanmsiilorasudmileg
fulsifinsudesfmanueuasiududsiidadululildlunet widenszuiunis CNDP duagyinly
o1nsfivasnannnsUdesfingaifuey “ULuugns” Fadudminedaunude (Conceptual
Goals) fansnsnifuusslewiifajiinng (Operational Goals) 1

duilesarnidomiléndiluluund 1.4.3 nszuaunts CNDP dufldrfuvesnszuaunns
ﬁﬂﬁi@lﬂ‘if (Attia, 2016; Roche, 2017; K. Smith, 2007)

(1) NT2UIUNNTATNYNDBIIUNTURBEYASUBUYBID1ANS (Emission Baseline)

(2) nsrurunsibiiisauaugasynitenisidesiaznisanineAIsueu (Balancing
Emissions)

(3) nszvruMsinnavauiuvesnIsUassineA1suau (Carbon Offset) MEN1TATINUININNS
Andunaziniiuasueu (Carbon Capture and Sequestration %38 Carbon Sinks) Wag¥se N3Ny
Tulasansandusaginifiuansueu (Carbon Projects Funding)

swaziBnveusaznszuaunsldgnuanuadluidesaluil

2.1.1 N32UIUNITE5199081989A1uNIUARERNYATISUBUVBIRIATS (Emission Baseline)

1358319908198 1uN1TUaB YA UsUYEI9IA1S (Emission Baseline) Litaidu
yneedalvigeonuuuaiiamiudonsiey sruniseenwuu-Uiulieeais wensannisudesing
AsSuBUILMEAUS ae Emission Baseline WiinagldAnisudesfieansueuiimiedu Alansuves
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Arsuaulaonlenfisuiinenistuunsned (Kilograms of CO.e per Square Meter per Year: kg
COze/m?/yr) Emission Baseline fazgnlfifioiiouiisuanisudesfmariveussniamadonnis
ponuuusey Wudeyaatiuayulifeenuuuannsavssiduiiedonuarufulsanisesnuuusineg 1a
aguduszuy

2.1.2 nszurunsiiiaasaunaseniten1sUdasuazn1sanfinga1suau (Balancing

Emissions)

N52UIUNS Balancing Emissions Aenisannislimdsnuvesenasanuvamadsnud
Udesfndounszantimitgauinitannsadululd lnsnmsaanslindanuiiinannsldanueians
(Operational Energy Consumption) LAZANSAARITEUUAS 1IN IITUDI NUIAEINSTITUN ALY
(Renewable Energy Sources: RES) fiiinsudssfuensueutiosiigaviiiasdululs

A32U3UN13 Balancing Emissions &iaefi 1

nsaansldndsauiiinain Operational Enerey Consumption azdnsaldnselsl
uusﬁuaaﬂuﬂwsJ'mf-mJﬂamwmwsuawﬁnmmuwaammmmmsuuq Tne 91A57iduszansam
ATUNA99U (Energy-efficient Buildings: EeB) uwmam anansiiannislimdsauduetnstily
sigalagiianansanevaussnislinunazannsaairsanzmndenneluennslildniuionis
smﬁqa%mmw‘u’mmaLwa't;:i“LG’tfmmilﬁ (lonescu, Baracu, Vlad, Necula, & Badea, 2015; Pacheco,
Ordonez, & Martinez, 2012)
oAnsaziiusEans amdundenulgduiitadedunisesnuuuenansdnunisnsva
pthaunine wazazdesihtadomantusnuseneusiuiuegauminzaudnde Jasefidsnsnane
UseAnBnmndnundssuvasenans tuldun
" Josuduanuiinge1ans (Site and Landscape) Tngornisansldusslowiann
aaf-ﬁ“dizﬂaumaﬁismwﬁmaqamu%’jﬂLLazf?iqmé’amau%’miﬁmmﬁa@ Felaifie
Lﬂumiauaiﬂmma mammmﬂﬂmmmma n1sannistanasauluenans
Wity Lmawwamﬂmmmmmium Aowndawindeusoudns wwu i‘]mmmmm
wazdaynizaudeu (Urban Heat Island) 8nsae
" Jadd1ugunseain1s (Building Shape) gﬂmqmmiﬁ?m"f]uﬁﬁaﬁwﬁﬁyﬂuﬂﬁ
SuaMuSeunmIenTing Jediwalnenseiunisldndsnuresernisidesined
afndfinnnsznuenmsanunsafinaudesnisnisidndsnulussuuuiueinia
lé’qqﬁq 25% (Elasfouri, Maraga, & Tabbalat, 1991) uaﬂmﬂﬁugﬂmwaqmmi
ThuflgfeuaduidtaiuisseaUdenoasuasndeanfisussdeingwiniu
Lm'E"J’ﬁgjjﬁw%mmﬁuﬁﬁumL‘Uﬁaﬂmmsﬁmfaﬁma%"’ﬂ‘mamaqmmﬁﬁgﬂﬂ%’uam’w
wreengnouen uawmliaulFomdanuld dwiuniseenuuueimsidinng
U$ue1mia dnauvesiiufiiaiUaenenansfuusunngsinueie1n1siunlsiAIm
ﬁqmvhﬁ%tﬁulﬂlﬁ Wudﬂ:ﬁﬂﬁﬁﬂmLﬁaﬁumgﬂmwaqmmiﬁﬁmaiﬁﬁ
UsgAnEnmimunadsanugegn loua gﬂﬂ%’!wsmam 3UN39 Parallelepiped (3Un39
grunarfisnuvuuiy wilifuyuann) sUnsinssuenshimden waygunsanszuen
wdamde (Judu Jsnuingunsedisndidnazdanalifotnsivszansaiweu
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nE ANy uindurilisyaudgmiunsldnusasdmaliondiuinluns
fead1anntu Tnsdadefusunssonastuiifudsiifedostuiladedugunss
ve01A 5T nEnasensldndinuiienisusueiniaveserans (Pacheco et al,,
2012) suUsznoUn28 AllA1unTzTUU9991A1T (Compactness Index) A®
Fasrduszning Usinsenans fu iufidenenas dedimuduiudlaensetu
Usinassdendindfinnnsenuenaniswarnsiivesernmaluetaisuiueinia
91A"137iA1 Compactness Index getiununefsanansiidfiuiiiudoneinstos
uwaz Yad83U31991A15 (Shape Factor) Agdnsdiusening muninaiunLe?
1999113 Padu3uUsvernsildfionsansaufuiienisnseins (Orentation) a¢
Junisueniefesazvesianteiviyuiviandnudazia (uile 16 oan an)
(Cardinal Points) wuindleesnuuueiasliiiadogusisennssauduinnisns
oPsTnrautuansoannsldndanuldunnds 36% (Aksoy & Inalli, 2006)
Jadadrufianien1s11991a13 (Orientation) Tuussaniladusneefidnadiunis
ponuUUAsTANTUS U Eenfing Jadeiifianudfygsiian e Jadesu fin
¥194n1531991A75 (Orientation) Feduiiivmunseiuvesnisuidenfindves
Wiene1ms esanSidefindiulszneuseuasainsuarndeeuanudeu s
Svunfianenisanermsianzautiuavinlfernsaunsalduselenianned
o1finddadudsifegodrsdumdolusssundldogiavnzan
Jasududnwaiznsausinis (Building Envelope) nseuanasiuiudiuves
oensiidunsounengs fituanmuandounislusiaiseenananinuwindey
Aeuen lnensauaimshika §1U5IN ¥AIA1 Kt Uses wagnteng wudilagund
WarnsEnsUSuenaneluiasiussdunaniainanudeudiaiemain
mauanﬁqamm’jﬂ 60% wariindeasinaneuseuiiintunielushennsies
aufouiidhamannnieueniziinanisdenfindnsenuiunsouenans wazdinng
deundanudngeinisiaenss NS e i wtsng wasndsanluse
L&s (Skylight) LLazsjﬂuﬁuﬁ’;ﬁmmeﬁ'u AONATY ﬁu LAZNAIAN uaﬂfﬂ’mﬁu?ﬂﬁmi
mafiufufe Anufeuiiinainnissiduresennadi-eaneans (nfiltration)
Fadumngnisalfivilvszuudsuenievhauminuasdudomdsny
Uadeaugunsallaunn (Shading on Buildings) gunsaitaunn AsasAuszneu
ﬁuaqmmﬁ/qﬂﬂsajﬁaﬂ&gﬂﬁnmﬂiaummﬁLﬁ'aﬁl%’mu@uﬂ%mm%’q?{mﬁméﬁmﬂ
nsgnugenasiaglangniinenszaniagkdalusuas a1unsavinlriannisenis
Usuaniawazannisldndsanuldidusegiann egrelsinig aunsaliunalians
fusnniuly iflesanorsilidafusasainannessund wasrtiligldennisl
ansaneiuduandeuneuenls dwarily Audemdniluszuulniides
#119lUaINaIU LaEDIEINANTENUAD 9998 5aUTU (Circadian Rhythm) way
WIANFINN (Chronobiology) vaElda1a15le (Fournier & Wirz-Justice, 2010;
Pacheco et al,, 2012)
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" Joduduszuunisadiedinindaua1n1shae3Tsssund (Passive Systems)
p1msmslduslovdanesdussnounesssunivesanuiisuardwndousey
Tlunniige wiudermsildssuudivenaideadisiansdusznaung
s35NRlon1sanAsEAsUTueImAlifigauazvinlsiussanSamuesgeian
SEUUNSASNAIINEONBIAITHI87T55507R (Passive Systems) Tilaluuszinad
agfluanwnfioniauuuieutiu (Hot-humid Climate) Husjatiulumsldonu ssuu
MANAMNLEUR835555UYR (Passive Cooling) TAKN S¥UUNITITUIEDINTA
M835555u%7 (Natural Ventilation) syuunisviimnuidusienisniniusouly
natnansAu (Nocturnal Convective Cooling) S¥UUNTYIIAULEURIBAITUHSSE
(Radiant Cooling) sxUUN157 1AL BuF18n1558mpvedlotiluaina
(Evaporative Cooling) kag szuun1sinAnufusienseuaaulddu (Earth-air
Cooling) (Givoni, 1994)

m {]aifﬂé’ﬂumﬂ%’qﬂnsaﬁﬂizna‘uaﬁmiﬁﬁﬂizﬁw%mwﬁmwﬁwﬂu (Energy
Efficient Equipment) 1@y szuuU§ueinia syuulifihdesadng ssuuvinindou
Dudu

N5$U2UN15 Balancing Emissions giagi 2

Hoonuuuanmsasduiunslinisudestumsanfeansuauainorastuiina
aunafy dWonsiuomsiivasaainnisudesfinenifueuan’ Fonis mafiasessuuaimdsny
PNURBINSIUNALNY (Renewable Energy Sources: RES) laun

" WANULENDTINS waziwaduaaniing

wiunasefingiutiuiiuunamdsnunaunuiidumierian liaatesas uway
\Hundsauazenn (Parida, Iniyan, & Goic, 2011) Wassufidenainmseniindannsenuiadonlan
5uﬁﬂ%m1mLa§8qa5q 90,000 - 120,000 terawatts dauusunafuinninaudesmslenganuses
vislanfiasnnndn 7,000 wih (Botkin & Keller, 2011) Ussmelneruuszmaiisaeglndidugudgnsuas
fiFngnnlunisudandsnulnihanssdnseniindgs lnenuirUssmelnedseAurasnnudussdnig
ofindiafiernsdasds 18.2 My/msaans-Tu vide 4-5 kw/dalus/maaans uasilssduvesnudy
$adnnso1iindgegaindsninafion Wwioy - wgwanaL gaie 20 - 24 MJ/ms1amRs-Tu NEany
nSednseindaananaunsainuildusslevilugiuuunineg sufanisudanseualiiaeias
wase7ing (Photovoltaic)

wadLase1fing (Photovoltaic: PV) Aegunsalfiliiuasusdnmafindidundsem
wlnszuanss (Direct Current: DO) élagnss Insiwaduaserfindiuidudsuszfvssiannsotindids
Wea (Optoelectronics) Fanantuu1a1n a@13neat (Semiconductor) 1y Silicon tudu Taod
ndnnsvinaude Weilsdnse findunsenuiuwaduaseriing axdenalmAnnszuiunisans
funouiideiiostu Ao nszviumanaduied TneTanfidu Semiconductor azgadundsnuaingsa
p1#ing Tefifunas uazdsaioglurasauemadu Infrared 14 way nszuaumansznendsny fign
Fulinszduly Electron luans Semiconductor naneenanlslnasuazindeuiiossdasy ns
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\Aeuiinienislnaves Electron dufifomslvavesnszualiil dothmindudaidulavefaedia,
YBNTARLAID1NNE ra1unsatnsekalniunltuls (Lau, 2015)

msaandsnlnihanisdniseofindfewaduaseniindtututuadl sznou
nangUszns Iiun unswaduasenfind nsileudeniuaiesnanazszruuliii gunsaiviesnsde
saufsgunsaifildmuaunszualuiiidunandnvesssuu (Parida et al, 2011) YuIAvesindsnig
wannEaulnlineeaszuu PV fio kWp (Kilowatt Peak) Semanefia madlilngean (Peak Power) 7
AAiagldTuinszuy PV Wensenfindeglusunsisannasatuuneaduasonfinglutuiivosi
winla Mdslifgegaduduiusie Ardslnihildsuasyafiduads (Nominal Powen) Suidu
Hoyaumsguiidnaneaduasenfingseylfuundnfas (Nameplate Capacity) Sedoyaimanilifu
Alssulunmsainfiegludanedeniidugaund snflazidusis luanauduate ddslidhilas
NPV PV duasildtosniiignasylivssana 1520 %

WwaduasefindazausaiUdsuidniserind Jundsnulii deiledsadans
2nduInTENUNU 5’2‘16]@916%&3\‘1 (Light Absorbing Materials) (Jelle & Breivik, 2012; Parida et al.,
2011) fignindeeglumaduasoriing feiwandduguil 2.1 Suldud

Solar electricity

|
|

Silicon based Non-silicon based New concept
thin film devices
1 i 1 -
[ 1 [ ]
Crystalline AmorphousSi CdTe CIS | Organic
Si thin film & CIGS based PV
. Mono-crystalline Si Solar
I~ concentrator
systems
— Polycrystalline Si
Quantum
Ribbon cast " Bcslls

polycrystalline Si

gﬂﬁ 2.1 welulagiaguwaduatonfing USuain Jelle, Breivik, & Rekenes (2012)

FamugUNan (Crystallized Silicon) vila Fanaundniieq (Single Crystalline
Silicon / Monocrystalline Silicon: mono-Si) ﬁﬁmmu%qméqq wazfiuszansanlunisiudeu
waso1iing Whdulnihlaussunn 15-20% warioinfuwaduasenfindfifiussavnmnisuda i
ﬁaﬁﬂaaﬁuﬁqa (Space Efficient) Insiwaduaseniindainiamisondnlniianndudvinewwad
LA MIASWUULKLUS (Thin Film Solar Panels) laduasaning Mono-Si diio1gnisldauuazas
Uszansamenaunu venantuddiussansnmluaauiinienadeusavanmudtesiinsniae
LAsIATaduatefinduuUdTsiatuns esaan Crystalline Silicon Wudiuusznevdidgyves
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gaamnssudlannseiind JelianuAniia (Value Added) figendn WlewSeuiisufunsiunndnivad
wesenfing uenanntunssuislunisranwaduaseniingain Crystalline Silicon Tlavdiosinnidesls
Huusu (Wafer) un3q FehldAensgande ludnuasiideslulitosniiais lumshndudield
assrdinseialailidnladruniavosusiu (Panel) Tnutauas (Partial Shading) ins1za1avilszuy
Fonele (Maehlum, 2018; Parida et al, 2011) Ing 1waduaseniing Mono-Si 44 o7 laun
Usvandnngs (15-20%) ﬂszﬁm%mwmﬁmﬁmlWﬂwgiawﬁa&Jﬁuﬁgq Usgansnmnisuanluihseanin
wastargamanglunisidaulugiienniaeusignislidaueiuiu (25-30 U) wawdl Jaide Ae una
adeiandurerinn dessesinsy Wunmsiafaasnisquatnu

Fanounansay (Polycrystalline Silicon: p-Si / Multi-crystalline Silicon: mc-
si) GaiBnsuAnfemamdaneunaeumalasduifinnt ilwsaduasenfindviaiiduuiudivdsud
anysal Lifievddnouliivdenudurey dwalvilisaiignniiussinn mono-Si udwadiaseniing
p-Si/me-Si titsgansanlunisndaluiiiivosndt Ae 12-18% iflosanwadiinnuuignives
Fameuiitosnin dwalviiuszavsnmniswanliihemheiuiitumninwaduasending p-si Sndne
Tneiwaduasefinguuy p-Si 13 dof Aos1angnnin mono-Si Idsumnueugs midede gadetan
Hunesiios will doude FouszAvEnineindt mono-Si (16-24%) wagiiussAvinmanmasilefinga
qu'%nmﬁﬁqm%gﬁ@i (Jelle & Breivik, 2012; Maehlum, 2018)

L wadkaseNnd vl Waduaie19induiuuis (Thin Film Photovoltaic Cells:
TFPV) TFPV fe wadkavefindudaiifunisnauduuigg vestandunassuiuesatiosvisiuvie
1NAFIULTHURY (Substrate) singy Tnganduuasiiliudn TFPV fuldun Amorphous silicon (a-
Si),Cadmium Telluride / Cadmium Sulphide (CdTe/CdS) wag Copper Indium Gallium Selenide
(CIGS/CIS) Tne anaudildilundn (Amorphous silicon: a-Si) Fuduuszinnses (subcategory)
voumalulad lwaduasefinguuuusiuuie (Thinfilm) filduamideunniian Tnefiuszansam s-
7% Way 8-10% luuszian Double wag Triple Junction #38138n71 Stacking lme Amorphous
Silicon Hannsnindeuausiunszanvieusiulany vhlrdaldsseludndifutanoiasld witandu
meﬁ@ﬁﬁ@ﬂé’aaﬁﬁwﬁaﬁaﬁmnﬁauamwﬁﬁamfw Crystalline Silicon (Parida et al., 2011) L@ag
wesenfindussanildaaneuUSunaniios 1% Aldnanvaduaoinddaneunuudu usns Stacking
dufifununisudngs iwaduasanfindulin Cadmium Telluride (CdTe) uag Cadmium Sulphide
(Cds) Tnwaduasofingsiin CdTe/CdS HRaruamnsagunnlunsgadundanuuasofinduay
Udendiannseu feaumuvengadiaiindviaiifies 3 luaseu duiiuszansamluniswde
nszwalniilun1sldauasegedis 15% iwaduaseniindyila Copper Indium Gallium Selenide
(CIGS/CIS) waduasanfinduin CGS/CS Huiitanduuasniuaisusznauvas Copper, Indium,
Gallium wag Selenide 21UAIUUTAALHWLTHULIY NANERNNTBNTEIN fiusznaudiy Anode wag
Cathode (Electrodes) Sawaduasenfinguiin CIGS/CIS HiszAnsnmadsd 11-14%

waduatefingdeillinanisluduie waduasenfindgudl 1 (First Generation
Photovoltaic Cells) Usgnaunae Mono-crystalline tiaz Poly-crystalline LLazL%aéLLaqmﬁmééuﬁ 2
(Second Generation Photovoltaic Cells) Usznausiea Amorphous Silicon, CdTe wag CIGS 1ag
waduavefindisaesiutudseaduiifenldnuludogiu uidedohiadedldndrluiuiddianns
i waduasa1findgudl 3 (Third Generation Photovoltaic Cells) dii¥mguszasddndnjlunis
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Wi Ao ulsyAnsnmmsaiadanligetu Wanudszneviiiuasiadillsiduiiv (Nontoxic)
uay mldediogogaduinde (Not Limited in Abundance) e isaduaseningsudl 3 Hldun 1wad
WaI1MIuuy Copper Zinc Tin Sulphide (CZTS) L@aduas81indLuy Dye-sensitized L9aa
WENB9neuU Organic Photovoltaic L9adulaso1Anguuy Perovskite laalaianfindwuu Polymer
LAY WaRLEIRAgLUU Quantum Dot (Shukla, Sudhakar, & Baredar, 2017)

Best Research-Cell Efficiencies LiNREL

52

Cells (2-terminal, monolithic)  Thin-Film Technologies
hed © CIGS (concentrat

481
44 -

40

&ngleJunclnon GaAs

A Single crystal

36 A concentrator

V Thin-fim crystal

Crystalline Si Cells

32 B Single crystal (concentrator)

B Single crystal (non-concentrator)

O Multicrystaliine

28 ® Silicon heterostructures (HIT)
V' Thin-film crystal
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JUN 2.2 dadunauansis Ussansnmasgaveanaluladiwaduatoindussinaneingeg 31nns
naaeswarini1suuiin (National Center for Photovoltaics, 2018)

" 91AsHEULYaalEIe17ng (Building Integrated Photovoltaic: BIPV)

mMstwasuateinduldndmmdsnulninieldluemsuuuiiddiumsniann
Fousadusienasd 2 Uszan Mun (1) waduasanfinduuuBadiniuaiais (Building Attached
Photovoltaic: BAPV) viungflan1sinunaigadiaseiing (PV module) 8adnidniudieiaisaialass
LA314ALI19 (Rack-mounted PV systems) Lag (2) Loaadukai91findwuunaIudiuianainns n3e
21ASHETULTAALEIR19NS (Building Integrated Photovoltaic: BIPV) lag BIPV Tumunedanisii
NanSausisaduaoiing (PV Products) indngs tiewdudiunilweesdussnoutdeneinns wu
Nf197An3 nsEileandenn gunsaldauan nszanludesdaeimsviondiniainis iudu Tnadaag
3ﬂwmmamum1ummamm walwilaegneasudau Uelle & Breivik, 2012; Strong, 2016; Yang,
2015) @9 BIPV fiildoldiIoumioninmsandaunswaduaseniindlnesiuay BAPV 1U fe BIPV 1
Qﬂwammlﬂamqﬂauﬂaul,ﬂumuwmﬂummi anunsafiazneasslinauniulufunisesnuuy

armsinglidudufiuvsediuiuiussdusznaumsantnenssy
uenantiu BIPV dslfunneaduasonfindfndmaunuiannoasrsornsund vinlv
annsli¥anreatauaziifunulunisiadaosnin Rack-mounted PV systems Liunsandunuiis
yaFiuussny fenstagdeatns lindanuazeraiilidfumunanlflueias wasdumslindsany
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Tihlsfaszavsamidesanldldlwilndfuszuuadalwih fmsgydondsnudnniledouly
szuuaedsliihfifimsgyidendsnugsds 6% samfansldau BPv dududunsaneudosnisld
Iniflhgean (Peak Load) vesernnslddndeiiiosninszuy BIPV duszanmnsoadiandsnuldgegaly
nm‘ﬁﬁmméfaqmﬂi’fwé’aqmqqqmé’mﬁmmﬂizwﬂ%’Ummﬂiummslfduﬁmﬁ’u (Jelle & Breivik,

2012; Strong, 2016) lagszuu BIPV ﬁauyjsaﬂﬁuﬁaqﬁﬂszﬂaw’mialﬂﬁ (Strong, 2016)

gil‘ﬁ 2.3 WNUNINIZUU BIPV (Strong, 2016)

(a) wWAnAwuel BIPV vie usawaduaseniing (PV Modules) Fsiivannvansguuuy
It RV R PGIELATIGN
(b) d@rumuaunszualifidi-eanszuu (Charger Controller) ¥ininidnnis
USunaunaziiannanssualiily dndussuu BIPY wuuwendiudaszainssuy
a1 (Stand-alone) gunsaiiariwihiemuaunszualifinidnguazoanain
LUALAe3
(0) §3UUL5U1J§8€;1WW’1 (Power Storage Systems) wiofouunnedluszuy
Stand-alone
(d) gunsalulasuiinnszualiill (Power Conversion Equipment) Fadudeddy
Tuszuu BIPV Taeiduiizdnduinluludogunsal Inverter
(&) gunsniaiandsaudises iy indesiudaluiliannindufies (Diesel
Generators) \Jusiu
M guUnsaiseBaunawaduaoniing awlnil wazgunsaiusznouliiendny
Uaenfuduq
Hagtuiinmsiieaduasenindunlinanndsnuliinioldauaaeimsluguuuy
Y99 1ANTHETUTAUAIRAY (BIPV) Tuausuuuy (White, 2015) Iéun (1) wuuidensioszuuane
dslolilh (Grid-tied e Utility-interactive PV Systems) 3es¥uu PV wuuilduismsitlésuanuilen
mﬂﬁqm (2) wuuuNdIUBATEANNTTULE8ES (Off-grid 158 Stand-alone %30 Battery-based PV
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systems) feul#lusasiisaegvdlnannszuuanedsiih fsorndussuuilldmsatmdsnlai
PnLaseindifisseg1afien nioldnisasranaenuluiiwuunaunau (Hybrid System) annumas
NEFIUNALNUIUY WU WEIuaInAeuay (Wind Turbine) weseruarniaudn (Small
Hydroelectric Turbine) Wudu funisadramdsulniiainadestnialufi (Generator) uay (3)
LuURANNISISeuseszuuatedilniuaslduunne3dises (Grid-tied-battery-backup %3 e
Multimodal PV Systems)
" ansEnuaINN1slaulaeusdau (Partial Shading Effects)

\waduae g (Photovoltaic: PV) Aegunsalilfivdsussdmseiindidundany
Inliilnemss Tnendsnlihiansnsondaldanszoy Py duasdiviinamnn-toswihlaastuegi
Usnaunslésusidoniindvesunseaduaoniing duie nsunsiduasenfindvanun (Total Solar
Radiation) finnnsznuasuusaduaetiing lng Total Solar Radiation i Usznausieesusznay
awdiu laun duasafing (Beam Radiation) $98nszanuainviadn (Diffuse Radiation) uaz
FedaziiauananInuInasuasusau (Surrounding-Reflected Radiation) lnuiisnuazidunves
peAUsznauTaEy fueluil Beam Radiation fie druaweniing Ailussdefindlnense ldusedi
flanszansegluussennia us Diffuse Radiation Ao Ssdnszareainviesih asiisunuuvesisdfingydn
nszaneLilesaIneyn1Afie vesiuazenivie L muenafuluduussenia M3AIIns Beam
Radiation 5usﬁuagjﬁ'u LIVIAAINVLUAIDT9INE (Solar Geometry) laun yu#iA (Azimuth) uaz 3
52AUA211EY (Altitude Angle) laag1enselunsaun Tun1anduiu Surrounding-Reflected
Radiation fle $ydasfiouananimuindendonseu sufisuuuuiidudouansomumuasyssanald
910 LipsanSedvdaiiindulnevia Beam Radiation way Diffuse Radiation Miazsiouainusian
Tngseu WuoAsirafsauagiiuiu Fsazasvioudrietageaduasending Surounding-Reflected
Radliation fuiuogiudladevatsngis 1#un Surrounding Reflectance (n13dazfauain
An1MuINgaw) Absorbtance (N139adused) Emittance (N15uW3ed) Uag Transmittance (115
d9r1UNaI91U) %Qﬂﬁama'ﬂfﬁmaGiammzﬁau%’ﬂ%mﬁmévﬁwéizuu BIPV sis@u (Yoo, 2011;
Gokmen, et al., 2016)

faudinaluladnisindsnuaindadeniing sulandundanulwiiionisldnu
mAAsaziinswauuaziauAvtinntwduegiwnn winuvindethsyuuiwaduasending
(Photovoltaic: PV) unlge1uasslueinis é’qﬁaﬂmiﬂﬁﬁﬂﬁivw PV 165U Total Solar Radiation 1¢
GG I@auaﬂaiiﬂmﬂmﬂa NaNIZNUIINNTSIAUUULIIUI9EIU (Partnal Shading Effects: PSE) 8u
U188 N1SRRKBgadwatefing (PV Modules / Arrays) aﬂawumumaau (Surroundmg
Obstacles) 19y 91A159 A dulsd 1Wudu Aulild d1uaseniing (Beam Radiation) a1y
ofUsEnouTeINsWEenTing (Solar Radiation) Aillssfundanugsan AnasULURITAdLAID Ting
Tneass e PV Modules Tésunansenuainnislaudaauisdiu wandandsnulnivesssuy pv
fuq edzunvuiiliafiosfronisninndasugegaitliatinane (Multiple Peaks) danals
Usgansamnsuaanasaulainluninsiuanaslulafis 20% (Kanters, 2015; Kanters & Wall, 2014;
Lin, Chai, & Ay, 2017; Ning, et al., 2017)

deifnsyuu PV inUsngnnsal PSE duvanefsinninveseaduasending (PV
Surfaces) 1inL41 (Shadow) 81LAn91A Surrounding Obstacle 1M UviUkazinsiUasuutased
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aaeananienInnIsasuuUaes Solar Geometry dulaun Azimuth wag Altitude Anglegfﬂ
Surrounding Obstacle fananuildnvaraoiogieie ﬁgﬂinﬁhjaﬁ%ama (Irregular Shape) 8u
smneis Obstacle wriay Tngiuiizusrsiiunndnafudwinlinisennisaifawansgnuseusingnisal
PSE tuanansavildenndiuin uaz muilndues Obstacle fu PV System (Closeness) dwsnedads
Obstacle 8glnd PV System Lilgdla AI1UULTIV0Y Partial Shading Effect fiazsiliAn @n1aznns
geytdenaea1u (Shading Loss) ves PV System ﬁ%?iaa;umamn%uwhﬁu (Masa-bote & Caamario-
Martin, 2014)

MFIATIERLADAIMNNTAS Shading Loss Tu PV System #ls3udsingnisnl PSE

o '
Y [ a

dududsdudounnfiiudssniuivnidesuauninldnereu@nvifieldarunsaninniseid
UsganSanwes PV System Tunsldeaiuaseld (Kawamura, et al., 2003; Woyte, Nijs, & Belmans,
2003; Karatepe, Boztepe, & Colak, 2007; Di Piazza & Vitale, 2010) Lwimsﬁnmé’qﬂmaﬁ?ulé’aguﬁu
finaantAves PV Modules Aniautives PV Systems waznisgayidondearulnin (Electricity
Losses) nelu PV Systems iunanlaglila@nwinisagdenissussdeniing (rradiation Losses)
Tneinsfnudnnudssildjutiufum nsarefederfindiAnUsednsua (Effective Imadiance)
(Drif, Pérez, Aguilera, & Aguilar, 2008; Masa-bote & Caamafio-Martin, 2014) wAnNNSANEATeTiLe
nanustanun lilddnwiiadefiinenn Surounding Obstacle usiagnsla

N1388NUULTFUY BIPV flagliussafisussaninimiu doonuuy BIPY s1dudes
aunsadlawazannisalile Partial Shading Effects fidwwansenuseszuumaduaseniindiuly ne
Jududesiinsiansanlianudrfynentsifitnes (Parameter) @uandnve Partial Shading
Effects dulaun (A) auuaudfsedaniing (Solar Properties Parameter) (B) dn1Wu3nday
(Surrounding Parameter ) wag (Q) 29AUsznaURiduWUSHU BIPV (Related-BIPV Parameter)
%Qﬁiwazlﬁmﬁwﬁalﬂﬁ (Celik, Karatepe, Gokmen, & Silvestre, 2013; Celik, Karatepe, Silvestre,
Gokmen, & Chouder, 2015; Masa-Bote & Caamano-Martin, 2014; Yoo, 2011)

(A)  Parameter 909 AuauUASIARTINE (Solar Properties) Usgnaunig (A-1)
Altitude Angle ¥09A19819108 (A-2) Azimuth ¥899198191R8 Lay (A-3) USuain1sanesednieeing
(Solar Irradiation) Semanefandsnudsainasefindfinnnsznuasuuiuinidesnisnsaata sud
wUsddaildlunnsdruans Solar Insolation vasunaAGwaIDITRE (Zeil, 2017)

(B)  Parameter 999 @n1wInaeN (Surrounding ) Usznauniu@aniIngay
laun

(B-1) Parameter 909 S3@d@zviouananInuwInasu (Surrounding-Reflected
Radiation) Usgnaumeg (B-1-1) M3azviousd (Reflectance) (B-1-2) M3nadusad (Absorbtance) (B-
1-3) Msur3ed (Emittance) waz (B-1-4) msasrundsny (Transmittance) saesungl3noumdhil
(B-2) Parameter Y04 @3AAv11943Ad8u (Surrounding Obstacle)

Usznausie (B-2-1) dumisvesdsiinuinaindes (Obstacle’s Location) (B-2-2) jUs1awesdaiin
2319uIndeu (Obstacle’s Shape) wag (B-2-3) N15319fiAn19vesdeinvanuanden (Obstacle’s
Orientation) fafiuansly g“dﬁ 2.5 1ag Surrounding Obstacle Hufna19 Beam Radiation 1% 13l
annsannnsznuasuuiiuia PV Ifegradud lagSedorfingazatg1ularnsenusunseves
Surrounding Obstacle iUsznaume aluiNinA3M¥euaIulA (Three Dimensional Cartesian
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Coordinates) 9147U31A ﬁLLﬁiazﬂﬁwagﬂu USlianudii (3D Space) aflmiaLLamsLﬁagi‘Lugﬂaméa
TUAY (X,Y,2) LU (X1,Y1,21), (X2,¥2,22), .., (XnyYn,Zn) HAEANNTENUAIUU PV Surfaces ﬁﬂizﬂauﬁaaﬁgm
Tufifansfideuanufidsanarguierfuumduauaziunis Tneffndanantuazailifinns
WasuuUawiawes Surrounding Obstacle wazwes PV Surfaces ImaﬁaﬁﬁmumgﬂmqLLaz‘ﬁyu‘ﬁ'maqm
fimeneanain Surrounding Obstacle A Altitude Angle wag Azimuth ¥0In2987i0e AfinIs
Wasuulasegnaonnarlurisnaiszineusasniel nadsusussegnasainaiveani vl
Surrounding Obstacle Parameter Huifuilidefinnanisaifawansenuldenniian usnisadreaany
dlalvesnuuuanunsaaansaiisanssnures Parameter Gl¢ agvilianunsaUssdunanssny
994 Partial Shading Effects ¥t susiugranndy
() Parameter 184 93AUsENOUNEUNUSAU BIPV (Related-BIPV) Usenaugie

goamuingoulaun

(C-1) Parameter 993 Limﬂa‘imaaﬁuﬂaLszjaéu,mmﬁmé (PV Surface
Geometry) Us”ﬂauma (C-1-1) Myefiamwesiuieaduasending (PV Surface Onentatlon) (C-
1-2) mmaawawaqwumL%aaLLaﬂmwm (PV Surface Tilt Angle) (C-1-3) iﬂswwaawumwaa
Wasen7ing (PV Surface Shape) wag (C-1-4) fifavesiiuRaigaduasofing (PV Surface Location) U
7i 2.4 uandlidennuduiusues Parameter fand 13y Surrounding Obstacle Parameter

(C-2) Parameter 904 AMANTRVOIULHILYARUAIBINIANE (PV Module
Properties) FaUsznausie (C-2-1) Janisaduaseriing (PV Materials) (C-2-2) viiavesnanfusivad
wase17ng (BIPV Product Type) wag (C-2-3) UTelAnNUs9szuugadiatoniing (BIPV System Type)
(Chaianong & Pharino, 2015; Shukla, Sudhakar, & Baredar, 2016)

(B-2-1) Obstacle's Location———_g~ (B-2-2) Obstacle's Shape
|

(Xm,zuo;xz; \\\ -
(XY \

/
/

P (B-2-3) Obstacle's
Orientation (AZ)

(C-1-4) 5S'mface Location

(XpY1,Z1), (X, 1
s Xy Y, Z)

. (C-1-3) PV Surface |

o~ Sh / L.
\ ape 7\'iﬂr G

gﬂﬁ 2.4 Parameter 984 (B-2) Surrounding Obstacle wag (C-1) PV surface geometry
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Parameter (C-2-2) ¥llnv0dnandusigaalaiaiing (BIPV Product Type) &
wanue 4 UssnvuazUseiny BAPY 30 1 Ussiam (Jelle, Breivik, kag Rokenes, 2012; Chaianong
La¥ Pharino, 2015; Shukla, Sudhakar, way Baredar, 2016) Parameter (C-2-3) US£LANUBITEUY
waawasoing (BIPV System Type) (Biyik et al., 2017; Strong, 2016)

aafildnanludude nisdwes (Parameter) Mdushunuves Partial Shading
Effects é’mﬂu?ﬁﬁmwﬁguagjmqmafmswmmsLLN'%’ﬁmﬁmé (Solar Radiation) Auituiiaisad
was817ing (PV Surfaces) fidanals Solar Radiation fimnasuu PV Surfaces SUSunauansifiu
521379 PV Surfaces 7il#§unaan Partial Shading Effects wazlalléSunaain Partial Shading Effects
é‘fqﬁuamiugﬂﬁ 2.5

gﬂﬁ 2.10 LLam‘LﬁLﬁuﬁqé’ﬂwmsLLazsﬂs'Nmiwaﬂmﬁﬂﬁﬂmaq Surrounding

Y
'

a

Obstacle NagasgiiuRIvoswaduate1ing Milgusrandudou neanuluuy PV Surfaces e
a1uiid lnggusnaiazruiniuivetiuaziinisiudeunlaegnasniial Aun1siAReuiILLaYes
A90%ing Ao Altitude Angle way Azimuth

(A-1) Azimuth
(A-2) Altitude PARAMETERS Solar
(A-3) Solar Irradiation B C I Insolation
A i | EFFECTIVE
SOLAR | IRRADIATION
(B) SURROUNDINGS (C) Related-BIPV

(B-1) Surrounding-reflected (C-1) PV Surface Geometries (C-2) PV Module Properties
Radiation (C-1-1) PV Surface Orientation (C-2-1) PV Materials

(B-1-1) Reflectance (C-1-2) PV Surface Tilt Angle (C-2-2) BIPV Product Type

(B-1-2) Absorbance (C-1-3) PV Surface Shape (C-2-3) BIPV System

(B-1-3) Emittance (C-1-4) PV Surface Location Types

(B-1-4) Transmittance

(B-2) Surrounding Obstacle Lo
(B-2-1) Obstacle’s Location Projection
(B-2-2) Obstacle’s Shape of

(B-2-3) Obstacle’s Orientation Shadow

Shaded
PV
Surfaces

gﬂﬁ 2.5 nyauiiioules Parameter ¥4 Partial Shading Effects
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OBSTACLE

> 2

T -
Y //
-

)

Z

B,
.

JUN 2.6 fegnnuansliiuigusnfidudeusenaiinenain Surrounding Obstacle
AIVUGNURIVDUIAT AR TIRE

E‘Uﬁ 2.7 way 2.8 uandliiiuiieiognansdsuulanninenasuuiiuiaung
waduawofing Tunan 1430 u. wag 15.30 u. luFumsndu (Winter Solstice) dmiusimsanindad
Gz{'qagﬂuﬂqﬂl,mwwizmﬂim %q&gﬂagj  WinA 13°wile 100°30'ngTusen Wuniie1A1seangiie
nyfuponiisanserans Ineguil 2.7 uae 2.8 wanddfifiudserans BIPV (@1n1siiin) firsoguniiones
A dugniniiveasmanainenmstiafes fidu Surrounding Obstacle fifiauganninetas
BIPV Tagqn A wazqa B Llufifnanuiiffidsoguusuiada Surounding Obstacle Suiduunuues
fifinvesdafinynnawanden (Obstacle’s Location)

Uuzdign C uazqa D Aogauaaniiiniuainin A wagan B suddy Sugnivun
Fulnpogeiinuduiusiu Altitude Angle way Azimuth v83923017IRd mngﬂﬁ 2.7 uay 2.8 quLiiy
#infinanufiives Surrounding Obstacle (30 A waqn B) wazenAs BIPV tulaifininudeuutag
WAL (30 C Waqn D) Toguuunataduasonfindduiinistnesumis fufluaszusnees
wldfanuasuutaaduogisunn é’qﬁLLa@ﬂugﬂﬁ 2.8 (a) uaz 2.8 (b) Msiasuuaswesnisven
11 (Projected Shadow) filddmansenuliAnanuasuulamessesu Solar Insolation Uuiwad
wasovindilung1aunn (Ning, et al., 2017)

27



(a)

\

N\ AN
istance= 6 meters
N

ol Orientation=270° CW-————
- Buildings' Azimuth = 90° —

(b) T T ——"iil""*Decer1wlaer 21

UM 2.7 (a) uae (b) fegreiiannnuudsuilairesniinenann Surounding
Obstacle atuug HUHIYBATATLAIDTINENRAAIULMAIA191A15 BIPV Tuiia114.30 u. Ju
Wiandu (Winter Solstice)



(a)

\

N s 7 A
ol \, ~
Distanch= 6 meters 22
N\ N

7~ Orientation = 270° CW-
L Buildings' Azimuth = 90°-=~— "
(b) \ = —i:' ‘De(:e;nbef 21

5UN 2.8 (a) uae (b) fegeiluaninnuUdsuLUaIrasnfnenann Surrounding
Obstacle atuug HURIYBALATLAIDTINENAAATULVAIA191A15 BIPV Tukian 15.30 w.
TUWENdU (Winter Solstice)

a Ay v J v ) Y @ v o W & J (Y]
iﬂ']ﬂi’WUﬁ%LE)EJ@‘1/]1@ﬂa’nvL‘leLu“U’NG]‘L«!‘U‘uLLﬁﬂﬂI‘VILMUﬂWWiUQJ‘UB\‘i{]QQUﬁﬁﬂiyﬂ/l\i 4 ﬂqaﬂ,my U

Lﬁuéﬁﬁdﬂﬁlﬁﬂﬂi’mgﬂ’ﬁaﬁ PSE Falgun Surrounding-reflected Radiation, Surrounding Obstacle,
PV Surface Geometries Wag PV Module Properties
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" Sy (Hydropower %38 Water Power)

w&rehdudodundsnunaundiazen Tnefinalnnsldnvemdnuions
Fufnthdedsteadaruidon IﬁszﬁuﬁflmﬁaL?jauqqrrjﬁﬂﬁ'}uﬂumﬁau (Frerdou) udrUdesth
Mnfiszduihgenhlivauiaiudunsaudlainlugiissduthimngi aeluline. 2556 Yssmelned
ﬁwﬁqmiwﬁmwé’qmﬂw%’mWﬂwé’mwf’]gjqﬁq 3,497 MW waznuinuszmalveiidnenmitazanunse
wamlwihnndsauihgeds 15,155 Mwatetuludvinvestdnisudslutiagiu (Aroonrat &
Wongwises, 2015)

maﬁwwé’wuﬁmﬂsﬁwamizLLﬂlWﬁﬂﬁ?uﬁlﬁgﬂﬁﬂﬁ’mLﬁsmLLﬁimimamﬂizLLaIWWﬂu
Fouvwalnalwiniu uidenansathunldllassnsvinadnsssiueimslasndiesysuunan
nszualilihdendanuivumdn (Small-scale hydropower systems) Ao szuufidmainisnan
TWihaunatios N1 100 kW (Botkin & Keller, 2011)nganunsadnasszuusananiluuvasnirsssuei
ﬁﬁmﬂmamaqmzLmﬁ"jwﬁagjhﬂﬂamﬂmms Tnenuinusewdlneddnsnmaannssualninmessuu
guadnilalsitesnit 1,500 MW (Aroonrat & Wongwises, 2015) 4A211813150N15KAN
ﬂizLLﬁlWﬂf}éf'gsszwﬁ%%uagjﬁuﬁﬂwmwaqmﬂma‘umﬁﬂmmdﬁﬂLflwé’ﬂ warsnuudesileda
mis'umwiaLma'a{fwLLazéqufmﬁauﬁﬁm%aﬁuLmdqﬁwﬁumﬁuﬁﬁ@ dlosnszuundnnssualuih
FrendsnuhannsasunaunsmssinvesdafiazenaduamgiliAnmausulanes
nssuainlé

Diavtirme: Water flaws daownhill thraugh Mightirne: YWater purnped uphill to
turbines, producing electricity reservoir for tamorrow's Use

sUf 2.9 nalnmsvihau vesismsndnnszualiiindnendssnuthdesuuuy Pump Storage
(U.S. Geological Survey, 2018)

uennEuTIEnaAnnszualrifindhendsnuivhesuuuuiidond Pump
Storage Ing Pump Storage Ao svuurannszualnihdendsnuihildusslovdannsiansualndh
MnszuvassyUlnansuenluisaniilsnagn (off-peak) Bedrlugjazidurisnainaisiu an
THguihanuinaunaehiifsedusninluguaaiuiitssdugend defwaniidesnslindsnu
Iotfhas (i Tuthsne fidesnsldlailunisusueinie) Saudesthilfusnlfuuannssualid
(Botkin & Keller, 2011)
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" WAsIwan (Wind Power)

nFsnuaudundsnuansssumiaidogedisdumie feglulifeston ua
Hundsendiazein lifimsudesveadegaundon Insuywdannsondanszualiinanmdsauay
shemsld fauay (Wind Turbine) dadugunsalivimihiliudsundanusativesnszuaay fons
Wasunsluavesnsrudaurulufaiy Wundsnunadenisililufefumuseuwnu 9nduiai
ndsunafiBeudunszualnihieiniostudalnih fofuautuldsunsimuauindusuuud
sannvane usannsnagUlfiiu desUssinvndn fufe Awfuauuwiunuueu uas fiuaukLILNURY

fauauuuannuuau (Horizontal axis wind turbine: HAWT) 1fusviuanii]
wnumyurwulAufiamsiuiiansveanssuaay Sond made wazillgunsaldesiuiwiudize
Aovmevnsinauions fofuaussanifuvsesnfunanesia Wy fviuauiudiad (Windmills)
Foruavludedunudaiuanuuunadednseu wasfafuaudmsundalniiuuu Propeller WWugu
dhu AefuauuuINNLAS (Vertical axis wind turbine: VAWT) duduifsiuasiifiunumsuuasluin
faanfunisedeuiivesnseuaasluuunsu Fuhliansaiunssuaasluwmnsuldvnfianis 3
feuaunuuildsuaruiiouegnaundvans

Rotor
<« Blade

| Gearbox Generator

j “ Nacelle
|
a

v
Fixed Pitch
Rotor Blade

Vertical Axis Wind Turbine

-«— Tower

Generator

Horizontal Axis Wind Turbine

gﬂﬁ 2.10 WU UMRUaNLUAULDY (HAWT) Lazisiiautuinnuds (VAWT) (Sajuh, 2015)

FaaNNIA0IUsELA TN AL US s ULAE AU AUAD NS LT UNLANA1IAY 619
eazdenseyly m15199 2.1 dsioludl

A519d 2.1 madFeudisunuantRsstuanuszinn HAWT uay VAWT
(Aslam Bhutta et al., 2012)

- AAUANLUILAUUDY AAUANLUILNUAY
AMENURA
(HAWT) (VAWT)
YUNAVDILEN gy \an
nsneliinaduwdwaniniii g gl
nalnn1sane 3 1aid
ANUNUNIUADNTEUAALINE Tainunu NUNY




- AYAUANLUILAULDY AAUANLUILNAUAY
GRIGER
(HAWT) (VAWT)
5593 Fudou dxaIn

AVISINTZUAANAGAT]

AILEIN (2.5-5 wns/Auil)

ANULSIAN (1.5-3 LWRS/AU)

#9905

1 6 o Y a a a

HANTENUR D11 E) a1 i dguAs vy 1aidl

o I a g.jl ﬁl o a 1 ¥ ! U ﬁ’l a ! U &l a
Fuvaianaesaeidalih LyldoguuseAunumu DYUUTLAUNUAY
AUGINTEAUNUAY #991NTEAUNUAY Inafiusgauitumy
Smimsvyuvesluivi 1N ot
n1sneliindessUNI ABUT19UN o
AANanTELaEaL FuiunAnenseLaay Judaszaniiananssuday
N13TUNIUABUN UN e
Uszdnsnnlugauni 50-60% 1NN 70%

Tnevnly Ussndlnefidnonmeunisudaliihanndsnuanlussiusmaeu
nane Tnedlsziupnnudianade 3-5 wes/Aund us USnadfiteuminzausen1snannseualngi
Mnndsnuanimstissiuanudiauedslinnsmni Class 3 ¥99193514 IEC (nternational
Flectrotechnical Commission) 3iA1aS1as 6.4-7.0 wns/Auif wiedndssuay 300-400 W/
MTIUUAT B TEAUAIINEGS 50 LIRS zaziudslanufisiuldunnlulsemelneftinnugiay
WaesEauty Wy neldusnamelsdiusiing o.s%lns 1.unseIssNsw RissiumuEiauaas
Class 3 wargnenuwiAldsandy 2.a:1ug$s Allsefumnuiiiauaie Class 6-7 (8.00-11.90
WAS/AUT w3eindesuan 600 W/as1amns) Lusu (Chingulpitak & Wongwises, 2014)

Hadefitnaseussavsnmuosssuunanliiinanndanuay Sudldfifieus
FEavng anusa wasAudiaLeTeInsTuaaY WRded AnMQHUTENA Uag AUUANATIYDS
samgiluvssemasuduamgyinliiAanseusendadutladodfaydnse (Botkin & Keller, 2011)
Freghatiu arusmesnssuaaudnvsiinsiiuanudifivsnagenduemserean Wudy

mslausslomianndsnuaniionsnan i luwndiowarlueimsiu
Tsmenunaduidesinlunistnsuasldnuiniuauidesuandfingly Wesnivunlg)
LLﬁSé]j’eNmiamuﬁaﬂg?ﬂLQW’]%LLG]'a’m’]iﬂﬁﬂmugﬂLL‘U‘U gsRENKEURTuaLLien1 SR T
(Building Integrated Wind Turbine: BIWT / Building Mounted Wind Turbine) FaflnnsAnsaraiy
aufionsuaslnihvundn @uinswliiiu 100 kw) nanududiuniaiuenans (. Smith, Forsyth,
Sinclair, & Oteri, 2012) ﬁ?iqd'auimyj%am&gw%nmq@qqqmaqmmi idlesann mnuifwesnsvuaaiae
Lﬁuﬁuﬁmﬁuﬁﬁummqqmﬂﬁuau wazlasunansenutesanguassavinanseiaay i Aull uas
DIANTVUINALY
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" WAWIUYINIA (Biomass)

wdanuTnnatuduwvdmdsnuddydmiveilnesidunae i Jagdud
ﬁmaﬂmEJLU?{aumﬂﬁmuLﬂwmﬂiiumLﬁuﬁaﬂuqmamasimmﬂﬁu ANUADINTIINAINUIINUNAIT
natlilldanasusnduanniumudisu venslindinunaesiSousazaiansuanaus
(Prasertsan & Sajjakulnukit, 2006) Fua S8 WaTn1w (Biomass) Aeansduvdimlan
595UR Tzavaundenuiuelilusivesiues uazanansadmdsnuvesiufiivazauentiuld
Uselonild fedrevesansduvidinarii wu i weulsl iy Tanuwdedifeanmsinuadonn
nsgRAmNTIY WU ides vha unay wudes WuduTmteyadnd wu I vy $1 Dudu nisthin
sauldusAenilumaiduwdmdsnuduausarinldaesisie Wlumsvhaudeu uas 1Wluns
naRnSELalndn (Torcellini, Pless, & Deru, 2006) LLGigULLUUﬁﬁﬁ’ﬂaquﬂﬁm ATNINVBBNAD Y
Isqqmqmm'vmﬁumimwiL‘fluLs??al,wﬁﬂuizuumimamwé’wméw (Cogeneration) $491n918471
YeaudIniivnwiiauerennenssunsuleuendsuwiend nsldnnveandounan
nszualniihazlidnaningadia 3,000 MW usiguassarasnsiauIngsnualulsenalve fe
Jagtiulutsamelve Snanlnihanndanaudilising 20 e didulssnudema Qdeudes
Hudomds) 15 (dunaududemas) Andumdinsudasiuds 440 wnetag Jamitiilvins
ﬂ’@umwé’ﬁmu%amawLﬁ:uvgi’ﬂsmﬂwﬁﬁaﬁaﬁ%{]@mﬁwuma‘iu‘iaﬁ witlaymniiddaie :1an3ude
Trlhangudalninsegesanndenuduana (Ussann 1.26 vimseniie) Hudsninsaiude
Iyhanguanaelvganidemdenindussi (Fossil fuel) (Ussanas 1.6 umseviiae) ogunn
FrdFeilvussgddalunisasmuuazmstaundsnunndanaanas

nswannssudlnihanusmdseudamatiu Tnednlvaldisunlwiiesunilsy
Anlotussiugslumpluialuedosidaluih (Direct-fred Combustion Systems) uanaIntugs
{358u9 1éun nszuaunsuUsanimduuia (Gasification) LﬁuﬂﬁiLﬂﬁau'gUWé’qumﬁmsflusuaa
ansveuluTanaluduwiarianunsaw vl 3513 Pyrolysis fanszuiunisasuudas
@Qﬁﬂi%ﬂ@‘U‘VlNLﬂﬁi@Ui%ﬂﬁ’m%’@uiuﬁﬂﬂﬂ%’mmﬁ lnaiinnsunnvesiussluanaluesdusenay
Tnanaidumedomadmarveama (i) uae aﬁmiaaaammmﬂimmﬁ (Anaerobic Digestion)
\JunnsdesameTnalnewuafiieluanmwindenfiusmnnesndia iendnufadaning
Usenaudne Methane Wudwlngfiaunsathluwlvdifiondnnseualudinle

Hadefifinrmddygeanlunmsnasniiionsaiuarldiudunaiiionisuan
nszualnlfiAensUssduauifisanevedunasdua (Resource Assessment) dafinanus iy
dlewnn unasTamatiu Fesiussaniivanzay fesfivinaiiiisme wazdosvududiglsanule
M3IA18NAE uam]'mﬁ?uﬁa%’aﬁﬁayiamﬁa msUasefngiiinannnisilug (Combustion
Emissions) avfadldunisnmainuasUsuiiunansenusodaindeusgnesounay wWensyuunas
nssualilihonndseudamamldluomsiuesiitedeidesmdafiudiy Hun mafiuundedauna
Tupmng ﬁazé’mizﬁmﬁqﬁaqs!umﬁl,ﬁmm%amama’wﬁ?u SureliAnauanysn wazdanuides
fgdnlnuaziinnisseidald uanawmﬁ?uﬁwmmﬁuLméﬁ’;maﬁmm%uqq nastluuviasaauuas
WWSNTEANUVDIYATIL LU Fos I (US. Department of Energy Federal Energy Management
Program (FEMP), 2016)
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Direct Combustion / Steam Turbine System

TURENE

Elsctricity
GENERATOR

Biomass

Condensale

gﬂﬁ 2.11 WHUNNKERINITYI19IUYBY Direct-fired Combustion Systems (U.S. Department of
Energy Federal Energy Management Program (FEMP), 2016)

" STUUNAANAIIUIIN (Cogeneration)

SYUUNBANEIIUSIU (Cogeneration) e seuufiliniiandsuluiviondenuy
na wardinsldusglovdannndsuanuseunivglumeluvasiioniu Insadewomaumnas
el UseAnSnmueassuunanna s uanuiousiutiugais 80% ewsuiussuunanlninegs
a o a a = oA Y S a ' 4
WeaniusEavTatmies 40% winuillsannwasnuanudeuniviennnisudnliiazgnuaesis
Tituusssmelagldlainlulda

dlenszurunns Balancing Emissions Aonisannisldndsauuesanasannumas
niuiivdesfniounsyanlimitgaiifannsniduly feassnszuaunisdesfio msaansld
wEuTAnanmslinuenas wazmsindesruUa I sua nud I s umaunY uwEagding
UaeuieasuouanoImsiaundodsreeniiiunsnssuiunsinnavauiuesnsuassfing
A1SUBY (Carbon Offset) ply

2.1.3 nszUAUNSENnavaunuYesniIsuasefingmsuau (Carbon Offset)

As¥UIUNTS Carbon Offset tuanansavilienasiideiinisudesfensveunaunde
9INNTEUIUATS Balancing Emissions 11 Carbon Neutral Building li@aen1sld nnsandunazin
\iuA1Suau (Carbon Capture and Sequestration) #38 n1sgagufn¥isaunszan (Carbon
Sinks) waze193uiu nMsamululasanisdndukazdaiuaisuau (Carbon Projects Funding)
(Roche, 2017; Sheppard & Socolow, 2007; 84ANITUIHITIANITANLLIBUNTEIN (BIANITURIVL),
2555) FdlunaufiRcunisesnuuy foaii wazn1sldmuenmstulifeutinsyuaums Carbon
Capture and Sequestration 1nliilesaniduisnisufuadiunisindunazinifivaisuouly
AARAEVINTTULALNTHANNEIY LU MIfnduuagfnuiuansuoululsslnihaiuiu Wusu Fane
p1Astufinuueniaiuiimaanisanueu wayiBnisivmnzaunideldls mmsgadufeiou
n3zan (Carbon Sinks) tud1day (Roche, 2017; Sheppard & Socolow, 2007) 3433115 Carbon
Sinks ﬁiﬁwﬁﬂmim’mLLmﬁmmiﬁﬂﬂauauﬁ’maaﬂ’liﬂdaaﬁ”wmﬁuaua&mLﬁmg‘dufuu AIENAYNSHY
LUIANUAA Carbon Neutral Design Process (CNDP) Matrix (Roche, 2017) ('g‘dﬁ 2.12)
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Carbon intensity . . . Carbon sink
reduction strategies strategies
31]17; 2.12 Carbon Neutral Design Process (CNDP) Matrix (Roche, 2017)

Carbon Neutral Design Process (CNDP) Matrix ﬁ?ugﬂﬁ’ll,au@c\i’mm’]i’m‘uu’m 4 uan
5 odutl Tnounvis 4 duidudunuves undsdndinnisudesfingarfuaundn (Sources of
Emissions) 11a 4 léun n15l4e1ue1a15 (Operation) n15od31991A75 (Construction) N34
(Water) wae vo¥ (Waste) uagandunivis 5 dudu vauivavasnasnisnszuaunsiinnavauiuves
nsusseRwA1suau (Carbon Offset) #i1eq laanveuivaiilvaiianguoulunidniian Tnenadul
wInAudugafie IAd198ediun1sUaesfinwa1suauataIA1s (Emission Baseline) vaiusay
Sources of Emissions faiiléinaaluluided 2.1.1 dunsduigaromurngaie nadnsadiu
n1saan1sUdasfinwa1suau (Outcomes) AadutlsyyIvARENUd8aALaYYNEATTINI 3 ABFLY
lauA 11m3n1S Carbon Offset sgfULiiDY (Regional-urban Scale) AoautinuIAILYIIOAD 1IMTNIT
Carbon Offset sefiufiau (Site) waz Snmoduridauifiuviniledie 11msn"5 Carbon Offset 5ziy
81A15 Building) flumeduiidiineduidesiilaidosziuneluaamsaningluidn andreiiely
¥nile Aovnsefuidonennns laaufeszdugunsalinsedldlnin wadlumssiidugadaszming
wouazaeduitunandliifiuieunnsnis Carbon Offset is1mgluda szduvauivnosdaug
(Knowledge Areas) fhunsudiunisannisuaesinemsueu (Roche, 2017)

Knowledge Areas U19a3dANLStuainsnannsUsosianiuauldiduegnann
TuuBinafteusodfisuiiiuieiignudesesnin Knowledge Areas tiuq Ssnaneilu n1sga
FufinwiSeunszan (Carbon Sinks) Ailidneamluinnavaufufiuieasusuiignuaesesnunls
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21307 2.12 Knowledge Areas 7iu Carbon Sinks Hugnuandlugadlumssfidugadaseuing
woanarmeduRTdunsouddy Suldun

" 1158519 a9971U91nv8e (Energy Generation from Waste: EW) Lfluf\;mé‘]'ﬂ
SEINNABANY S¥AULLIDY (Regional-urban Scale) fiu Sources of Emissions Usgtanagy (Waste)

m miﬁlﬂgﬁﬁﬂﬁﬁ!ﬂ.’ﬁu (Sustainable Landscaping: SL) \Juqndnszninanaauil
seeuTiAu (Site) U Sources of Emissions UssLAnnsneasse1ms (Construction)

= msléuszlavdantilu (Rainwater Harvesting: RH) iugndnszuinsnodul
sydiufiau (Site) AU Sources of Emissions Usvsnnnislduin (Water)

" A5ldnaIuIINUUaINdsIUNawNY (Renewable Energy: RE) LUuqndn
SPWINADALUIZAUDIATS (Building) iU Sources of Emissions Usgtnnnsldaiueans (Operation)

Tuefin nszuruMsoonUUUilBNsaRNsUdesfumsusuLaIinUsEAMEA ey
mslindsnuresornmstuiiamgseindudousnn iansdiunisussifiuaussouzens (Building
Performance Evaluation) uazmsasamadensunisesnuuuiiieligiieadesanunsasndulaiden
ynadonuuueias (Design Alternatives) finssanudesnisuavilanssaurenasiipdian Lilesan
nszvaumsiluefndoddniniutoys Usvinana wardiaosanumsniaussourerns (Building
Performance Simulation) sesguulle (Roche, 2017) usilutlaguulatinszuiuniseaniuu-neasns
o1msTidumauusTUUAY uavazldnandseandealuiideseld

2.2 nizmumsaanu:uummsﬁﬂaaﬂmnmiﬂdaﬂﬁwm%mqu% (Carbon-neutral
Building Design Process: CNDP) 9’1";anizmumiaamwugimmi (Integrated

Design Processes: IDP)

2.2.1 N3LUUNITIDNLUUYIUINTG (Integrated Design Processes: IDP)

The International council for Research and Innovation in Construction (CIB) lali
ANVLNBYDS NTTUIUNITBBNLUUYTAINAT (Integrated Design Processes:IDP) Fananeiia
nszUIuMsERnUUUlMTThauasinwesmiy Tnenisysanms szuudeya arsaume uaznns
Jamsesdanud Weliiuuszavsnmveslassainiauaznszuiunis wasiilelfiunuA1vesusEnINg
NFUIUNITOONLUY d519 wazn1sldauenans sudeiulugilasinisdeadiadundnde (Hansen &
Knudstrup, 2005) laenszuiunis IDP ﬁugﬂﬂmﬂ%’tﬁamLmumzmumaaaﬂLLUU‘UiszTNm
AU (Traditional Sequential Process) Thdudsnsfilésumnuievlutianamaredudftiumn
LANUIINSEUINNTUSTIanEiTeldeiUSeunsyuaunis IPD Wuedheunn wilesann Traditional
Sequential Process tuilnnuandn fauRanaiauazainusidoulunsyuiunisyhau (Eastman,
Teicholz, Sacks, & Liston, 2011; Hansen & Knudstrup, 2005) (g‘dﬁ 2.14) WAINANNAINATEUIUAIT
IDP Fafumssiiunisesnuuusimssauiuiensyuiuns Tugduuuanann (Multidisciplinary) 7
an1Ufin 3mans fdannslasanis tivedlasinis man dudBunseuIun1sesnuuy uagdasauiu
Ansgidayaiiieativayunisinaulaluniseanuuy vameiugunss n1sdenldtan nisdanis
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ninens nisdenldnanssalulasinisneasng wazdiTauienIsia s RauTTa UL AUNSIIY N1T
FPUBDINIFRIEITTITNYIA LAZNITNAANSNIUIINUARINAIUNALNUBANIE (Yao, 2013)

nsguIunTs IDP dfesiimeruassniidsvesiieadedlunsoanuuuduegienn Tnsans
ogsBaRaudTSudunsrUInseanuuy Sudurisiidulonafiafianiunsuusdiuuuerass
anuanysailaeiidiunuige sududsunnsisain Traditional Sequential Process #ilsifinnsysan
nshunszuannmseanuuy fnsddiunszuiunisesnuuuitagivndn taglildinnsvhausudy e
IﬂiqmsnaamﬂmmLuuﬂﬁsiﬂiusuumau (Phases) #1149 miﬂiuﬂiqmmmmmﬂmmﬂﬁuu uazazd
mwuawu INNTURINSTELIANTDITURBUNTEENUUU-Nd31991A S iNTY (Zimmerman & Eng,
2006) mswamaammmmﬂugﬂm 2.15

Integrated
Design Model

Lighting/
Daylighting

Material
Data

;J‘U‘ﬁ 2.13 UWNUNINUEAILLIAINAANTEUIUNITOBNLUUYTUINTST (IDP) (Krygiel & Nies, 2008)
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JUN 2.14 UNUAMLEAINTSIWIBULTIBUNTEUIUNTRDNLUUKUUANENU (F18)
AUNTEUIUNTOBNLUUYTUINTSG (IDP) (¥37) (Krygiel & Nies, 2008)
37



Opportunities for Change
and the Design Sequence

COsT

SAVINGS
Costto Change
Potential Synergies &
Savings
S T
D' TIME
Programming Schematic Design Construction Occupancy

Design Development

5UM 2.15 lemauazaunulunisuiudieenans lugistuneu (Phases) e ludiadinenans
(Zimmerman & Eng, 2006)

2.2.2 53UUES19EUNITAlIaR9ENTTaUZE1IATS (Building Performance Simulation:
BPS)

NM15PRNLUUBNIANS Carbon Neutral Lagn1SAARISEUULAALAIDINYBID1ATSHATY

\Wwaauase17ngd (Building Integrated Photovoltaic: BIPV) Niiusz@nsnin sndusesiinisaianisal

'
a

HERN1N (Photovoltaic Productivity Estimation) wassnuluiinniaglasuainsyuuldegagndies
\losandesliidanuangaiuuinamdanuluinddesnsfionsvauesnisldanulu BIPV agas
iigawauslaiunniAuaudnduiedssansualunisldiunu (Cost Effective) 17 wanilslutigm
difigaivilinisaanisaldnnindsnan shldenn videraaedou Aawarnananuiduats fe
anngnslautaauisdiniiuies iesninanngi fanududeon ¥ Uuvumedy uazllanngy
WasuuUasegmaoaian laglanizegaduileszuy PV egluviunadeiiiesiifinnuvuiuiuyes
mﬂ'mt,azﬁi’mql,mé’au (Kanters & Wall, 2014)

dadimalulagoimsnauwadiaseniing (BIPY) aziidnaaimlunisannisudes
fadounszanduinnnnssuiunasdandsnuniaoimsinig uidmuiiniseeniuy BIPV dudsd
guassadAgyAe feanuuuldaiunsanian1saluseAnSn1nuaznadnsveenIsHAANA 1IN TaE
17indves BIPV ldegsgndes waniludeddndidosnimén n1soenuuueesiindng1u (Evidence-
based Design) lWsldlunisesnuuy BIPV tieaduayuliooniuunuisandnngdanuainssuy
PV yosm1aidonnisesnuuuuiazmadenesnaiissmss ilissuuiwaduaseriindiiuszansamly
nsldauegegean wazidudsairsmnudeiuuidamululasinsieasns BIPV Tifudsaudued
Y84lAT9N158NAY (Kuo, Hsieh, Guo, & Chan, 2016)

Asddnyiffoeniuu BIPY azsiosiuunisifioyssifiumnudueivesszuu PV fie deq
ansouszifiudneniwnisndandanuiiosldiuainszuy PV Ing nsUszdiumisuinnm
(Quantitative Assessment) vosU3anussaefing (radiance) innasuuiuiifussdvesssuy PV
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srensld wdesdleadanunisalsiaesaussouze1ms (Simulation Tools / Building Performance
Simulation: BPS) (Ning et al., 2017)
STUUASNE0IUNITAIINa9aNTI0UL1ANT (Building Performance Simulation: BPS)
Aoinesilofignimuntudeingusrasdiiioativayunisdnaulalunisesnuuueinisiae (1) n1s
Sravsuazuansnadninudnuazanenwinlafunisuesormsmenislduuudiasanisduia
é’uﬁ]ué‘f’;Lmu@mé’ﬂwmzmmamwﬁ?uﬂ AI9EIUYU N1TTIRBIAUTIAULDIATAUATASIUAIY
Souruldenainis menslduuuitasanismuanunsdsiuauseuniuianeiais udu
warlag (2) Msuansnadwsiananegaiiane gndes uaziiivsmss eglunasiniduisousuny
mmgwﬂuﬁasuaﬂﬂWimni’mamiausmmiéfmﬁ'u6] (Bazjanac et al., 2011; Clarke & Hensen,
2015)
BPS ﬁgﬂﬁmﬂsﬁuﬂszmumsaaﬂquawmaﬁ?ummmai’ﬂLLuﬂaamﬂuUizmmmm
ATEAINIINTANTUM RIS AesaLTINULeIATnaY Iddaralull (ugan ndllwlzat, 2557; 1BPSA-
USA, 2015)
" sanunseisiassrndsuvesenasieian (Whole-Building Eneray
Simulation)

. NM3AUIUNITENTUSUDINA (Load Calculations)

T AsAn@enuaziuunuuInszuuUsue1n1a (HVAC System Selection and
Sizing)
" mslesgsidlUswagMImAiIEfian (Parametrics & Optimization)
" msdfummsiihdideyanuudnaedsnas (Model Input Calibration)
" /9IRAINTTRUSNENEIU (Energy Conservation Measure)
= sUfuasunguune (Code Compliance)
B A5UssiusEauLaEnN1sTUTEIN1IRTI97A (Ratings and Certificates)
" mslesgvianldangiuansisallaa (Utility Bill & Meter Data Analysis)
B A9RT29@0UNISIINENIUU981ANT (Building Energy Auditing)
" AsaS1anuaUS UL B UALSSOUEAUNS 19UY8991A1S (Building Energy
Benchmarking)

B A590809@UTTOUAULANAI19UR907ANS (Lighting Simulation)

u miﬁi’ﬂaaaamiauzﬁm@mmwmmﬂmalumma (Indoor Air Quality
Simulation)

B 5AS1E993TI0U0981A1T (Life-cycle Analysis)

" N1391899aUITOULVDINTOUDIAT (Detailed Envelope Simulation)

" N1591809ANTINULVRITLUUUTENBUD1ANS (Detail Component Simulation)

BPS wsiazlusunsuti enadimnuanansanssiassaussaus1msInnninieUssam
feg1agy 1UsWnsy EnergyPlus 5ugﬂ%’ﬂiﬁﬁmmmmmamﬂisLm/] laun Whole-Building Energy
Simulation, HVAC System Selection and Sizing ta¥ Code Compliance kazlusunss Autodesk
Green Building Studio uag Insight 360 5ugﬂ%’m’[,ﬁﬁmmmmmmmﬂisLm/| lawn Whole-Building

39



Energy Simulation, Parametrics & Optimization Wag Energy Conservation Measure Judu (1BPSA-
USA, 2015)

2.2.3 STUUAS19E01UN15IAN8098UTTAULDIANSHUUDN IR (Automated BPS)

widlutagiumalulad 8PS azdinmsiwunluidusgraunnanlusfin iemisany
agmnlunslday mmgniealeanss wazanumainyarglanzyng uidmuinaiesile BPS &l
guassaddqiivililiannsonevaussniudesnisvesgesnuuu BIPV Ifegreasuiufe ns
s1usnuazulasteyasimsiioduteyatindrgszuu BPS sae svuuilonieszuulisnluld
(Manual / Non-automatic) Jaidu3smsiignlilaegeenuuuszuy PV sudunaiuiuaiveuiiagdy
suduaivnddguesnnuiianaiauazanuaiilunisiiassanssauzerans iesainszuu BPS 1
$raosaussouzuiasd by Soyamidnduiinamma feloyadiusuadaeians eyadiu
AudnwaEIEIuYestane1as Joyadiugiionia budu Bsuninfunuilunisldnussu
BPS Tumunfusseiu AAT 1AL UUTIABINUANTIOUL/NEIUBIAT (Energy Modelers) usingauazil
Bnsaswuuaeuazloudayaind BPS szuuflefiunndneiu wazdanuin Enerey Modeler ws
azauazil mstdeudeyatidhszuu BPS Tngmanis/Ineiangu (Arbitrary Data) deainennnandesls
HadWsa1n BPS tufianatauazliudede (Bazjanac et al., 2011; Clarke & Hensen, 2015;
Hitchcock & Wong, 2011) %ﬁﬂ,ﬁt,ﬁm%’%mﬂwﬁﬁgaiﬁﬁaﬁﬁ@sﬁamwéaqﬁaﬂdn YBINITAS
wuudnaesausTaureimskazloudeyatndimeszuuile Asnisldau ssuunisadiantunisal
11894AUTT0ULEIANT N1THUAsUBYA waznIsUIdITeyadnd BPS wuudnlulia (Automated BPS)
FEn1stlawnsoandefianainlunszuiunisilénanludufaainanuianaiaiiinainuyud
(Human Error) wonaniiu Automated BPS Ssatiuayuliannniifoyaeinisuazdoyauuusians
aussouzarasndualdgldiiunszuiun1sufoRnisian (interoperability) wuvatduayunisas
Yoyauuulu-ndu (Bi-directional Data Exchange) seningsyuun1sasiawuudassiuszuu BPS 8n
78 (O’Donnell et al,, 2011)

2.2.4 2UUKUUINADIETT8UNA (Building Information Modeling: BIM)

nimesseTHuIngnavnssuduaniinenssy mnsm MIneadeenns uay
n3l991U1ATS (Architecture, Engineering, Construction and Operation: A/E/C/O)lgiumalulad
LAZATEUIUNTT FTUULUUTIR0IE5AaWNADIAS (Building Information Modeling: BIM) w14 Tag
BIM Ao szuuUUUTIassansaumnaoiasitiamiswmsdusUiuuiinea sudusunueiaisiay
Aeasslutumousaqlunsyuaunisneadns smedusuadasazasaumavesetasiueg lu
Funousonuuy feads uiennnu-1aty uiduneumsdwevansineLusaesaTaumA
p1Asdianansatuayun e ssidoyarienfiieatesiunsesnuuu-reasrseiansidodugnies
suiimsdavienansuuuneadiensld ez BIM dutuidumeluladeiosiie-nszutumsiiddiy
Ium'ﬁaﬁuauuﬂﬁzmumﬁaaﬂLLuugﬁmﬁﬂﬂﬁ (Integrated Design Processes: IDP) EQ]'u%?imasLﬁLﬁlm
AMNNYRIIMSTIneaE e IngandunLLasSEETIaNSRoas19BndY (Agugiaro, 2016; Eastman et
al., 2011; Krygiel & Nies, 2008; Kuo et al,, 2016; Kymmell, 2007, Ladenhauf et al., 2016;
Somboonwit, Boontore, & Rugwongwan, 2017) 2UU BIM 5uﬁwawuawuwaaﬁﬁw ABNITEINIUY
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foyalsvadinernseanliiiernaiusanduszuy BPS ednwmmadenlunisesnuuuiiieliia
UszAnsansnundarnuuaznislindsnunaunu lnensideudenisinausening BIM wag BPS &
msdsihudayadefiuluwuuiagiuinisussananauuuiiuil (Runtime Level) uaganunsodenadng
suanssaureasnduldaszuu BIM tileuananadnssogeanuuuains iunisatuayunns
FaaulasaustuneuusnquasnszuIunseenuuy duasuliniseenuuueims Tnsamz BIPV 1
AmnuTATnaziinugndesudeyaatiuayunsaivnauden uasifindssavsainnisoonuuy
s¥UU PV 1Wussagegn (Optimization) (Ning et al., 2017)
FEUULUUIIADIA1TAUMNADIANT (Building Information Modeling: BIM) “a1e84
LuIAA NSEUILNNT waria3esile MAvidestunszuiunisadiuardnnis asaunauuudiaes
Tnsan1sneadrsegnafunatn feszuupeufinmes fiuszneufewuusiast 3 ffvetesduszneau
fineq vedlaseins Adnsidenlesasaumanaomumddisfunasndaedine1ns wavaiunse
UUmRn1sluasaumnasiuiu (interoperable) seninagianauszleyisiuveslasinisiaetng
danmanany (coordinated) waranu1saAuInle (computable) (Kymmell, 2008; Lamb, Reed, &
Khanzode, 2009; Eastman, Teicholz, Sacks, wtag Liston, 2011; Aubin, 2012) Lﬁaa%maasmdw
BIM tumunedis nsaisuuuiassenmslugluuuiinea Taefimsysannismsaing msdeans uaz
mIlneikuusaeseinstulunduuesifiduiuiadeyansiin (Graphics) v 2 uag 3 {7 Loy
vue & szo 1udu wazdeyadiliilins1din (Non-graphics) 1wy fayadndn Ju s1a1 1Wudy
(Eastman, Teicholz, Sacks, Wag Liston, 2011; aunauaa1uiinasulunsyususigudud, 2558) lag
LUUSNA0ENTAUNADIAN T %éfaaﬁﬂmé’ﬂwmzﬁﬂmiﬂﬁ (Eastman, Teicholz, Sacks, Wa¥ Liston,
2011)
" geAUsvnauemsluuuusiaste1as (Building Components) tugesiininnis
LanINaLaT ANz YBITayaTiUTzInanald (Computable Graphic and Data
Attributes) waglunuuitassazdeingiiamnsaduials (Parametric Rules)
dielanunsadanisiunuuiasdls
= gadUszneuemsluluuIaesenas (Building Components) Husaslitoyai
aluAYUNTEUIUNITOBNLUUKALNNTILATIEN WU Tayasusian Jeyaniu
waau (Hudu
" 93AUTENOUIATIULUUT189991AT (Building Components) ﬁ?ué’mﬁ%’ayjaﬁaﬁ
naluiiedu fifesdinnuaenndadaidaudusfoslisrdeuriu (Consistent and
Nonredundant)
= fayalunuusinesninisiiviiaiudszainlunfeniu (Coordinated Data) Hu
zfpagminauslunmengeg (Views wu uau a1 gudia wa+) egreuszauly
Wiounuunu (Represented in a Coordinated Way)
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‘ Early projact development minimizes
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projects on schedule § on budget
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|
|
|
L I
Schematic  Design Construction Construction Operation

Design Development Documents

sUfi 2.16 Uszlemivasnislday BIM lunseurunisesnuuuysannis (IDP)
(Stevens Institute of Technology, 2015)

2.2.5 ﬂﬂiﬁqﬁuﬂigﬁUﬂqqﬁJQZLaﬂﬂ‘lla\‘iﬂqsﬁf’uuqLLUU‘S’]aa\‘iﬁqiﬁ‘ULVIﬂ (Level of Detail
/ Level of Development: LOD)

Level of Detail / Level of Development (LOD %38 LoD) A9 N19ATRUATEAU
31682188AVDIDIAUTENDUDIANTLAZLUUTIA DI TAULNADIANT mmﬁy’qsﬁ'aaﬂamﬁaummizﬂaﬂﬁ
genndestunsrhadlutuneuineg lunusenuuuaainenssy @naudanUinaenulunsyusy
51UduA, 2558) wUszasdddniviiliiAansivuasyfu LOD Ae (Bedrick J. , 2013)

" letaelifiidiuslulasins (sudadwedlasins) awnsadmussieaziden
¥99M15d90U BIM (BIM Deliverables) liuuarfuluusasduneuvonsyuiunis
DONLUU-ADAT1901AT LA

= Lﬁaﬂh81‘15?@{]’@msﬂszmumiaamwu mmmﬁamiﬁmmzQaamwmﬁmﬁ’u
AsAuMADIAILaETIBaBenTidoenslunsruiumssenuuLuRaTunould

" fledaliiiumsgrunaniianansalddedslunssuiunsidyrindaneznisag
flowann BIM vaslasinsesnuuu-feadnsennsiiue

= Ipe LOD awnsanuneialéie Level of Detail 1158 Level of Development 971
MsNUTWITSANTSY nuindnsTirsfneufisetusiivandy a1s1ed 2.2

1n8 American Institute of Architecture (AIA) o uuaaINunueaes LOD (Level
of Development) ﬁaﬁi@lﬂ“ﬁ (Van, 2008; American Institute of Architecture (AIA), 2013)
" LOD 100: fnsuansdeasduszneveasiluiissdydnueinioniseduiedialy
sefufioya LOD 100 difielddavhuvuifionisiinsziuuuiarhduuuudiass
(Model) m15Usenaual8iaunse1a1s (Massing) TUAINSIH8819ATUNIULAE
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ToyausznoulATin1siiee Wi Useinnveseins Ysuing Aavianisiuennis
Dudu

LOD 200-400: finsasnsesdusznaveimshiluingobjects) lnganafinistudin
foyafilulddoyann (Nongraphic Data) ing¥ngiiu Ine¥ngiliusduszney
mmiﬁfﬁ]zﬁaqﬁmmgﬂé’awaqé’ﬂwmsmqLﬁmmﬁm (Accuracy of the geometry)
laiiasdu Usina aunm sUnss mans-finke wasfianis Tasiawgssdudoya
LOD 400 Hudei1azdasiinnuaziBoarensuiadauazdoyarsenaviiiouii
Shop Drawinguazluingeiafivoyanusin Augkas w89 duiinagaie

LOD 500: t3wAdinTasingasdusznauaIATiuIERatgnTIadaUAINYNHDs
fnqiuqe199giinisussydoyadiunislionns (Operation) uagnistigadnw
81A15 (Maintenance) Limguazvazaesdauaridenvousvindauaziaya
UsgnauLiigumin As-built Construction

AT 2.2 a3uAumMIng Level of Detail / Level of Development Tui55aunssusneg

(Volk, Stengel, & Schultmann, 2014a, 2014b)

Level of Detail

SIARARE9AIT / lsadinogvanBen / nMstusussduans /
sIRvienNansneaINe (Leite, Akcamete, Akinci, Atasoy, & Kizitas,
2011)

LUUMWIANLAR / 15UAENBE19A3717 / sundinegsasiden / N5ty

5U81A15 / w@lieuenansadnaada (Bedrick J. , Organizing the
development of a building information model, 2008; Bedrick &
Aligning, Aligning LOD, LoD and OEM into a project collaboration
framework, 2012)

@ilaunuu / Lailaueiasastaasa / wwileusnasvaeldau (Tang,
Anil, Akinci, & Huber, 2011; Adan, Xiong, Akinci, & Huber, 2011)
LUUS / hUUaELa8n / szé’waamiéﬁu'gﬂmmi (Eastman, Teicholz,
Sacks, & Liston, 2011)

Level of Development | LOD 100, LOD 200, LOD 300, LOD 400, LOD 500 (American

Institute of Architecture (AIA), 2013)

LOD tuduidudsnazautinduniudisutu(Cumulative) fagraau LOD 300 t

IrholdnyurveIAINazBundayainTudIued LOD 100 kay LOD 200 uudndudu wazlu

1AsIN1TNRasIRTITy nsimuaszeu LOD Trdummiedilulmaziunauradlasinisuurinlasnn

aetun1silaninaliingesdusenaueia1saiunsadl seau LOD Numnene (Variable LODs) a1elu

wuuI1assasaune BIM) lunrazdunouveslasanisneastala (Dougherty, 2015) agnelsnaiu
Asuiingeulasinisesnuuuaistiudndudesivun LOD lunseuiunisesniuunnasduneuli
Wingal Wesn MSHiNTEAUTIgazidunvedeAUTznaUsIAITUAUUTIABIA AU ARIA ST Y
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[ (%
=< U

wHazTu LOD WU 31bTudeqldiiainasAune gl iuTUAILe 2 1911 89 11 11167 (Leite,
Akcamete, Akinci, Atasoy, & Kiziltas, 2011)

LEVEL of DEVELOPMENT
LOD100 LOD200 LOD300 LOD400 LOD 500

/ﬂ

/ '” ]
] 5 # !
Concept (Presentation) Design Development Documentation Construction Facilities Management
DESCRIFTION: DESCRIPTION: DESCRIPTION: DESCRIFTION: DESCRIPTION:
Office Chair Office Chair Office Chair Office Chair Office Chair
Arms, Wheels Arms, Wheels Arms, Wheels Arms, Wheels Arms, Wheels
WIDTH; WIDTH: WIDTH: WIDTH: WIDTH:

700 700 685 685
DEPTH: DEPTH: DEPTH: DEPTH: DEPTH:

450 450 430 430
HEIGHT: HEIGHT: HEIGHT: HEIGHT: HEIGHT:

1100 1100 1085 1085
MANUFACTURER: MANUFACTURER: MANUFACTURER: MANUFACTURER: MANUFACTURER:
Herman Miller, Inc. Herman Miller, Inc. Harman Miller, Inc. Herman Miller, Inc Herman Miller, Inc
MODEL: MODEL: MODEL: MODEL: MODEL:
Mirra Mirra Mirra Mirra Mirra
LoD, LOD; LOD: LOD; PURCHASE DATE;
100 200 300 400 01/02/2013
(Qnly data in red is useable) practicalBIM.net @ 2013

Ul 2.17 nsuanaiiognsmsiiianduresteyalusesiu Level of Development faus LOD100 fis
LOD500 (anpuannUiinaenslunssususiyguaus, 2558; McPhee, 2013)

LEVEL of DETAIL
GO G1

Schematic Concept Defined Rendered
DESCRIPTION: DESCRIPTION: DESCRIPTION: DESCRIPTION:
Office Chair Office Chair Office Chair Dffice Chair

Arms, Wheels Arms, Wheels
WIDTH: WIOTH: WIDTH: WIOTH:
00 a0 o0
DEPTH: DEPTH: DEPTH: DEPTH:
450 450 450
HEIGHT: HEIGHT: HEIGHT: HEIGHT:
1100 1400 1100
MANUFACTURER: MAMUFACTURER: MANUFACTURER: MAMUFACTURER:
Herman Miller, Inc Herman Miller, Inc
MODEL: MODEL: ODEL: ODEL:
Mirr= Mirrz
(based on AEC [UK] BiMprotocol w2.0 - Component Grade] practicalBIM.net @ 2013

3UN 2.18 N1suansagamsiiintuvedoyalusedu Level of Detail ¥8awUUIIRBIENTAUNALIND
MIUANSLUITEAU AEC (UK) BIM Protocol (McPhee, 2013)
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InwazBundy LOD fafinanill meideiidenimuiuuusiassaisaume (BIM
Model) 8113 BIPV #e LOD300 ieliuuustassiuiiseaziBonnuandaiiiedosiufundsny
ASUBIU wazldeniaun BIM Model 81m15 Obstacle ¢ LOD200 Liisannisldmdsnisuszananaly
nsrUIUNIIaBdanIunsalausIauzeasiviafian lngasnaandRsundsausiifsndu 1
witousuluduneunismnassiemsassaniunisaisiaesaussaurerasyn Simulations

Uagtuiisyuu BIM Tuguuugeniiuasdnsagudmiheluiemainegidudiuauuin
lawn Autodesk Revit, Graphisoft ArchiCAD, Nemetschek Vectorwork, Bentley MicroStation u
1 (CAD Addict, 2010; Eastman, Teicholz, Sacks, & Liston, 2011)

S¥UU BIM ‘Luagmuawaam’mﬁ]uLﬂ‘éaaﬁaﬁ’lﬂuﬂizmumiaaﬂLLUUﬁ?uﬁUd’lﬁéf';Lﬁaﬂ
Fflarumainuansluviosnan usazlusunsuseidewunazdesitafiunnasiuly usluanudu
\w3esilovaszuy BIM wantuignsamneifionisneuauesnssuiunisuagsadeuds (Processes
and Methodology) U BIM 78 miﬁsﬁ’a;daﬁﬂszmuﬁu (Coordinated) ANU@BAARDIVBITOYA
(Consistent) wazau1sad1ulIaild (Computable) lnedsdrfyfiazinlinisldauiadasie
n5EUIUNNT wavseideudTuuu BIM Tussauanudnsale Tnuanizn1sdiseuy BIM 113uAsied
aussouzennns vusniudesdesduseneunailsod19dnuinueuenaInnisi Hardware way
Software f9E19LU NTLUIUAITVIIULUY BIM (BIM Workflow) A1uanlage n1sAavunseau
ANaTIDYR / susutulumsfmusuuSaeIE Taunea (Level of Detail / Level of Development:
LOD) Judiu (aunananuiinasinlunszususigudud, 2558; Eastman, Teicholz, Sacks, way
Liston, 2011; Aubin, 2012; Kuo, Hsieh, Guo, Wag Chan, 2016)

Vewscle  [T5°1 : ILJ

¢
Looking out romrecestbon* || i o MO p @B > - B/

D00 Segle Fush e Ml rame : 36" x4 Refoerce : F2 8 Vi . RN

sUTl 2.19 fegranmanlusunsy Autodesk Revit
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571,5
.
-
Jhe

5UN 2.22 fegrean mainlusunsy Vectorwork

2.2.6 FYUUIINBENTIAULDIATT KAZN1TUHUANITIINAUTZUULUUI ARG TEULNA

Faustafnfisnuan nsruIumslesgiausoureIns 1wy aussousAundsuYe
91A1T AUTTOULAIUNNTATINNLUIEUIBLALITD1A15A8TTEIIUYR (Passive Design) “1a° s
Anududeuiiauidssionuianata Mailunisiasiziunn uazsndudodddinuz ves
Aidsmaramziulunsdiiumsiieszisenisldau szuudiassanssauze1ns (Building
Performance Simulation: BPS) uslutlaqgtiu szuuuuusassansauinaeIns (BIM) duanusoaiig
mmazmﬂﬁmmi‘ilmflzﬁamiauzmmﬂm;ﬁaaﬂLLUU@WmﬂﬁﬁéaﬂdwﬂL;ﬁmﬁmmﬁmdn e BIM
unumdglunistiomdegeeniuueimsliiianuinlefsaussauzrenasfinuirdsesnuuueg
warlunisadremadenifioatuayunsdndulauiieenuuuennis Téfusdiusnuesnssuiunis
9ONLUY 4189970 BIM anansavilidunsuszninimsadrsuuusiaeseinseundey (Eneray
Model) nagn1suseiiiunadonaiuniseasniwuu (Evaluation Design Decisions) ﬁ?uﬁguaﬂ é’wmqwa
flosdusznovenaslu BIM dudseneulufedoyafililunisiieseaussnurenmsilstadunis
Fenhufudoyadusiadn Wunsdeliannsniidoyaeinsinduumaassdi (terations) 118
Ti§eenuuuoin1svinauldagainiudlsnisuaniaineinisaiuiia (Advanced Building
Visualization) wagatuayun1suinn1ssiuseninaganiuag (Interoperability) (Dougherty, 2015)

115UUAN5998 (Interoperability) e Amatansalunisuaniudsudeya (The
ability to exchange data) s¥wineszuunseluswnsy (Applications) Lunsatuayulinszuiunis
ponuUUtuiinus Ui uLazenavilinssuiunsius Ul §od198musiA (Eastman, Teicholz,
Sacks, Wwag Liston, 2011) fafina1aly Pagtiussuuuuuitassansaumnaoias BIM) liilauanansa
Ty n5UURN1939 (Interoperability) fun1slde1uszuudnaesaussaugo1ns (BPS)lo3ann
guassadalumsldnusyuu BPS Ao mnududevlunsteudeyaditlogunmedingssuu lsiindu
ToyasVIANNYDI01ANT TeyanmaNTRIMUNGINUIRIARDIANT Tedariuan1NgTeIna Jayaniuy
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NUTTUUATEINaT8301A15 (Juduy mmamamwmmﬂimmmﬂLLawmmﬂmwaum maammmmﬂ
Iuﬂﬂi{]ausuammaswu BPS LLa“mmmmLamm“m@mmmmwmmaﬂmamuumﬁwmmamw
\Aateeiunisdiassanssauzeans way msteudeyaiingssuu BPS feszuuile (Manually
Transforming Information) Bufied1 18unszuaunisilafininsgiunieda (Non-standardized
Process) #31789a1530Ux01A13 (Energy Modeler) iiiagauaziinsnmsaiunislimioudu uazas
Ianadnsildwilousus nane (Gupta, Cemesova, Hopfe, Rezgui, wag Sweet, 2014) nsU{UANS
571 (Interoperability) ¥9458UU BIM Wag BPS %x‘lﬁ’]Lﬁﬂ%{mﬁ@ﬁﬂﬁﬂqﬂﬂﬁﬂﬁﬂﬁiyﬁ \fosaniiliiae
nszuruMsAiduLmsgIu (Standardized Process) uagdifiunslaesmlusia dsliifiondunisdida
puassadaiildnanluduilinszuiunsdiassanssourennstu Usmn nafadulalaglid
WMANA-NANTT-LAEY (Arbitrary Judgment) ¥89591089a1530UL1ANT (Energy Modeler) 8nnaeg
(Bazjanac, LLazﬂuﬁuﬂ, 2011)

Tuafin M3UFTANS9 (Interoperability) Hugndrfnegifisansuaniudsudeya
L5UAMR (Geometry) wiady 1 1W§§ULLUU DXF (Drawing eXchange Format) kag IGES (Initial
Graphic Exchange Specification) W#itiuaInn1sasIsiazmelnsiInsgubiveinsuiuinigsu fe
wuushassdoya (Data Models) fignaisduiiioatiuayunisadianuudiass winfusi (Product
Model) uag img) (Object ModeL)LﬁamiLLaﬂLﬂﬁausﬁagaizmwmﬂqmm‘wmimmiaaﬂLL‘U‘U-ﬂ'aa%ﬁq
91AN5IABAUNYILIUNANAUYDY ISO-STEP International Standards

Tunslénsufoinistautu wilslu uwudassoyanindasidiuennismudn (Main
Building Product Data Models) ﬁi%LﬁUé@ﬂﬁNiUﬂﬁUﬁﬁﬁﬂﬂﬁiiuﬁ?ulﬁuﬂ' International
Foundation Classes (IFC) dwsunsidudonatafien1snnuau eonkuu neade wasu3msdanis
lasenisneasne ae lassasiedeya IFC (IFC Schema) ﬁ?ugﬂﬁmﬂ%ashmwa'mmeﬂumzmuﬂﬁ
PONLUUYIUINIT (Integrated Design Process: IDP) AaanyiatinTeate1n1s Inen1sHaniuuatasing
buildingSmart (LnA® International Alliance for Interoperability: IAI) @?al,wiﬁm'iﬁwm%mmﬁa
ﬂaNVlﬁ’Jii‘t-}‘ﬁ 1990 (Hetherington, Laney, Peake, Waz Oldham, 2011; Eastman, Teicholz, Sacks,
wag Liston, 2011) wuud1a99 IFC (IFC Models) ﬁ?uﬁmmammaimamwsaumﬁmmsmiﬁmm
drdouuogann \elonalklenudoyaensldvainuaissuuuy waingeias enuduiusyes
T9581ANT WATAMGNBAYYDING1ANS (Hetherington, Laney, Peake, ag Oldham, 2011)

5ﬂwﬁaﬁaﬂawuaamiuﬁﬁamiﬁwﬁ?uﬁa 1A59@319U8yagbXML (Green Building
XML Schema) St unilaluninsgiunatanisdeinudoyavesgnainngsy AEC (Architecture,
Engineering, and Construction: AEC Industries) 1ng gbXML ﬂ?uﬂugﬂmulﬂﬁﬁ%ma (File Format)
wuunilstadumnaspundnilddeiiudoyamsaumafiundaanuyeseinns 5213195z UU BIM uas
2UU BPS (Hetherington, Laney, Peake, az Oldham, 2011; Ham wae Golparvar-Fard, 2015)
dlosan eoxmL Tulillgduiissdenandlunisuaniudey ToyarmusvIAiin (Geometry) ¥9991A15
Wiy uidiuaniudsu deyanuantivesiane1n1sdugmumaIn (Thermal Properties) Ly @1
duuszansnsthauieu (Thermal Conductivity) wagAnmudeud e (Specific Heat) ves¥an
31N3¥UU BIM 1gssuu BPS lalaunsa Hunsanszesauazduneulunsieuldiduegiann
dewnylnlisndugdesadauuusiastennslu BPS 81 (Model Recreating) (Ham wag Golparvar-
Fard, 2015)
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fnsfnuiruandnaunnildssyisymeanuliauysavesnisufoanissau
(Interoperability) Taid1az18unsU{URNIIINTENI19T20U BIM AUszUU BIM (Howell & Batcheler,
2005; Olofsson, Lee, & Eastman, 2008; Coates, et al., 2010; Eastman, Teicholz, Sacks, & Liston,
2011) LagIenINTLUU BIM AuszuU BPS (Maile, Fischer, & Bazjanac, 2007; Bazjanac, et al., 2011;
Hitchcock & Wong, 2011; O'Donnell, et al., 2011; Moon, Choi, Kim, & Ryu, 2011; Somboonwit,
2011; Somboonwit & Sahachaisaeree, 2012; Somboonwit, Boontore, & Rugwongwan, 2017) 521'!0
WUIINTEUIUNTT Interoperability fanandugiaunszuy BIM uazszu BPS satiuiamnliiy
ASEUILNSIUUNEBI (Black-box Approach) duidunszutumsiiglésussuulianansasudany
gndfesasnisivAsuguuuudeyalunssuiunsiugld (Crawley, 2015) Suidudsddaivinliglda
J¥UU BIM UagseUU BPS fosllmnunsevtinfiauaziinssuiunsnsiaasuaiugniedueInssuiunis

' '
a vaadaa

UftRnsTamfioarsuagdniunisnuuumaljiRnafian (Best Practices) iilasiniymdanan
TailgRuuametestunuimiaduudusenisie

N15UfU#AN1599% (Interoperability) ﬁ?mﬂumsmummazﬂalﬂﬁﬁé’aﬁﬁﬂﬁ
N5¥UIUNNTIIA0IENTIOULBIAISUUUSRTUIIR (Automated BPS) Uszauanudnsamuingusyasald
o wimunsEUIunsigmuteunnsesserinaraludnedi Taegldauszuu BIM uaysyuu BPS Lile
aufiun1s Automated BPS fifinszuiunis Interoperability wuutdunszuaunsuuunasee (Black-
box Approach) (Bazjanac et al., 2011; Somboonwit et al., 2017) FJu snfudossnidunisniy
WU TRTATIAN (Best Practices) ileliAnAnugndouilssnsigeanuosnadnivasnisiiass
AUIIOULDIANT

- | 14 a
NUE D199
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1. INTRODUCTION

The potential for solar energy to make a significant
contribution to global electricity demand has been
widely recognized and solar photovoltaic (PV) is
considered as a major contributor to solar energy
supply. Photovoltaic systems harnesses solar energy in
a form of clean electricity production, which is easy to
install in an urban and off-grid environment. Building
integrated photovoltaics (BIPVs) are solar PV materials
that replace conventional building materials in parts of
the building envelopes, such as the rooftop or walls
that serve as building envelope material and generate
power for the building simultaneously. Additionally, the
BIPV technology also reduces the total building and
mounting cost as BIPV panels serve as building
components [1-3]. A BIPV system directly converts
sunlight into electricity so it is sensitively affected with
the change in the intensity of solar radiation. These
fluctuations cause discrepancies between demand and
supply and reduce the power quality [4]. One of the
most challenging issues concerning BIPV applications is
partial shading effects (PSE) on PV modules due to the
surrounding obstacles. PSE plays an important role in
the efficiency of PV systems by their complex, non-
uniform and dynamic conditions, especially when the
PV system is located in a dense urban environment
[5,6]

2. PARTIAL SHADING EFFECTS (PSE)

PSE is an unavoidable condition in BIPV systems,
and it can be seen from Figure 1 that such effect is
principally influenced by two groups of parameters—1)
PV surface geometries and 2) surrounding obstacle.
Numerous studies have examined the parameter of PV
surface geometries while the investigations of the
parameter of surrounding obstacles are still scanty.
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Figure 1: Relationship among parameters of partial shading
effects influencing solar insolation of PV surfaces.

Consequently, this study focuses on the parameter
of surrounding obstacle determining the projection of
shadow on PV surfaces. The shadow projected on BIPV
obtained as shaded PV surfaces is determined in terms
of the solar azimuth, altitude angles and surrounding
obstacle’s location and obstacle’s orientation.
Obstacle’s location is assumed to be composed of point
particles (three-dimensional coordinates) which reflects
its interaction with a BIPV, i.e., through the proxy of
distance between two buildings—Obstacle’s Distance.
Obstacle’s Orientation refers to both the direction that
BIPV faces towards and the location of building obstacle
in relationship with the BIPV in terms of compass
direction. Therefore, this leads to the research question
of how the distance between building obstacle and
BIPV, the orientation of BIPV and the orientation
between building obstacle and BIPV affect the potential
to generate power of a BIPV. This study aims to explore
the comparative effects between Obstacle’s Distance
and Obstacle’s Orientation parameters that cause PSE



and influence the potential solar power generation of a
building integrated photovoltaic (BIPV) system.

3. METHODOLOGY

An automatic collaboration between a Building
Information Modelling (BIM) software and a cloud-
based building performance analysis tool were used to
simulate the annual cumulative insolation obtained
from rooftop BIPV surfaces of 16 different orientations
and 43 different distances between the BIPV and
building obstacles. The case study buildings are two
public healthcare buildings; an outpatient department
(OPD) has been chosen to be BIPV and a ward building
has been chosen to be obstacle, both buildings are
widely established throughout Thailand. The case study
carried out 688 simulations of annual cumulative
insolation on the PV surfaces.

Figure 2: An illustration of BIPV, obstacle and the aligned axes.

4. RESULTS

The simulation results of all 16 Obstacle’s
Orientation shared just one thing in common; their
curves are logarithmic shaped with periods of rapid
increase at first, followed by periods where the gains
increase slowly then reach the plateaus at their farthest
distances. Using slope of curves calculation and
analysis, there is a distinctive difference to separate the
16 curves into three groups: the 1st group consist of
almost-linear curves which are curves that started at
the highest annual cumulative insolation and increases
at very slow rate while the distance is increasing, the
2nd group consist of curves that started at slightly
lower annual cumulative insolation than the 1st group
but increase at a faster rate while the distance is
increasing, and the 3rd group that start at lower annual
cumulative insolation than both the 1st and 2nd group
but increase at much faster rate than both groups.

5. CONCLUSION

This study found that the Obstacle’s Orientation
Parameter immensely affected solar insolation on the
BIPV, especially the near distances of Obstacle’s
Distance Parameter. The effects of the Obstacle’s
Orientation deteriorated when the Obstacle’s Distance
exceeded 17.00 meters. On the other hand, the
Obstacle’s Distance affected the solar insolation on the
BIPV in just some Obstacle’s Orientation, especially, the
3rd group. The effects of the Obstacle’s Distance also
deteriorated when the Obstacle’s Distance exceeded
27.00 meters. The findings of this study also support
decision making for BIPV designers and planners to
select which the BIPV and the obstacle placement is
highly effective, and which one is encountering a
problem and its solution. The proposed methodology is
based on the simulated annual cumulative insolation
obtained from rooftop PV surfaces through an
automatic collaboration of a BIM software and a cloud-
based building performance analysis tool. BIM models
of the two case study buildings have been built at
different LODs (Level of Development) to provide a
suitable level of details and functionalities while
maintaining the simplicity of computational processes.
The BIM-based automated simulations have been
substantiated its usability that removed the
deficiencies; time-consuming, cumbersome and error-
prone of the non-automated processes.
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ABSTRACT: This study aims to explore the comparative effects between Obstacle’s Distance and Obstacle’s
Orientation parameters that cause partial shading effect (PSE) and influence the potential solar power
generation of a building integrated photovoltaic (BIPV) system. An automatic collaboration between Building
Information Modelling (BIM) software and a cloud-based building performance analysis tool were used to
simulate the annual cumulative insolation obtained from rooftop BIPV surfaces of sixteen different Obstacle’s
Orientations and forty-three different distances between the BIPV and building obstacles—Obstacle’s Distance.
The case study are two axis-aligned public healthcare buildings; an outpatient department (OPD) building and a
ward building that are widely established throughout Thailand. This study also explores the notion that
Obstacle’s Orientation and Obstacle’s Distance of a surrounding obstacle are both important parameters that
influence the annual cumulative insolation of PV surfaces but in the different contexts. The findings of this study
also support decision making for BIPV designers and planners to select which the BIPV and the obstacle
placement is highly effective, especially BIPV application on lower-rise buildings in dense urban environments,
such as healthcare facilities.

KEYWORDS: Surrounding Obstacle, Partial Shading Effect, Building Integrated Photovoltaic, Obstacle’s

Orientation, Obstacle’s Distance

1. INTRODUCTION OF THE PROBLEM: PARTIAL
SHADING EFFECTS (PSE)

The potential for solar energy to make a
significant contribution to global electricity demand
has been widely recognized and solar photovoltaic
(PV) is considered as a major contributor to solar
energy supply [1-2]. A Building integrated
photovoltaic (BIPV) system directly converts sunlight
into electricity so it is sensitively affected with the
change in the intensity of solar radiation. These
fluctuations cause discrepancies between demand
and supply and reduce the power quality [1].

Environmental and surrounding factors, namely
surrounding-reflected radiation and shading effects
of the environmental obstacles significantly affect PV
system  performance [3-4]. Practically, BIPV
performance estimation is significantly affected by
partial shading effect (PSE) on PV modules due to the
surrounding  obstacles  including  surrounding
buildings, trees, the BIPV itself and so on. Partial
shading plays an important role in the efficiency of PV
systems by their complex, non-uniform and dynamic
conditions, especially when the PV system is located
in a dense urban environment. Partially shaded PV
modules receive less solar radiation than the
unshaded PV modules and partial-shading effects

may cause irreversible damage to the module due to
the hot spot effect [5-8].

1.1 Components of Partial Shading Effects

There are three main conceptual parameters of
the shadow that project on a PV surface which are
including solar properties, surroundings, and related-
BIPV [3,5-6]. The parameter of solar properties
includes the sun altitude, azimuth angle, and solar
irradiation [9]. The parameter of surroundings
consists of two subcategories; the parameter of
surrounding-reflected radiation and surrounding
obstacle. The parameter of surrounding-reflected
radiation includes reflectance, absorbtance,
emittance and transmittance, while the parameter of
a surrounding obstacle comprises of obstacle’s
location, obstacle’s shape, and obstacle’s orientation.
The surrounding obstacles block and eliminate the
beam element of the solar radiation from fully hitting
on a PV surface.

The parameter of related-BIPV consists of two
subcategories: the parameter of a PV surface
geometry includes PV surface orientation, PV surface
tilt angle, PV surface shape, and PV surface location.
The parameter of PV module properties comprises of
PV materials, BIPV product type, and BIPV system
type [10].



The projection of shadow on PV modules directly
determines the shaded PV surfaces. The shift of
projected shadow significantly changes the level of
received solar irradiation of the associated PV
surfaces [11]. The impacts of PSE on the potential of
power generation of a PV system can be calculated
using the parameters of solar properties, surrounding
and PV modules. The result is the effective irradiance
over a time period called the solar insolation over PV
surfaces.
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Figure 1: Parameters related to partial shading effects.

1.2 Scope and Objective of the Study

It can be seen from Figure 1 that such effect is
principally influenced by two groups of parameters:
surrounding obstacle and PV surface geometries.
Numerous studies have examined the parameter of
PV surface geometries while the investigations of the
parameter of surrounding obstacles are still meager
[12]. When considering surrounding obstacles, they
are normally also not available for major alteration of
their shape due to their variety of functions and
aesthetic reason, not to mention the case that such
building is not under the BIPV owner’s authority.

The projected shadow on BIPV obtained as
shaded PV surfaces is determined in terms of the
solar azimuth, altitude angles and surrounding
obstacle’s location and orientation that dynamically
change all the time during day. Obstacle’s location is
assumed to be composed of point particles (three-
dimensional coordinates) interacting with a BIPV, i.e.,
through the proxy of distance between two
buildings—Obstacle’s Distance. Besides, Obstacle’s
Orientation refers to both the direction that BIPV
faces towards and the location of building obstacle in
relationship with the BIPV in terms of compass
direction.

Therefore, this leads to the research question: of
how the distance between building obstacle and
BIPV, the orientation of BIPV and the orientation
between building obstacle and BIPV affect the
potential to generate power of a BIPV. The
conceptual framework of the study can be
established and illustrated in Figure 2. This study aims
to explore the comparative effects between
Obstacle’s Distance and Obstacle’s Orientation
parameters that cause PSE and influence the

potential solar power generation of a building
integrated photovoltaic (BIPV) system.

Independent Variables

Dependent Variables

Obstacle's
Orientation

Surrounding Obstacle
Parameters

Obstacle's
Distance

Figure 2: Conceptual framework of the study.

1.3 BIM and Automated Simulation of PSE

An intelligent approach to better deal with
deficiencies in  manual Building Performance
Simulation (BPS), from the time-consuming,
cumbersome and error-prone of manual data
generation and use of improvised defined data that
may invalidate the results, is the automation of BPS
input data acquisition and transformation, it has been
a goal of the buildings industry for decades [13-15].
Reuse of existing data by interoperable processes
would significantly reduce the time and overhead
associated with the creation of simulation models
[14,16]. An interoperable, intelligent and object-
oriented simulation model would enable bi-
directional data exchange with a Building Information
Modelling (BIM) authoring applications, reuse of
geometric and other data from different models
significantly reduces the overhead associated with
the definition of input data and has the potential to
eliminate error-prone manual processes [11,16].

With the growing adoption of Building
Information Modeling (BIM) in the Architecture,
Engineering, Construction, and Operations (AECO)
industries. A BIM is an extensible approach to virtual
design and construction involving the generation and
management of digital representations of physical
and functional characteristics of a facility which
creates and uses the coordinated, consistent, and
computable information of the 3D models of the
project components interconnect with the holistic
information that conceived as a source of shared
knowledge to support decision-making, through the
life cycle of the building [17—-22]. The integration of a
BIM and a BPS tools is fundamentally transforming
building design into a faster, performance-aware and
more flexible process, which eases the production of
multiple design alternatives that provide model
foundations for BIPV design optimization [11,23].
Furthermore, many buildings have already been
modelled with BIM authoring tools, in which the
features of most building components, e.g. shape,



size, materials, locations as well as building’s
environment, have been accurately described [11].

2. METHODOLOGY

The research approach is through an automatic
collaboration of a BIM authoring software—Autodesk
Revit, and Autodesk Insight 360—a cloud-based
building performance analysis tool embedded within
a BIM authoring software which is able to relieve
energy modelers from necessity in setting up
hardware and software infrastructures. It aims to
explore the most critical parameters of PSE on PV
surfaces caused by surrounding obstacles, namely the
Obstacle’s Orientation and the Obstacle’s Distance
that affect the annual cumulative insolation on
photovoltaic modules that are attached to roof
surfaces.

2.1 Case Study

In Thailand, most of the government healthcare
facilities have been developed and administered
using Generalizable Building Designs (GBDs), i.e.
cookie-cutter healthcare building designs, from the
concept of “one size fits all” for universal application
on healthcare facilities design which list down the
types, functions, sizes and work load capacities. The
GBDs also minimize time and resources consumed
during new building design processes and to be
flexible to accommodate the healthcare construction
projects in Thailand, especially in the rural and
remote areas [12,24]. The case study comprises of
two selected GBDs which are (1) an outpatient
department (OPD) building was chosen as a case
study to be the BIPV, where PV modules have been
installed on the OPD’s sloped roofs, and (2) a ward
building was chosen as a case study to be the
obstacle. These two GBDs are widely established in
the community hospitals that provide secondary level
of Thailand’s healthcare services that serve more
than 20 million of the population [24].

The physical settings of the case study are those
of typical cost-control public health facilities: the
structural construction is in situ reinforced concrete,
the exterior opaque walls are of plastered brick walls,
the glazing for windows is 6-millimeter clear float
glass, and the roofs are made of fiber-cement roof
tiles. The first building of the case study, an OPD
building (Figure 3), this two-story building has an
irregular-shaped footprint with gross floor area of
1,125 m? which contains functional areas to be fully
operational outpatient department. The sloped roofs
of the OPD building are three rectangle-based hipped
roofs with 20° roof pitches. Total area of the sloped
roof surfaces is 712 m?, the surfaces of these roofing
systems have been used to mount PV modules. The
total cumulative solar insolation on the surfaces of
the solar PV modules has been examined for

estimating solar potential and output energy of the
PV systems. The height from the ground level to the
highest point of the roof is approximately 10 meters.

Figure 3: A photograph of the OPD building.

The second building is a ward building which is a
five-story rectangle shaped building with 21.00
meters wide, 46.50 meters long and 24.00 meters
high. This ward building has been usually placed near
the OPD building. The minimum distance equals to 6
meters, it is the minimum distance of separation
between buildings in public healthcare facilities, from
the outmost edge of a building to the outmost edge
of another building with vertical clearance that is
required along the buildings for fire safety and
circulation routes. The maximum distance between
an OPD building and a ward building is not greater
than 48 meters. The axis of the OPD building has
been aligned with the axis of the ward building,
center to center of the two buildings. These aligned
axes which are the representation of the interaction
between geometries of the two buildings is kept
stationary to maintain the consistency of the
simulations.

Figure 4: An illustration of the aligned axes of the BIPV and
the obstacle.

To complete the case study, setting the
orientation of the axis-aligned buildings to face south:
true north-based azimuth (AZ) of 180°. The nearest
distance between the two models has been set to 6
meters—the 6-meter Obstacle’s Distance (Figure 4).



Then, setting a BIM project to create a digital
environment for solar insolation simulation.

2.2 Steps of Automated BPS

BIM models of the case study have been
developed using Autodesk Revit. The BIM model of
the OPD building, has been developed at LOD 300.
Otherwise, the development of the ward building’s
BIM model is at LOD 200. LOD (Level of Development)
is concept to describe information richness of BIM
objects, ranges from LOD 100 (basic/conceptual) to
500 (highly detailed/precise). LOD 300 is the Model
Elements is graphically represented within the model
as a specific system, and non-graphic information
may also be attached to the Model Element [25-27].
The OPD has been chosen to be a BIPV, thus a
development of its BIM model requires details and
functionalities with a certain accuracy, information
richness and actuality of the underlying data to
support further design and modeling processes of PV
systems (Figure 5).

Figure 5: The LOD-300 BIM model of the OPD building.

Otherwise, the development of the ward
building’s BIM model is at LOD 200, it has been
utilized to be a building-surrounded obstacle, thus, its
important BIM parameters are the obstacle’s location
and geometry that have been derived into three-
dimensional coordinates that used to determine the
projection of shadow on PV modules by the dynamic
change of solar azimuth and altitude angles. That is
very important to limit the LOD of the model to the
minimum, due to more-detailed modeling needs
more time and effort that ranging from doubling the
effort to eleven folding them, and more
computational power of the building performance
simulation to acquire the results is also needed [28].

The location to simulate the annual cumulative
insolation is Bangkok, Thailand. Its global coordinates
are 13°N 100°30’E. The next step is to simulate the
annual cumulative insolation on the PV surfaces of
the BIM model of the OPD building using Autodesk
Insight 360. To discover the influence of Obstacle’s
Distance, the baseline models which both buildings
facing south (AZ = 180°) is 0° CW (Clockwise) rotation
angle—the 0° Obstacle’s Orientation, the simulations
of annual cumulative insolation simulation at 1-meter
intervals of the distance from 6 meters to 48 meters
between the axis-aligned buildings have been
performed. There are 43 simulations completed for
0° CW models.

To explore the comparative influence of
Obstacle’s Distance parameter and Obstacle’s
Orientation parameter, annual cumulative insolation
simulations of 0° CW have been performed against
fifteen other orientations which are: seven other
major orientations clockwise (CW), i.e. 45° (AZ =
225°), 90° (AZ = 270°), 135° (AZ = 315°), 180° (AZ =
0°), 225° (AZ = 45°), 270° (AZ = 90°), and 315° (AZ =
135°) to explore the PSE impacts (Figure 6), and eight
minor orientations clockwise, i.e. 22.5° (AZ = 202.5°),
67.5° (AZ = 247.5°), 112.5° (AZ = 292.5°), 157.5° (AZ =
337.5°), 202.5° (AZ = 22.5°), 247.5° (AZ = 67.5°),
292.5° (AZ = 112.5°), and 327.5° (AZ = 157.5°) to
examine the transformation of the PSE impacts over
those major orientations. There are total 688 annual
cumulative insolation simulations have been
performed in this study.

0° CW 45° CW 90° CW 135° CW

(AZ = 315°)

(Az=180°) | (Az=225°) | (Az=270°)

~f e

180° CW 225° CW 270° CW 315° CW

(AZ =0°) (AZ = 45°) (Az=90°) | (Az=135°

Figure 6: Eight major Obstacle’s Orientations of the case
study—the axis-aligned buildings.

3. RESULTS AND ANALYSIS

Once a simulation has been performed, the
results are displayed automatically within the BIM
authoring platform. Individually, each simulation
provides a result of solar analysis—total cumulative
insolation (kWh), as shown in Figure 7.

Study Type: Custom v o
Surfaces: v; | 3
Resuts =
Cumulative Insolation
893,937 kwh 5 o2
1,256 kwhin? o B Updats
Study Settings H E i
712 meselected “
1-1t0 12-31 sunrise to sunset -
v v1.0.019

Figure 7: Solar Analysis results of the 0 °CW at 6-meter
Obstacle’s Distance.

The analysis tool also provides graphical results
within the BIM models as shown in Figure 8. The




annual cumulative insolation on the PV surfaces of
the eight major Obstacle’s Orientations is presented
in Figure 9.

Figure 8: The graphical results of a solar analysis.
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Figure 9: Annual cumulative insolation of the eight major
Obstacle’s Orientations and 43 Obstacle’s Distance.
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The annual cumulative insolation on the PV
surfaces of all simulations is presented in Figure 10.
The simulation results of every Obstacle’s
Orientations shared one thing in common; their
curves are logarithmic shaped with periods of rapid
increase at first, followed by periods where the gains
increase slowly then reach the plateaus at their
farthest distances.
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Figure 10: Annual cumulative insolation of all 688
Simulations; 16 Obstacle’s Orientation, and 43 Obstacle’s
Distance.
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Using general equation of a straight line (1), m, to
analyze the partial slopes of each 1-meter intervals
and the overall slopes of all sixteen curves between
6-meter and 48-meter Obstacle’s Distance.

m = Ay / Ax (1)

where m —slope of a curve
Ay —the difference of amount of the annual
cumulative insolation between 6-meter
and 48-meter Obstacle’s Distance
Ax —the difference of distance between 6-
meter and 48-meter Obstacle’s Distance
There is a distinctive difference to separate the

eight curves of the eight major Obstacle’s
Orientations into three groups: the first group (Group
A1) is only 0°CW Obstacle’s Orientations, the curve is
almost linear that starts at the highest annual
cumulative insolation and increases at very slow rate
while the distance is increasing, its overall slope (m) is
198.48; the second group (Group A2) consists of
curves that start at slightly lower annual cumulative
insolation than Group A1 but increase at a faster rate
while the distance is increasing than Group Ai, the
curves of Obstacle’s Orientations in the Group Az are
45°CW (m = 512.48), 180°CW (m = 482.05) and
315°CW (m = 530.60) (Figure 11); and the third group
(Group B) that start at lower annual cumulative
insolation than both Group A: and Group Az but
increase at much faster rate, which consists of 90°CW
(m = 1,265.07), 135°CW (m = 1,148.60), 225°CW (m =
1,211.79) and 270°CW (m = 1,366.93) Obstacle’s
Orientations (Figure 12).

Group A; Group A,

180° CW 315° CW

il

Figure 11: The first group (Group A;) and the second group
(Group A;).

Group B

135° CW 225° CW 270° CW

Figure 12: The third group (Group B).

At the 6-meter Obstacle’s Distance, the compared
potential solar power between 0°CW (Group A1) and
270°CW (Group B) is dramatically different, it is
43,411 kWh or 5.1040% with 0°CW performing better
than 270°CW. Contrarily, at 48-meter Obstacle’s




Distance, 0°CW obtains less annual cumulative
insolation than 270°CW does by 0.6277%.

Additionally, at 48-meter Obstacle’s Distance,
0°CW gains more annual cumulative insolation than it
does at the 6-meter Obstacle’s Distance by just
0.93%. Despite the fact that at 48-meter Obstacle’s
Distance, 270°CW obtains more annual cumulative
insolation than its 6-meter Obstacle’s Distance does
tremendously at 6.7501%. At 17-meter Obstacle’s
Distance, all curves of Group A; surpass A; as well as
at 27-meter Obstacle’s Distance all curves of Group B
surpass Group Ai, as shown in Figure 9. Thus, it can
be concluded that the effects of the Obstacle’s
Orientation are high from 6-meter Obstacle’s
Distance and become ineffective at 17-meter
Obstacle’s Distance. In different, the Obstacle’s
Distance affected the solar insolation on the BIPV in
just some Obstacle’s Orientations, especially, Group
B. The Obstacle’s Distance also becomes ineffective
when the Obstacle’s Distance exceeded 27.00 meters.

Results from this study show that at such
Obstacle’s Orientations of Group A: and Group A,
the potential PV power generation of the BIPV is high
since the nearest distance and almost consistent until
the farthest distance between the BIPV and the
obstacle. They are also the recommended BIPV
placement for BIPV application on lower-rise
buildings in urban environments, such as healthcare
facilities, as they steadily receive solar irradiation
with less sensitive to the Obstacle’s Distance. That
means the lower-rise BIPVs with these locations are
capable of generating solar energy to reach their
nearly full potential, no matter how far they are from
a much-taller surrounding obstacle. On the conditions
of the placement that define Obstacle’s Orientations
are not optimal, such as Group B, placing the two
buildings farther from each other will enhance the
energy output from the PV system, especially farther
than 27.00 meters.

Group C

67.5° CW 157.5° CW 202.5° CW 292.5° CW

Figure 13: The fourth group (Group C).

For the other eight minor Obstacle’s Orientations,
there are two Obstacle’s Orientations that share the
same characteristics with Group Ai; 22.5°CW (m =
282.52) and 337.5°CW (m = 280.21), as well as
122.5°CW (m = 1,367.07) and 247.5°CW (m =
1,441.90) which their slopes are similar to the curves
in Group B. On the other hand, there are curves that
have distinctive slopes which are able to be

categorized into a new group: the fourth group
(Group C) including 67.5°CW (m = 941.95), 157.5°CW
(m = 715.05), 202.5°CW (m = 747.07) and 292.5°CW
(m =1,001.69) (Figure 13). It can clearly be seen that
Group C is intermediate between Group A: and
Group B, as shown in Figure 10, and Group C
diminishes the clear distinction between them.

4. CONCLUSION

This study found that the Obstacle’s Orientation
parameter immensely affected solar insolation on the
BIPV, especially the near distances of Obstacle’s
Distance parameter. The effect of Obstacle’s
Orientation is very high when the Obstacle’s Distance
is low in some Obstacle’s Orientations, especially
Group B—the Obstacle’s Orientations that the
obstacle located on the east, southeast, west, and
southwest of the BIPV. The findings of this study also
support decision making for BIPV designers and
planners to select which the BIPV and the obstacle
placement is highly effective, Group A1 and Group
A;—the Obstacle’s Orientations that the obstacle
located on the north, northeast, northwest, and
south of the BIPV, are suitable to be applied in dense
urban environments. On the other hand, Group B is
advisable to be applied in facilities with sufficient
space. The proposed methodology is based on the
simulated annual cumulative insolation obtained
from rooftop PV surfaces through an automatic
collaboration of a BIM software—Autodesk Revit, and
a cloud-based building performance analysis tool—
Autodesk Insight 360. BIM models of the case study
have been built at different LODs to provide a
suitable level of details and functionalities while
maintaining the simplicity of computational
processes. The BIM-based automated simulations
have been substantiated its usability that removed
the deficiencies; time-consuming, cumbersome and
error-prone of the non-automated processes.
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